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The Bohr-Sommerfeld quantization rule lies at the heart of the semiclassical theory of a Bloch
electron in a magnetic field. This rule is predictive of Landau levels and de Haas-van Alphen os-
cillations for conventional metals, as well as for a host of topological metals which have emerged
in the recent intercourse between band theory, crystalline symmetries and topology. The essential
ingredients in any quantization rule are connection formulae that match the semiclassical (WKB)
wavefunction across regions of strong quantum fluctuations. Here, we propose (a) a multi-component
WKB wavefunction that describes transport within degenerate-band subspaces, and (b) the requi-
site connection formulae for saddlepoints and type-II Dirac points, where tunneling respectively
occurs within the same band, and between distinct bands. (a-b) extend previous works by incor-
porating phase corrections that are subleading in powers of the field; these corrections include the
geometric Berry phase, and account for the orbital magnetic moment and the Zeeman coupling.
A comprehensive symmetry analysis is performed for such phase corrections occurring in closed
orbits, which is applicable to solids in any (magnetic) space group. We have further formulated a
graph-theoretic description of semiclassical orbits. This allows us to systematize the construction
of quantization rules for a large class of closed orbits (with or without tunneling), as well as to
formulate the notion of a topological invariant in semiclassical magnetotransport — as a quantity
that is invariant under continuous deformations of the graph. Landau levels in the presence of tun-
neling are generically quasirandom, i.e., disordered on the scale of nearest-neighbor level spacings
but having longer-ranged correlations; we develop a perturbative theory to determine Landau levels

in such quasirandom spectra.
I. INTRODUCTION

The Peierls-Onsager-Lifshitz semiclassical theory
of Bloch electrons in a weak magnetic field is the
bridge that connects experimentally-accessible, field-
induced oscillations to properties of a metal at zero
field.'® This theory underlies the phenomenological
construction of the Fermi surface of normal metals®”
and superconductors® — from measuring the oscillatory
period of the magnetization® or resistivity.' These de
Haas-van Alphen (dHvA) oscillations are generically
disrupted by field-induced quantum tunneling between
semiclassical orbits. Such tunneling, known as magnetic
breakdown, occurs wherever semiclassical orbits intersect
at saddlepoints (in the energy-momentum dispersion)!*
or at band-touching points.'? The experimental discov-
ery of breakdown in magnesium® sparked an extension
of the semiclassical theory to incorporate tunneling.''~1?

The semiclassical theory has been further extended
to incorporate two modern concepts: a wavepacket that
orbits around the Fermi surface accumulates a geometric
Berry phase,?%2! as well as a second phase associ-
ated to the orbital magnetic moment of a wavepacket
around its center of mass.?? Both phases were first
derived from the effective-Hamiltonian theory pioneered
in the 1960’s;'42326 analogs of these phases appear
ubiquitously in the asymptotic theory of coupled-wave
equations,?” 39 which apply in a much wider variety of
physical contexts than the present study. Only more
recently have the physical consequences of the geometric
phase and the orbital magnetic moment been explored
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for solids
theory of wavepackets.

Both of the above phases are evaluated on semiclassi-
cal orbits uniquely determined by Hamilton’s equation.
On the other hand, semiclassical orbits are no longer
unique in the presence of breakdown. The challenge is to
resolve this tension. Recently, we have synthesized the
geometric phase, the orbital moment, and tunneling —
into a single, generalized Bohr-Sommerfeld quantization
rule.?® This rule is not only predictive of Landau levels
and de Haas-van Alphen oscillations for conventional
metals, but it is also critically relevant to describe a host
of topological metals which have emerged in the recent
intercourse between band theory, crystalline symmetries
and topology. Such topological metals have intrinsically
unremovable geometric phase, owing to the presence
of Dirac-Weyl points where conically-dispersing bands
touch;37 %4 their Fermi surfaces are twisted into unusual
topologies*® 47 such that breakdown is also unavoidable.

The essential ingredients in any quantization rule are
connection formulae that match the semiclassical (WKB)
wavefunction across regions of strong quantum fluctua-
tions. The main subject of this work is the derivation
of these ingredients and the systematic construction of
quantization rules for a large class of closed orbits — with
and without breakdown. Our results are summarized in
the following section.



II. SUMMARY AND ORGANIZATION OF
RESULTS

The semiclassical theory is a method to approximate
the wavefunctions and energy levels of a Bloch electron
in a magnetic field. These approximations become in-
creasingly accurate in the limit where a classical action
function — that characterizes the solid at zero field — is
much larger than a parameter characteristic of the mag-
netic field. These quantities are simplest to exemplify
for a semiclassical orbit on a Fermi surface having the
topology of a sphere; an orbitting wavepacket evolves ac-
cording to Hamilton’s equation of motion:

hk = — @vkg x B. (1)
ch
The semiclassical approximation is valid where the the
area |S| (in k-space) of this orbit is much larger than
1/1%, with the magnetic length defined as

he
1—1/@. (2)

To simplify notation, we henceforth adopt a coordinate
system where the magnetic field B = —BZ, and the
semiclassical orbit is therefore a band contour at fixed
energy F (and wavevector k., for 3D solids), equipped
with an orientation from Eq. (1). The Bohr-Sommerfeld
quantization rules of the semiclassical theory are derived
in the effective-Hamiltonian formalism,!:%-14,23,24,48-50
which we briefly review in Sec. IV. Certain notations
used in this review, and throughout the text, are
collected in Sec. I1I for easy reference.

We begin properly in Sec. V by deriving the quantiza-
tion rules for closed orbits in the absence of breakdown;
these rules are summarized in Eqs. (68)-(74), and their
consequences for Landau levels and de Haas-van Alphen
oscillations are discussed in Sec. VD. These rules are
equivalent to a continuity condition of the WKB solu-
tion to the above-reviewed effective Hamiltonian. The
single-component WKB wavefunction®!:52 (as applied to
a nondegenerate band) is reviewed in Sec. VA1, and
we generalize this to a multi-component wavefunction in
Sec. VA2 (as applied to bands of arbitrary degeneracy
D). As this wavefunction is continued around a closed
orbit, it accumulates a phase proportional to 1/B and
the oriented area of the orbit; the subleading-in-B varia-
tion of the wavefunction is described by a D x D unitary
propagator A [cf. Eq. (74)], which is generated by a one-
form that includes the Berry connection (non-abelian
for D > 1), the orbital magnetic moment, and the
Zeeman coupling. Each eigen-phase (i.e., phase of each
eigenvalue) of this propagator enters the quantization
rule as an O(1) phase correction. In addition, there is a
subleading Maslov correction originating from turning
points on the orbit where the WKB solution is invalid.
A general method to determine Maslov corrections is

described in Sec. V B, which is applicable to twisted
Fermi surfaces whose orbits intersect at points. We
emphasize that there are no further O(1) corrections to
the quantization rule.

Sec. VI is an exposition of the effects of symmetry (in
any space or magnetic space group) in the quantization
condition. By a symmetry analysis of the propagator A
[cf. Eq. (74)], we ascertain how symmetry constrains the
degeneracy and energetic offsets of the Landau levels,
as well as phase offsets in the de Haas-van Alphen
oscillations. In addition, we provide a general symmetry
analysis of the orbital magentic moment and Zeeman
coupling in Sec. VIB; this may be applied to k-resolved
measurements of the orbital magnetic moment, e.g.,
through circular dichroism in photoemission.®?

In Sec. VII, we describe quantization rules which are
applicable to orbits which intersect at saddlepoints in
the energy-momenta dispersion. Saddlepoints are the
nuclei of Lifshitz transitions in the Fermi-surface topol-
ogy, as exemplified by the surface states of topological
crystalline insulators.?>°* The vicinity of saddlepoints
are regions of strong intraband tunneling where the
WKB solutions lose their validity. WKB wavefunctions
away from the saddlepoint are patched together by
a connection formula that we derive in Sec. VIIA.
The generalized quantization rule is equivalent to the
continuity of patched-up WKB wavefunctions over the
intersecting orbit; the general algorithm for constructing
such rules is presented in Sec. VIIB. This algorithm is
then applied to two case studies: a Weyl metal near a
metal-insulator phase transition [cf. Sec. VIIC], and the
surface states in the SnTe-class of topological crystalline
insulators®® [cf. Sec. VIID].

A qualitatively distinct type of breakdown occurs
where orbits intersect at a touching point between two
bands which are otherwise nondegenerate at generic
wavevectors. In this work, we focus on touching points
for which the nearby band dispersion is conical. From
a general classification of Fermi surfaces near conical
touching points,®® we identify the orbit intersection as
a type-II Dirac point (in short, a II-Dirac point),> 5
which might be viewed as an over-tilted version of the
conventional, rotationally-symmetric Dirac point.®® Due
to the discontinuity of the Bloch wavefunction across
the II-Dirac point,®! the effective Hamiltonian that was
reviewed in Sec. IV is not applicable. What we require is
a different representation for the effective Hamiltonian,
where the basis functions evolve smoothly across the II-
Dirac point. Inspired by the basis functions proposed by
Slutskin,'? we formulate such an effective Hamiltonian in
Sec. VIII, as summarized in Eqgs. (230)-(237). This effec-
tive Hamiltonian extends previous formulations!?17 by:
(i) being applicable to any band-touching point (of any
degeneracy and dispersion, e.g., Weyl?” 3° and multi-
Weyl®? and spin-1 Weyl points,® four-fold-degenerate



Dirac points*1™#3 and charge-2 Dirac points**), and (ii)

by accounting for subleading-in-B corrections, which
includes the multi-band orbital magnetic moment at the
band-touching point.

The solution of the above effective Hamiltonian —
particularized to a II-Dirac point — affords us a con-
nection formula presented in Sec. IXC. This rule is a
crucial ingredient in quantization rules for orbits that
intersect at a II-Dirac point. We demonstrate how to
construct such rules for orbits surrounding an isolated,
over-tilted Weyl point in Sec. IXD. The Landau-level
spectrum in the presence of interband breakdown (and
also intraband breakdown in low-symmetry metals) is
generically quasirandom, i.e., disordered on the scale of
nearest-neighbor level spacings but having longer-ranged
correlations. A perturbative theory to determine Landau
levels in quasirandom spectra is presented in Sec. IXE
and applied to our case study.

Throughout the text, we will employ a graph-theoretic
description of orbits that is summarized in Sec. IITF for
easy reference. Such a description is not only useful
in systematizing the construction of quantization rules
(with or without breakdown), it allows us to define an
equivalence class of Fermi surfaces — through the homo-
topy equivalence of their corresponding graphs. This al-
lows us to precisely define a topological invariant in semi-
classical magnetotransport: as a quantity that is invari-
ant under continuous deformations of the Hamiltonian
that preserves the homotopy class of the graph. The
generalization to symmetry-protected topological invari-
ants is simply described in Sec. IITF. Examples of such
topological invariants have been presented in our previ-
ous companion works: Ref. 32 and Ref. 36.

III. PRELIMINARIES

We review the exact Hamiltonian of a Bloch electron,
with and without a magnetic field, to establish notation
that would be used throughout this paper.

A. Bloch Hamiltonian in the crystal momentum
representation

In materials with light elements and consequently
weak spin-orbit coupling, we would apply the field-free
Schrodinger Hamiltonian, defined as

A~ p2
Hy=-—+V(r); 3
0= 2 i), 3)

otherwise, we apply the Pauli Hamiltonian:

. 1
HO <p—|—

4mc?

=5 o X VV) + V(r), (4)

which is accurate to order E/mc?. We use the same
symbol f[o for both Hamiltonians, and unless otherwise
stated in the context, we assume that expressions with
Hy apply to both types of Hamiltonians. Each eigenstate
of Hy may be expressed as a Bloch function

wnk = eik'runkv (5)

where unr = unk(r) in the Schrodinger case, and =
Unk(T, s) with additional spin index s in the Pauli case.
In both cases, u,g is periodic with respect to Bravais-
lattice translations » — r + R, and shall henceforth be
referred to as cell-periodic functions. It is convenient
to define the cell-periodic position coordinate 7 with the
equivalence 7 ~ 7+ R, as well as the variable «, which is
a flexible shorthand for 7 in the Schrodinger case, and for
(1, s) in the Pauli case. It is well known that cell-periodic
functions form an orthonormal set which is complete with
respect to the space of a:

Zu;k(a)unk(a) = 0mn, and

Stk (@) (5) = B (6)

Here and henceforth, we employ the Dirac notation:
(ulv) =3, w*(a)v(), where Y, should be interpreted
as an integration of 7 over the unit cell (normalized mul-
tiplicatively by the volume of the Brillouin torus), and
possibly also a sum over the spin indices. Analogously,
dap denotes the Dirac delta function §(7 — 7'), possibly
multiplied with a Kronecker delta function in spin space.
When there is no topological obstruction to constructing
Wannier functions (W,,), we will find it useful to expand
the cell-periodic function in terms of Wannier functions
as

! —ik-(r—R)
Unk(T,8) = — e T W.(r — R,s). 7
o) = % (r=Rs). (7
The Hamiltonian acts on cell-periodic functions as
Ho(k) = =7 Froe® (8)

we will refer to Hy as the Hamiltonian, and Hy(k) as the
Bloch Hamiltonian. The velocity operator is defined by

. i .
I = —— [ o] = VyHo, (9)

and it acts on cell-periodic functions as

(k) := e * "™ =TT+ — = V, Hy(k)
m
R p+hk
= ViHo(k) =4 ™~ (10)
p+hk
pm o 25500 X VV’

with the Bohr magneton pus = |elfi/2me. The Bloch
Hamiltonian may always be expanded around a chosen



wavevector kg as

Flo(k) = flo(ko) + Rk — ko) - Tl(ko) + 1= F0)®,
(11)

Any operator which acts on functions of r (and pos-
sibly also on spin index s) are denoted with a hat, as
exemplified in Eq. (3)-10; the same operator in the basis
of cell-periodic functions is a matrix denoted by the same
symbol with a tilde. Unless specified otherwise, we will
usually employ a basis of cell-periodic functions which
correspond to energy bands, i.e., for which the Hamilto-
nian matrix is diagonal

2m

I:I()(k)mn = <Umk|]f—r0(k)|unk> = Enkamnu (12)
Another example is the velocity matrix
f[(k)mn = <umk‘f[(k)‘unk>, (13)

which may be identified, in the basis of energy eigen-
states, as

AIL(K) mn = VienOmn + iX(K)mn (Emk — nk)- (14)

Here, we have introduced

X(K)mn = i(tmk| Vetnk), (15)

which occurs as part of the matrix elements of the posi-
tion operator in the crystal-momentum representation.%?
It is also useful to define the diagonal component of the
velocity matrix as

0(K)mn = + VikenOmn, (16)
as well as the spin-half matrix

A h .

*U(k)mn = §<umk"7|unk>- (17)
While these matrices are formally infinite-dimensional,
we are often interested in the physics of a finite number
of (possibly degenerate) bands, projected by

D

P(k) = Z ‘unk><unk

n=1

; (18)

with D the dimension of said subspace at each wavevec-
tor. Bands not in P are henceforth labelled with an extra
bar: m,n, and their corresponding projection is

QU = 3 ) une| = I = PR, (19)

n

Let us then define the restriction of any matrix in the
infinite basis to the subspace projected by P as

P: {ILX,9,6} - {IL,X,v,0}. (20)

These finite-dimensional matrices are distinguished no-
tationally by having no accents. A case in point is X,
which is the Berry connection?® for solids.®* This con-
nection manifests whenover one differentiates operators
represented in the D-dimensional cell-periodic basis: for
any O(k),

= (i |ViOlunk) +i[X(K), O(K)ln-  (21)

B. Gauge transformations in band theory

We would often deal with U(D) basis transformations
in the cell-periodic functions in P:

D

m=1

vi=vt (22)

We will refer to this as a gauge transformation within
P. With respect to this transformation, certain objects
are invariant (such as the projection P itself); other ob-
jects transform covariantly, i.e., they change only in being
conjugated by the unitary V (e.g., the just-defined spin
matrix & — V~loV); other objects have a more com-
plicated tranformation rule, e.g., the non-abelian Berry
connection transforms as%®

X 5 VIRV VIV (23)

C. Review of symmetry in Bloch Hamiltonians

Let g denote a symmetry in the (magnetic) space group
(@) of a solid; we use § to denote its representation in
real space tensored with spin space. Its action on the
position operator can always be decomposed as a point-
group operation (an operation that preserves at least one

point) and a translation:%6

GG = giit + 0, Gl =g €R, (24)
which we shorten notationally as §~'#§ = g# + 8. Here,
we have introduced a real, orthogonal matrix g that
represents the point-group component of g acts in real
space. For all symmetry elements in symmorphic space
groups, a spatial origin may be chosen such that & is
a Bravais-lattice vector.6 To describe nonsymmorphic
operations such as screw rotations and glide reflections,
we allow d to be a rational fraction of a Bravais-lattice
vector.

In addition to g that transforms space, we also consider
g that reverses time. The time reversal operation g =T
acts trivially on space (§ = I, = 0), and is represented
by T = UrK, with Ur a unitary trar}sformation and K
the complex conjugation operation; 7% = (—1)*, where
F = 0 for integer-spin representations (Ur = I), and



F =1 for half-integer-spin representations (Up = —ioy
in spinor space). It is useful to introduce a Zy index that
distinguishes between transformations which are purely
spatial (and therefore have a unitary representation §),
and transformations which involve a time reversal, pos-
sibly composed with a spatial operation (§ here is antiu-

nitary):
7 J 0 7 )
: — + ;
’ (t) (o <—1>S(g>> (t) (0)
0, ¢ unitary,

s(g) = T (25)
1, ¢ antiunitary.

As a useful example, we apply Eq. (25) and Eq. (24) to
derive

geikx'f-gfl _ ei(fl)S(g)[gk].(%fé), (26)

which implies that a Bloch function at wavevector k,
when operated upon by g, transforms in the represen-
tation

gok :=(-1)9gk. (27)
If g is a symmetry of the Hamiltonian ([§, Ho] = 0), then

g(k)Ho(k)g~' (k) = Ho (gok), with
glk) 1= e712k 0, (25)

This implies that if |ume) is an eigenstate of Hy(k)
with eigenvalue &, then §(k) ‘umk>KS(9) belongs to the

eigenspace of ﬁo( gok ) with the same energy &,,; this
is expressed as

g(k))|umk>K$(g) - |un,gok>fj(k)nm5 (29)

where ¢, a unitary matrix that is block-diagonal with
respect to the energy eigenspaces, expresses the ambi-
guity in our choice of basis vectors within each energy
eigenspace. To clarify a possible source of confusion,
<a|§(k)|umk>K5(g) is just a complex number — where
s(g) = 1, there are two K operators in this expression:
one explicit, and the other implicit in §.

We refer to g(k) colloquially as the ‘sewing ma-
trix’, owing to its function in ‘sewing’ together the
cell-periodic functions by symmetry. Sewing matrices
are the basic objects that encode symmetry constraints
in the crystal-momentum representation, and they
will play a prominent role in constraining the effective
Hamiltonian. These matrices may be understood from a
group-cohomological perspective;%” the winding number
of the sewing matrix over the Brillouin torus also
plays a role in the topological classification of band
insulators.%%:69

For our purpose of determining the symmetry con-
straints on the effective Hamiltonian, we will need to
review a few properties of sewing matrices. Depending
on the presence of spin-SU(2) symmetry, {g(k)} forms
either an integer- or half-integer-spin representation of
the space group.5”7" A simple example might convey this
point: let g be a glide operation (g, g/2) that is composed
of a reflection, that inverts x — —z, and a translation by
half a Bravais-lattice vector in § (denoted tz/5). In the
space group, the multiplication rule for this element is:
9925,37/2 = ety, with ¢ a 27 rotation and ty a full lattice
translation; this is represented as’

[ﬁz,g‘/Q(_kwa kya kz)gx,g]‘/Q(k)]mn

Z (tmre|e™ ™28, 72|,y ey ien )
l

X (U (kg oy ) e Ru/2g, sroltng)
= ety <umk‘ﬁi’y~/2‘unk> = e (=) 5m. (30)

In the last equality, we employed that a rotation by 27w
produces a representation-dependent, +1 factor, and
also that tg has a trivial action on cell-periodic functions.

More generally, for any nontrivial g which is not purely
a translation, we may assign to g an order N(g), which
is the smallest integer in {2,3,4,6} such that

gV = " Dip 0 a(g) € {01}, (31)

with tg a translation by a Bravais-lattice vector R (pos-
sibly the zero vector) which depends on g. We have in-
troduced a Z, index a(g) that equals 0 (resp. 1) if gV
is proportional to an odd (resp. even) multiple of a 27
rotation (@ = 1). In the case of g = 95-,3]/2 in Eq. (30),
N =2,a =1 and R = ¥, other representative examples
are summarized in Tab. I. If g reverses time, its order
must be even:

s(g)=1 = N(g) € 2Z. (32)

This follows because ¢”V by assumption does not invert
time [cf. Eq. (31)], and on the other hand it is the
composition of TV with a spatial transformation.

For any ki, we define
g-orbit of ky := {k;}.,, with
ki+1 = gi o kl = ki+N+17 (33)

which is not to be confused with Hamilton’s semiclassical
orbit; we are guaranteed that k; = k;;x owing to Eq.
(31). Eq. (31) is represented with the sewing matrices as

.67; = §<k1)7 gNKS P gsz glKS = (—1)Fae_ik'R.
(34)

When this equation is particularized to g which is uni-
tarily represented, and to k = g o k, we obtain

g(k)N _ (_1)Fa€7ik-R. (35)



The N possible eigenvalues of ¢ (at g-invariant wavevec-
tors), corresponding to the N roots of e/™Fa—ik-E Jahel
the different representations of g. More examples of
sewing matrices are provided in the second column of
Tab. II.

L Ll R k=R RS

|||

T3,
Tey,
Tcs.
Jz,5/2

il

S

w
vk |3 || ]||2
g |lo|lo|o|o|o|o|lN

m
1
1
1
1
1
2
1

R |lw|lot |-~

TABLE I. Examples of symmetries g of order N. a and R
are defined through Eq. (31). m and p are quantities that are
introduced later in Sec. VID 5: m is the number of cycles in
the g-orbit, and p ~ p 4+ N labels inequivalent extensions (by
quasimomentum loop translations) of the point group gener-
ated by g. We have chosen the convention that o is clockwise-
oriented, and that ¢,. induces an anticlockwise rotation in k
space; if both o and ¢, are anticlockwise-oriented, then the
above values of p should be inverted in sign.

Finally, we consider how the sewing matrix transforms
under basis transformations of the form in Eq. (22). From
Eq. (29), we derive

g(k) = VT(gok)g(k) KDV (k) K. (36)

For g-invariant wavevectors (defined through k = go k

modulo a reciprocal vector), Eq. (36) particularizes to
PR VgV,  for unitary g (37)

VigVv*, for anti-unitary g.

This distinction between unitary and anti-unitary
symmetries becomes relevant when we consider the
symmetry constraints of the orbital moment in Sec.
VIB.

For future reference, we employ the following notation
for symmetry operations: T' denotes time reversal, tz/5 a
real-space translation by half a Bravais-lattice vector par-
allel to Z; T'tz/, is the composition of T"and tz/,. i denotes
spatial inversion. to (g, 7 /2) is normal (glide) reflection
that inverts the spatial coordinate «; the glide operation
includes an additional translation by E /2, which is half
a Bravais-lattice vector in the § direction. ¢, is an n-
fold rotation about Z (n € {2,3,4,5}), $p..m is a screw
rotation that satisfies sy, »" = t;,¢ with G the smallest
reciprocal vector parallel to Z and m € {0,1,...,n —1}.
To describe half-integer-spin representations, we will em-
ploy the double-group formalism that identifies a 27 ro-
tation with a group element (e) that is distinct from and
squares to the identity.

D. Hamiltonian of a Bloch electron in a magnetic
field

We study a Bloch electron immersed in a spatially ho-
mogeneous magnetic field B, with corresponding vector
potential

le]

B=VxA, a=1"A4, (38)
C

The field-on Schrodinger Hamiltonian is defined as

5 _ (pta(r)?

A= P20 v (r); (39)

this is distinguished notationally from the zero-field
Schrodinger Hamiltonian (Hy) by having no subscript.
Analogously, the field-on Pauli Hamiltonian is

j +a+L x VV i
T 2m p 4m026

+V(r)+ Lpso - B, (40)

with the free-electron g-factor g, ~ 2. The semiclassical
equation of motion for a Bloch electron in a magnetic
field is

hkt| =172 av (k),

k

a,fef{xyt,  (41)

which particularizes Eq. (1) to the case B = —BZ. We
refer to k*| as the orbit velocity at k, which is distin-
guished from the field-independent band velocity v(k).

E. Field-free Bloch Hamiltonian in the
Luttinger-Kohn representation

This subsection reviews a set of basis functions which
are more convenient to employ near a conical band
touching — this would be useful when we derive the
effective Hamiltonian near a band degeneracy in Sec.
VIII, and derive the Bohr-Sommerfeld quantization con-
ditions in the presence of interband breakdown in Sec. IX.

The Bloch functions are not an ideal basis for ap-
plication near conical band touchings, owing to their
discontinuity with respect to k at the touching point,®!
which we set by convention to 0. Here, it is convenient
to employ the Luttinger-Kohn functions {up,o(r)e* 7},
which are known to form a complete and orthonormal
set of basis functions,”> and are analytically better-
behaved at k = 0. To clarify the terminology we employ,
Luttinger and Kohn (LK) considered in similar spirit the
functions {u,oe™®"};™ we take the liberty of referring to
{Tink,0e"® 7} as LK functions — the proof of completeness
and orthonormality for {@,x,0e®* "} is nearly identical
to that presented in Ref. 72.



The Bloch Hamiltonian in the LK representation has
the form (with Ai=1)

(U ka0 ’Ho(k) ’un7kw,0>
2

= H(kz, 0)yn + kyIT (Kz, 0) + k—y(smn, (42)
2m

where we have applied the expansion Eq. (11) around
the k, = 0 line, which intersects the band touching
point at kK = 0. It is convenient to choose upk,o to
be eigenfunctions of the Bloch Hamiltonian Ho(k,,0)
(i.e., such that H(k,,0) is diagonal); this choice for
Unk,o Will be emphasized notationally by adding a tilde:
Unk,0 —7 ﬂnk',,,0~

Let us restrict {@in,0}2_; to the D-dimensional sub-
space projected by P, and further assume that this sub-
space of bands is D-fold degenerate at k = 0; we further
set the origin of energy such that Hy(0) = 0. Applying
the identity of Eq. (21) to V§Hp|,, the Hamiltonian to
linear order in k; simplifies to

<am,k1~70 FIO(k)|ﬂn7kz70> = kaﬁW(O) + kyngnn(o)a (43)

with IT* and IIY D-by-D diagonal matrices.

It would be useful to transform between the crystal-
momentum and Luttinger-Kohn representations by the
overlap matrix S defined as

Unk = Z i1 e, 05 (kz, 0, k)

=1
D
= > ik, 0Sm(ke, 0, k) + Oy /Gy),
=1
with S(kz,0,K)mn = (Gmk,0lunk),  (44)

and G, a reciprocal period. The projection of S into
the D-dimensional subspace is approximated, to an ac-
curacy of O(k,/Gy), by a unitary matrix S defined by
the eigenvalue equation:

D

> [kT17(0) + by IY(0)],, St = En Sy (45)
=1

where wu,p diagonalizes Hy(k) with energy eigenvalue
En,k-

F. Graph-theoretic description of orbits

With the eventual goal of formulating quantization
conditions (with and without breakdown) and their
topological invariants, we will find it useful to formulate
a graph-theoretic description of orbits. This section is
written for easy reference of graph-theoretic terminology
that we will eventually employ, and the reader may

(2)
{

FIG. 1. (a) An example of a zero-field band dispersion with a
saddlepoint. (b) A constant-energy band contour of (a). (c)
The graph interpretation of (b); we refer to this as the ‘double-
well” graph. (d) Turning points are degree-two vertices. (e)
Intraband-breakdown vertex. (f) Interband-breakdown ver-
tex. (g) The ‘butterfly’ graph.

skip this on a first reading, and refer back to it when
necessary.

Any zero-field bandstructure [as exemplified in Fig.
1(a)], when considered at fixed energy (and fixed k,
for 3D solids) [see Fig. 1(b)], may be represented as a
directed graph [Fig. 1(c)]. A directed graph is composed
of directed edges and vertices. A directed edge is a
continuous line with an orientation — its beginning and
end points are referred to as vertices. In our context, a
directed edge is a section [black, arrowed trajectory in
Fig. 1(c)] of a constant-energy band contour, and the
vertices are either turning points [green dots], where
the y-component of the wavepacket velocity vanishes,
or breakdown regions [blue squares] where quantum
tunneling between orbits is signficant.

Each vertex is associated with a degree, which is the
number of edges connected to the vertex: a turning
vertex has degree two, and a breakdown vertex has
degree four. Note that a breakdown region typically
has dimension of order 1/, but its assumed smallness
compared to the size of a typical orbit justifies our use
of the term ‘breakdown vertex’. From the orientation
of the edges connected to the vertex, we might describe
a turning vertex as one-in-one-out, and the breakdown
vertex as two-in-two-out. It is useful to assign an orien-
tation to each turning vertex, which might be clockwise
or anticlockwise [Fig. 1(d)] — this determines the phase
(=7 and +i respectively) acquired by a wavepacket
as it turns, as we elaborate in Sec. VB. It is also
useful to assign an orientation to distinguish two classes
of breakdown vertices: in the case of the intraband-
breakdown vertex [Fig. 1(e)], where tunneling occurs
between orbits in the same band, the two incoming
edges are parallel and lie on the same diagonal; for the
interband-breakdown vertex [Fig. 1(f)], where tunneling
occurs between different bands, the incoming edges lie on



distinct diagonals. Intraband and interband breakdown
is described respectively in Sec. VII and Sec. IX. For
exemplification, Fig. 1(c) illustrates a ‘double-well’
graph composed of six edges, four turning vertices, and a
single intraband-breakdown vertex. Fig. 1(g) illustrates
a ‘butterfly’ graph composed of eight edges, four turning
vertices, and two intraband-breakdown vertices. The
quantization conditions for these two graphs will be
studied in Sec. VIIC and VIID respectively.

Two further comments regard the type of directed
graphs that are relevant to the Bloch electron in a
magnetic field. Firstly, we are generally interested in
directed multigraphs, which means that we allow for
two vertices to be connected by more than one edge,
e.g., the two breakdown vertices in the butterfly graph
are connected by two edges lying in the middle of the
graph. We also insist that our graphs are two-toroidal,
by which we mean it may be drawn/embedded on a two-
torus (here, the Brillouin torus) such that no edges cross.

The notion of connected components is intimately
related to quantum tunneling. A connected component
is maximal connected subgraph — each vertex and
edge belongs to exactly one connected component, and
any two vertices in a connected component can be
linked by a path. The appropriate description of orbits
which are not linked by tunneling is a disconnected
graph with multiple connected components; when the
minimal separation in k-space between two neighboring
components is of order 1/I, it becomes appropriate
to connect the two components by an intraband- or
interband-breakdown vertex. In the presence of tunnel-
ing, we may define a broken orbit in the following way:
it is an oriented subgraph, composed only of directed
edges and turning vertices, that forms a continuous
path beginning and ending at a breakdown vertex. The
beginning and ending vertex may be identical (as for
the double well, which is composed of two broken orbits
linked by a single breakdown vertex), or distinct (as for
the butterfly graph, which is composed of four broken
orbits linked by two vertices). The two-in-two-out rule
for each breakdown vertex implies there are always two
broken orbits which shoot out from the vertex, and
another two broken orbits which terminate at the same
vertex. The orientation of a broken orbit is determined
from Hamilton’s equation, and it generally comprises
N, number of edges and (N; — 1) number of turning
vertices, with Ng > 1; if an edge v [resp. turning vertex
p] belongs to a broken orbit o;, we denote this by v € o;
[resp. p € 0,].

For our formulation of a topological invariant in the
quantization condition, it is useful to formulate a class of
homotopically-equivalent graphs. Two equivalent graphs
may be continuously deformed into each other, given
three rules for what is meant by ‘continuous’: (i) one can
neither break apart a connected component, nor merge

two connected components into one, (ii) a breakdown
vertex is movable in k-space, but unremovable from the
graph, and (iii) the total number of turning vertices is
not invariant, as explained in Sec. V B, however the net
circulation of all turning vertices on a connected path is
invariant.

Definition A topological invariant in magnetic transport
is a quantity that is invariant under continuous deforma-
tions of the zero-field Hamiltonian that preserve the ho-
motopy class of the graph. A symmetry-protected topo-
logical invariant in magnetic transport is a quantity that
is invariant under continuous deformations of the zero-
field Hamiltonian that: (i) preserve the homotopy class
of the graph, as well as (ii) respects the symmetry of the
zero-field Hamiltonian.

IV. REVIEW OF EFFECTIVE HAMILTONIAN
IN THE ABSENCE OF INTERBAND
BREAKDOWN

We are interested in semiclassical approximations to
the exact Hamiltonians of a Bloch electron in a magnetic
field, as shown in Eq. (39) and Eq. (40); such approxi-
mations will be referred to as effective Hamiltonians. In
this section, we particularize to cases where interband
breakdown is negligible; the effective Hamiltonian that
is valid near an interband degeneracy takes a different
form that is described in Sec. IX.

In the presence of a field along z, k* = (k;, k) is no
longer a conserved quantity for the Bloch electron. In the
lowest-order approximation, the effective Hamiltonian is
obtained by the Peierls substitution:!

Ho(k) <+—  Ho(K), (46)
which describes the unique, Weyl correspondence be-
tween a function of commuting variables (k,,k,), and
a function of noncommuting variables:

K =k +a(iVy). (47)

We refer to K as the kinetic quasimomentum operators,
and their noncommutivity is manifest in

KxK=—i‘B; e<0. (48)

c
Generally, a one-to-one correspondence exists between
a classical ‘symbol’ (A(k)) and an operator (A(K)), if

A(k) is a Fourier-invertible function of commuting vari-
ables, with the Fourier transform A(r):

A(k) = /dreik"'/l(r). (49)

Many of the functions we deal with, including the ma-
trix Hy(k), are periodic in reciprocal-lattice translations:



k — k + G, in which case Eq. (49) particularizes to
a Fourier-series expansion. The operator to which the
symbol corresponds is

1MK);LMML:/QMMWMM. (50)

To make this definition rigorous, one assumes certain
regularity conditions on A, and checks that the integral
converges in some suitable sense.” The lowest-order ef-
fective Hamiltonian Hy(K) was first derived in a tight-
binding approximation;® its form may be argued from
general principles of electromagnetic gauge invariance.”
However, we cannot appeal to gauge invariance to pre-
dict the form of higher-order corrections, which may be
organized in an asymptotic®®"® expansion:

H(K) = Hy(K) + Hi(K) + Hy(K) +...,  (51)

where each term in the expansion corresponds to the sym-
bol H;(k) = O(I=%7). By O(1=%7), we mean that Hj; is of
the order (a/l)%, where a is a typical lattice period. H;
is obtained systematically?* by expanding an eigenstate
of H, defined by

(H—E)¥g =0, (52)

in a complete”®”" basis of field-modified Bloch functions

\IIE(T) = ZgnkE¢nk(r)a (53>
nk

such that, in an asymptotic sense,

Z(H(K)mn - E(Smn)gnkE =0. (54)

n

Note that by ), we really mean a continuous integral
over the Brillouin torus. There are several different pro-
posals for the best basis functions to formulate an ef-
fective Hamiltonian,'®23:24:48.77 hut all these proposals
agree™ to lowest order in [-2:%51:79

Grre(T) = eik.Tun,k—&-a(r)("')' (55)

This form of ¢ manifests the semiclassical intuition
that for a slowly-varying vector potential, the ordinary
Bloch function is modified locally in space, but only
through the wavevector dependence of the cell-periodic
component: Upg — Up k+a, Which is no longer periodic
in Bravais-lattice translations; we provide a further
argument that motivates the form of ¢ in App. A1. The
Fourier transform of ¢ is a real-space function that may
be obtained from applying the magnetic translation®
to a Wannier function; in this real-space basis, the
effective-Hamiltonian equation is a finite-difference
equation for a wavefunction defined on a lattice,!” as
famously exemplified by the Harper equation.?!

The value of Eq. (54) is that, in many cases of
interest, the matrix elements between a single band and

its complement (i.e. all other bands) have been removed
perturbatively in the parameter [-2; this decoupling of
bands is asymptotic and fails if inter-band gaps become
too small.’? Assuming otherwise, we may truncate don
and solve for (H(K)nn — E)gnkr = 0; in this sense we
say H(K)n, is a one-band effective Hamiltonian. The
Weyl correspondence thus provides the link between the
magnetic problem [given by H(K),,] and band prop-
erties at zero field: [Hplnn(k) describes the dispersion
of a single band, which is renormalized?6:8283 by the
higher-order {H;(k)} as we eliminate degrees of freedom
in the other bands. In other applications of Eq. (54),
we may utilize a multi-band effective Hamiltonian to
describe a degenerate band subspace.

The effective-Hamiltonian theory has been rigorously
justified for an energetically-isolated nondegenerate
band;”” the justification for a finite family of (possibly
magnetic) bands was achieved only recently.®* While
these impressive works go a long way in solving ‘one
of the few unsolved problems of one particle quan-
tum mechanics’,®® they rely on the assumption of a
strictly isolated band (or family of bands), i.e., that
there exists a direct energy gap above and below the
band(s) in question. The complicated nature of bands
in naturally-occuring crystals often implies indirect gaps
are as common as direct gaps, except in the extreme
tight-binding limit; this problem is especially severe in
highly-symmetrical crystals with many band touchings,
of both the immovable?* and movable kinds.’6 We
further highlight a class of metallic systems where the
nonexistence of a gap is guaranteed from topological
principles — the surface states of certain topological
insulators robustly interpolate between conduction and
valence bands;?**®87 this phenomenon of spectral flow
is familiar from the integer quantum Hall effect.

From physical grounds, one may expect that the effec-
tive Hamiltonian is valid for bands which are not ener-
getically isolated over the Brillouin torus. That is, the
existence of well-defined semiclassical orbits (at some en-
ergy E) at least validates 7(K) in a local neighborhood
of the orbit and at that energy E. Let us exemplify our
perspective for graphene in a magnetic field — we would
apply a single-band #H at wavevectors sufficiently far (on
the scale of [) from the Dirac point, even though it is im-
possible to symmetrically separate graphene’s two bands
(not counting spin). This impossibility is enforced by
symmetry, i.e., the p, bands of graphene form an elemen-
tary band representation®® ! with two branches. Gener-
ally, the existence of semiclassical orbits leads to discrete
magnetic energy levels (henceforth referred to as Landau
levels) which may be determined by Bohr-Sommerfeld
quantization rules;> 426:51:52 this method has been veri-
fied numerically for simple models,’? and is predictive3?
of de Haas-van Alphen oscillations in metals.?10 We fur-
ther substantiate our perspective for the single-band ef-
fective Hamiltonian in Sec. IV A, and for the multi-band



case in Sec. IV B.

A. Single-band effective Hamiltonian

The applicability of the single-band H,,,(K) generi-
cally depends on the wavevector and energy in question,
and is contingent on the cell-periodic functions (in
this one-band subspace) being smooth enough. By
smooth enough, we mean that dyu = O(a) with a a
typical lattice period; there may be isolated regions
in k-space where such smoothness cannot hold, e.g.,
where two bands touch at a conical degeneracy (a Dirac
point), the Berry connection (with Vg in the azimuthal
direction) diverges.’! Even so, we may apply Hn(K)
at wavevectors sufficiently far (on the scale of 1) from
the conical degeneracy. For notational convenience, we
henceforth drop the subscript H(K)p, — H(K). These
are common scenarios in which we might consider a
single-band effective Hamiltonian:

(i) Low-symmetry wavevectors where all bands are
nondegenerate, e.g., a generic wavevector for a spin-
orbit-coupled system without spacetime-inversion sym-
metry. By spacetime inversion, we mean a simultaneous
inversion of both space and time (denoted T'i in later sec-
tions), which is known to result in spin-degenerate bands.

(ii) Spin-degenerate bands in the absence of spin-orbit
and Zeeman couplings. Since S, (spin component in the
Z direction) is conserved, electron dynamics in a field is
effectively constrained within a single band.

Explicit expressions for the single-band effective
Hamiltonian have been derived up to Hy = O(I7%);?4
in this work, we derive the quantization conditions for
the truncated Hy + H;, where

Hy(k) = enk, (56)

is the energy-momentum dispersion of a band (labelled
by an integer n), and H; may be split into gauge-

dependent (HP) and -independent (H{, HZ) terms
24,93
as*®

Hy(k) = H (k) + H{*(k) + H{ (k), (57)
HE(k) = 122 %P2, (58)
a 8 rTo ~a
Hi(k) = 5z %, (0% = 0%)pn,  (59)
HZ (k) = — 90" . (60)

1 ami2”

Here, band indices m and n are not summed over unless
explicitly stated, e*? is the Levi-Cevita tensor with ¢*¥ =
1 = —€é¥", v, := Vge,, II, X, 0, v, 0* and X are k-
dependent matrices defined in Eq. (13), Eq. (15), Eq.
(16) and Eq. (20), respectively; in particular, X = X
in this context. By gauge dependency, we refer to a phase
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ambiguity in the cell-periodic functions of band n [cf. Eq.
(22) with D = 1], and hence also of the field-modified
Bloch functions which form our basis; cf. Eq. (53)]; this
results in H being not uniquely defined:

k) = g e
= HP = HP +12*P0,¢0,07. (61)

We will shortly demonstrate that the quantization
condition is nevertheless gauge-invariant. If a symmetry
(e.g., Ti) constrains the Berry curvature to vanish, a
basis may be found such that the Berry connection
X,n(k) (hence also HP) vanishes at any k; this basis
may be continuously defined over the Brillouin torus
unless there is a topological obstruction, which may
originate from a Dirac point in 2D, or a line node in 3D.?!

On the other hand, Hf may be expressed in a manner
that manifests its gauge invariance:

> x0T = %) = itk | (0a QTP [unk),  (62)

where @ is the gauge-invariant, cell-periodic projections
defined in Eq. (19), for D = 1. As we will demonstrate
in Sec. VA, the WKB wavefunction of H = Hy + H; in-
cludes multiplicatively a geometric Berry phase factor?®
that originates from the gauge-dependent H¥ (hence-
forth called the Berry term), and a non-geometric phase
factor that originates from the gauge-independent H{.
We interpret H{' as a coupling (—M,, - B) of the field to
the band orbital moment, defined for band n as

le] $8  (T[7 _ 7
M a_ _ IEl apy (T — 7).
(k) 27106 ;xnm( 7 )i
_ 3 |6| afy ﬁgmﬁ’ry’nn
~onet Zm: (€n — €m)
= — i%ea67<85un‘ﬁo(k) — enk\&yun) (63)

Here, we have used m to label bands which are or-
thogonally complement to band n [cf. Eq. (19)]. These
equivalent expressions for the orbital momentin Egs.
(62)-(63) are derived in App. A 2.

An expression identical to Eq. (63) appears in the
correction to the energy of a wavepacket in a Bloch
band.??:33:3% We, however, disagree with a claim in Ref.
22 that the orbital moment is absent in non-magnetic
Bloch bands (i.e., eigenstates of Hy without spontaneous
time-reversal-symmetry breaking); we substantiate this
point by a comprehensive symmetry analysis of Hj in
Sec. VI. The derivation of the semiclassical equations of
motion, as corrected by Hj, was accomplished in Ref. 93.
HE is sometimes referred to as the Rammal-Wilkinson
term, and has been alternatively derived from a purely al-
gebraic approach,’ as well as in a semiclassical treatment
of the Harper-Hofstadter model.26-> Finally, we remark



that terms analogous to H{* and H appear ubiquitously
in the asymptotic theory of coupled-wave equations (i.e.,
multi-component WKB theory)?” 2% as well as in space-
adiabatic perturbation theory,>® which apply in a much
wider variety of physical contexts than the present study.

B. Multi-band effective Hamiltonian

Consider a multi-band effective Hamiltonian that
describes a D-fold degenerate band subspace projected
by P [cf. Eq. (18)]. A common example of D = 2
arises in spin-orbit-coupled solids with spacetime-
inversion symmetry — bands are spin-degenerate at
generic wavevectors, and dynamics in a magnetic field is
described by a two-band effective Hamiltonian [H(K)].
H(K) loses its applicability near (on the scale of 1/1)
four-fold-degenerate band touchings which might occur
in various contexts, e.g.: (i) a 3D Dirac point, which
is the critical point of a topological phase transition
between trivial and topological insulators,*! or (ii) a
symmetry-protected degeneracy that can be found in
nonsymmorphic space groups.*0:43

For any D, the multi-band generalization of Eq. (57)
1824

Hy = 12605 | S {11% — 5%, &) 4 X000 | — L
' 72 ’ Aml?
= HI+ HP + HE. (64)
where {a,b} = ab + ba, and we consider only matrix

elements of H; within the P subspace. HP oc X% is
just the product of two D x D matrices; in contrast, since
v is the diagonal component of IT [cf. 13], the first term
in Eq. (64) involves only matrix summations between P
and @ subspaces:

(07 = 6) %] = D _[0° —8°),0%7,. (65)
I

While HY has the advantage of looking more symmetric
with respect to o and 3, the following alternative expres-
sions reveal a closer resemblance to the one-band H{ in
Eq. (57):
SR - 57, ) = cpp (0~ )
= —eap(I® — ™)X7. (66)

The multi-band orbital moment, defined by H{* = — M -
B, therefore has a very similar form to Eq. (63):

lel ap 8 (T 5
M(k),rann = — %Ga v ;f{mz(ﬂ7 - U’y)l_n
8 17y
el apy WLl
S et e m n_ 67
"onc” z[: (em — €7) (67)
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We stress that the multi-band orbital moment nontriv-
ially affects the Landau levels, which motivates a compre-
hensive symmetry analysis of H{® in Sec. VIB. Through
HE | the energy levels are also sensitive to the non-abelian
gauge structure in the subspace P, as we will demonstrate
in the next section [Sec. V].

V. QUANTIZATION CONDITIONS FOR
CLOSED ORBITS WITHOUT BREAKDOWN

As motivated in the last paragraphs of Sec. IV, we
are interested in determining Landau levels from Bohr-
Sommerfeld quantization rules. In this section we derive
the rules for closed orbits, by which we mean orbits that
do not extend beyond one unit cell in k-space. These
clearly do not exhaust all possible orbits,'® but they are
sufficient to exemplify the results of this work; we will
briefly remark on generalizations beyond closed orbits
in Sec. VC1. We further particularize to isolated orbits
whose closest distance to any other orbit (if they exist)
is much greater than 1/I, with ! the magnetic length. If
this condition is violated, tunneling between orbits must
be accounted for; generalized quantization conditions
that incorporate tunneling are presented in Sec. VII and
Sec. IX.

Let us first summarize our results, which we will derive
in the subsequent subsections. For a closed orbit (o)
corresponding to a nondegenerate band (labelled n) of
the Pauli Hamiltonian [Eq. (4)], the Bohr-Sommerfeld
quantization rule is

Z2S[0]+¢M+7{(%+Q()~dk
0
—1—27{0’2%

s U

The left-hand side of Eq. (68) comprises five terms which
we define in their order of appearance:

=21 +0(?), j€Z (68)

E=E; k.

(i) The first term is a dynamical phase that is propor-
tional to the k*-space area S bounded by o;, with S
being positive (resp. negative) for a clockwise-oriented
(resp. anticlockwise) orbit.

(i) The second term is a Maslov phase,” e.g., ¢rr = 7
for orbits which are deformable to a circle, and equals
0 for figure-of-eight orbits, as elaborated in Sec. V B.
To leading order in the field, 125 + ¢pr = 27(j + 1/2)
is a well-known result by Onsager and Lifshitz.>* The
Landau-level degeneracy (A) may be obtained from the
following semiclassical phase-space argument:*” A equals
the phase-space density of states [(27)~2 for two spatial
dimensions, which we assume in this paragraph for sim-
plicity], multiplied by the phase-space volume (6V) in
between two constant-energy hypersurfaces; these hyper-
surfaces corresponding to nearest-neighbor Landau lev-



els indexed by adjacent integers in the quantization rule,
hence

oV AsS A
N = (2m)2 272 272’ (69)

with A the real-space area of the 2D solid. This degener-
acy simply reflects that a single-particle state undergoing
localized cyclotron motion occupies an average area of
2712 in the semiclassical limit.

(iii) Beyond Onsager-Lifshitz, ¢ X is the single-band
Berry phase acquired over a single cyclotron period [X =
X, as defined in Eq. (15)]. We might utilize Stoke’s
theorem to combine terms (i) and (iii) as

12S[o] + ]{x -dk =128,
5‘::/|d2k|(1—l‘2}'z(k)), (70)

with the Berry curvature defined by F* = €,5V{XP.
One may therefore interpret (27)72(1 — ["2F*(k)) as the
Berry-corrected, phase-space density of states for a 2D
solid immersed in a spatially-homogeneous field, i.e., a
single-particle state occupies a volume in phase space
that is modified by the coupling of the magnetic field to
the Berry curvature. This correction to the phase-space
density of states may alternatively be derived from a
different route: through the semiclassical equations of
motion,”® 1% which ultimately also derives from the
effective-Hamiltonian formalism.* 7

(iv) The fourth term is the line integral of a one-form
that encodes the orbital magnetic moment:

X (11 — o))

A dk = 507 kg + (z < y), (71)

where X*(I1¥ — @) is formally the product of two
infinite-dimensional matrices expressed in Eq. (62).
§ 2 - dk is not a geometric phase because it depends on
the rate at which the orbit is traversed [recall that the
orbit velocity is related to the band velocity through
Eq. (41)]. Analogous expressions of § 2 - dk have been
called, in various contexts, the ‘no-name’ phase,27-28101
and sometimes the Ramal-Wilkinson phase. However,
we will refer to it as the Roth phase to honor its first
discoverer?#2° in the context of Bloch electrons in a
magnetic field.

(v) Finally, Z § 0% /v*dk is the Zeeman energy of the
nondegenerate band integrated over the orbit; the
k-dependence of the Zeeman energy originates from
spin-orbit coupling. Note Z := goh/4m, dk = |dk|,
vt = (v +v))?, 0% (k) =0, (k) = (tnk|67 |unk) € R.

All of (i-v) may be evaluated knowing the band structure
at zero field; (i) and (ii-v) depend continuously on the
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energy of the orbit F; in three spatial dimensions, they
depend additionally on the wavevector (k) parallel to
the field. Eq. (68) leads to discrete, macroscopically-
degenerate Landau levels labelled as FEj; more details
about the spectrum, as well as consequences in dHvA
oscillations, are described in Sec. V D.

In the absence of spin-orbit coupling, a spin-degenerate
band results in spin-split Landau levels obtained from the
two quantization conditions:

?Slo] + ¢m +7§(3€+2{) -dk

0
@mc[o]
2 m

t7 =27mj + O(I?),

E=Ey k-

JjEeZ, (72)

where m.:=(h?/27)0S/0F is the cyclotron mass for the
orbit 0. Despite the notational similarity of Eq. (68) and
Eq. (72), we remind the reader that the velocity matrix
IT is defined differently when there is no spin-orbit
coupling [cf. Eq. (10)]. In spite of the spin degeneracy
of the bands at zero field, we analyze this case under the
heading of ‘single-band’ [e.g., in Sec. VA1 ] because the
field-on Hamiltonian may be block-diagonalized with
respect to the spin quantum number S, = +h/2; all
‘single-band’ statements are then understood to apply
to either of S, = +hA/2, and all symmetries that we
consider preserve S,.

Eq. (68) and Eq. (72) may be derived from the con-
dition of continuity of the WKB wavefunction around
the closed orbit.!”®2 This wavefunction is derived in
Sec. V A, where we also demonstrate that the Berry and
Roth phases are respectively generated from H{ and
HE. The additional phase of m on the right-hand-side
of Eq. (68) [and also of Eq. (72)] is a Maslov correction
that we derive in Eq. (V B); here, we argue that previous
derivations!752 of the Maslov correction introduces an
uncertainty of O(I-?/?), which we reduce to O(I%) in
an improved derivation. We combine these results in
Sec. VC1 to finally derive Eq. (68), and further discuss
experimental signatures in quantum oscillations in Sec.
VD.

For a closed orbit (o) corresponding to a D-fold degen-
erate band subspace, the quantization condition is

PS(Eq k) + énr + Aa(Eaj, k)

=215+ O(*"?®), j€Z, acZp, (73)
where {e?*«}D_, is the spectrum of the unitary propaga-
tor

Alo] = 5% [z f (A +X) - dk+ Z(o" Jo* Y dk} | . (74)

Here, eXp denotes a path-ordered exponential, and we
employ the same symbol X for both the abelian [as in Eq.



(68)] and non-abelian [as in Eq. (73)] Berry connection.
The non-abelian generalization of the abelian Roth one-
form [in Eq. (71)] is

)

(A - dk) i, = o

" dky + (x <> y), (75)

with m,n =1,2,..., D. Due to the assumed degeneracy
within P, the band velocity v1 = ... = vp := v. Eq.
(73) leads to D sets of Landau levels (labelled by the
a subscript on {E, ;}). Landau levels within each set
are locally periodic, i.e., the difference between two
adjacent Landau levels (E, ;11 — E, ;) is approximately
27 /12(0S/OE) evaluated at E, ;, as elaborated in Sec.
VD.

The quantizations rule in Eq. (73)-(74) may be
compared with previous works. For Ti-symmetric, spin-
orbit-coupled systems (D = 2), two-band quantization
conditions have been derived®' with an ‘equation-of-
motion’ method,?® which leads to formulating {e**s}
as eigenvalues of a complex Ricatti equation.?' Their
method presupposes a special basis for the Bloch
functions (i.e., a special gauge) in which the matrix
exponent in Eq. (74) is traceless, as elaborated in Sec.
C4b; note that {ei*«} are gauge-independent, so in
principle their and our methods should converge to the
same quantization rule for this symmetry class. In other
formulations of the quantization rule for spin-degenerate
bands, the Berry phase and/or orbital moment have
either been neglected explicitly,' or derived in a form
that is difficult for comparison.'°2:193 On the other hand,
Eq. (73)-(74) represents the quantization condition in its
most general form, which would apply to any symmetry
class, and to bands of any energy degeneracy (D). Since
no special gauge was assumed in our expressions, they
are useful for numerical computations where gauge
fixing is often troublesome. One further contribution we
make is a comprehensive, group-theoretic analysis of the
propagator in Eq. (74), which determines in complete
generality the symmetry constraints on the Landau
levels [see Sec. VID]. In a complementary perspective,
multi-band wavepacket theory has been derived in Ref.
35, and reviewed in Ref. 34 with notation that is closer
to ours. They derived an equation of motion for a
multi-component wavepacket that is also sensitive to the
non-abelian gauge structure; however, their dynamical
equations are nontrivially coupled, and it is unclear to
us if a non-abelian quantization rule can be derived in
their approach.

Our results may plausibly be applied to charge-
neutral, cold-atomic systems (e.g., optical lattices of
bosonic cold atoms, degenerate Fermi gases) described
by the field-on Schrodinger Hamiltonian [Eq. (39)] with
an artificially-induced gauge field. It is possible to mimic
a magnetic field by: (i) rotation of a Bose-Einstein
condensate,'%* (ii) coupling neutral fermionic atoms to
slow light,05:196 and (iii) by laser-assisted tunneling in
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an optical lattice.'%” In the limit of weak interactions,
this leads to the quantization of energy levels which are
analogous to Landau levels.1%8

We remark on one caveat to the above discussion: en-
ergy quantization of closed orbits is never strictly correct
in a solid. While the magnetic field tends to quantize
electronic motion and form discrete levels, the crystalline
potential tends to form bands. From the perspective of
semiclassical orbits in k-space, there generally exists a
nonzero tunneling probability between closed orbits in
distinct Brillouin zones. This leads to broadening of
the Landau levels that cannot be accounted for with the
above quantization rules. While this broadening is usu-
ally exponentially small in the field,'*'%? it cannot be
neglected in narrow energy ranges where the separation
of orbits is of order 1/I; this frequently occurs at saddle-
points at the Brillouin-zone edge.!0-111

A. WKB wavefunction of effective Hamiltonians
1. Single-band WKB wavefunction

We look for an eigenfunction of the single-band
H(K) = Hy + H; with the WKB ansatz

gkze_w" with ¥ =1_1 + g+ 1 + ..., (76)

where the subscript denotes the order in the WKB pa-
rameter 2. Any function that is asymptotically expand-
able as Eq. (76) will be called a WKB function. In the
classically-allowed regions, ¥_; € R is the integral of a
classical action, while higher-order ; € C. In the Lan-
dau gauge A = (By,0,0), the kinetic quasimomentum
operators are

K, =k, +il"%0,, K,=k,, (77)

and we would look for wavefunctions over the circle
parametrized by k,, with k; a good quantum number.
We shall refer to this as the wavefunction in the (K, k)
representation. In this representation, H may be solved
as

(Ho(K) + Hi(K) — E)gip = O(I'), (78)

o = L ikoky1? —it? [ (kE—HY (07) ) iy (79)
Vvl

Here, all quantities carrying a v superscript or subscript
depend on k, and F; they also depend, in three spatial
dimensions, on the wavevector k., but we shall hence-
forth omit this notationally. As a case in point, k% (k,, F)
should be distinguished from the continuous parameter
ky. kY describes an oriented edge (labelled by v) of the
zero-field band contour (o) at fixed energy E, with the
orientation prescribed by Hamilton’s equation; each k%
corresponds to a single-valued solution of

Ho(k;(kva)vky) =FE. (80)



The constant-energy contour of a single band may be
divided into multiple edges, e.g., a closed contour has
at least two edges. A more elaborate, graph-theoretic
description of edges is provided in Sec. IITF. For s, cor-
responding to a band index n, we further define

Ug(kyaE) = ”ﬁ(k;(l{yaE)vky)
and HY{ (ky, E) = Hy(ky(ky, E), ky), (81)

as the band velocity and the first-order Hamiltonian [cf.
Eq. (57)] evaluated on the edge v. The single-band WKB
wavefunction of Hy was first derived by Zilberman;>! Fis-
chbeck later derived the corrections due to H; and Ho,??
of which we have shown only the first-order correction
in Eq. (79). We will therefore refer to Eq. (79) as the
Zilberman-Fischbeck function; the same expression with-
out the H; correction will be referred to as the Zilberman
function. With sufficient hindsight, we may now identify
the Roth, Berry and Zeeman phases as being generated,
respectively, by H{¥, and HZ and H?:

dk,
/UZL’

L Zdk

vt

dk
JZ/HlTj=12/(H5+HF+Hf)

:/(m+3e).dk+a (2)
this expression is understood to be evaluated on a certain
edge. To derive the last equality, we combine the defini-
tions in Eq. (57) with the identity 0 = v* dk, + v¥ dk,
(which is valid on a constant-energy contour); Hamil-
ton’s equation in Eq. (41) is also useful in identifying
—dky /v" = dk/v*.

Let us derive the single-band, Zilberman-Fischbeck
wavefunction. This serves a pedagogical purpose, but
also warms us up for the slightly more complicated
derivation of the multi-band WKB wavefunction in Sec.
V A 2, which in its most general form has not been seen.

Proof of Eq. (79): Applying the identity Eq. (B10) [de-
rived in App. B1] to Eq. (78), with the WKB ansatz
g =e ", we derive

i 0°Hy

E=Hy+H,+17?%(=
0 Mt <28k¢z8ky

n wa(ky)axﬂo)
+ %l"‘wﬁlagHo o™, (83)

where H; and its derivatives are evaluated at (k, +
/1%, ky), and 1} is the first derivative of 1; with re-
spect to k,. A solution exists if ¥_; can be found that
satisfies the zeroth-order relation:

E = Ho(ky + 1 /1% k). (84)

For the purpose of deriving the quantization condi-
tions, we will only need the WKB wavefunctions in the
classically-allowed regions, where ¢’ ; € R. Generally,
there might be multiple single-valued and real solutions,
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which we label with v as k, +1","/1? := k%(k,, E) [com-
pare Eq. (84) with Eq. (80)]. This implies

VY = —Pkyk, + 12 / kY (ky, E)dk, (85)

up to an irrelevant integration constant. Collecting the
first-order terms in Eq. (83), and substituting the just-
obtained expression for 1" ,"

[ *H, 0k 0°H,
—2H 3 0 z 0
0=V 5\ Gior, T ok, ok2
o OH,
0 k) 2 . (56)
T N k— (kY ky)

Let us separate 1o = Yor + 1301 into real and imaginary
parts. Setting the imaginary component of Eq. (86) to
Z€ro:

1 0v;

wl/
= — = or
2 Ok, o

0

+ 45, v, (87)

1
VIvzl’

with v defined in Eq. (81). Setting the real component
of Eq. (86) to zero:

OH
T =0
> =B [ H G BY0) k(69

with HY defined in Eq. (81).

2. Multi-band WKB wavefunction

Let us define the multi-band WKB wavefunction f as
the eigenfunction of

(Ho(K) + Hy(K) — E)fyp = O1™");  (89)

matrix summation is implicit in this expression, and f
is a vector-valued function with as many components as
the number (D) of bands in the degenerate subspace P.
We would like to demonstrate that

sz = AZEflngE (90)

with fO the product of an as-yet-undetermined, k,-
independent vector ¢ with the Zilberman function:
f:f” = 1 eikwkyl2e—il2fki,dky;
Vvl
with a = 1,..., D, and A a unitary propagator defined
as the path-ordered exponential

creC, (91)

AL — o5 {u? / Hf(ug)ldky] . (92)



Despite being a simple extension of the single-band
wavefunction, we have not seen a multi-band ansatz for
the Roth effective Hamiltonian in the literature.

Proof: The assumed band degeneracy within P implies
[Ho(k)]mn = Omn[Ho(k)], and therefore

(Ho(K) — B)f*™ = 0(™), (93)

with £% defined in Eq. (91), as a special case of Eq. (79)
with H; = 0. We propose the ansatz g = Af° with Ay
a D x D matrix that is differentiable with respect to k,.
Each matrix element A, € C is assumed to be of order
one. The following identity is useful:

Ho(K) Ay = 3 Ho(R)e™ BoiRafit
R

x{Aw—z%@@A@+ouﬂ}eF“ﬁa (04)

which is derivable from Eq. (B11). Letting Eq. (94), a
matrix operator, act on the vector £, we obtain

ZHO(K)Abcfgy = ZAbcHO(K)fBV

+il72 Y Oy Aact] 2+ O, (95)

with help from Eq. (B12). Here, we have introduced
the band velocity vZ on the edge labelled v. By similar
manipulations with the H;-term, we derive

ZHI(K)ab-Abcfgu = Z(Hly)abAbcchV + O(l_4)
be be (96)

Inserting Eqgs. (95)-(96) into Eq. (89), the zeroth-order
terms cancel owing to Eq. (93); after factoring out a com-
mon multiplicative factor (the Zilberman function), what
remains is

> il720, Awvicl + > (HY)apAvach = O(1™).
b

bd

We would like this equation to be true for arbitary ¢”,
hence we are led to a simplified differential equation

Oy A = il (vy)) " HY A, (97)
which is solved by Eq. (92).

B. Maslov correction from turning points

For any closed orbit, as exemplified in Fig. 2(e-h),
there are at least two turning points for which, in their
vicinity, the Zilberman-Fischbeck (ZF) wavefunction
loses its validity due to strong quantum fluctuations. In
the graph-theoretic language introduced in Sec. IIIF,
a turning point is a werter which is connected to two
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edges; alternatively stated, the beginning and end points
of edges are vertices, and a turning point exemplifies a
degree-two vertex.

It is well-known from the theory of caustics® that in
passing around a turning point the WKB wavefunction
effectively picks up a phase ¢,.. For us, ¢, describes the
phase difference between incoming and outgoing single-
band ZF wavefunctions, which are valid sufficiently far
from the turning point;*!? ‘incoming’ and ‘outgoing’ are
interpretive characterizations of different edges of the ZF
wavefunction — we may uniquely assign an orientation
to each edge from Hamilton’s equation|cf. Eq. (41)]. In
analogy with a 1D Schrodinger particle reflecting off a
wall, we might interpret the semiclassical wavepacket for
a Bloch electron as being reflected in the coordinate k,
— we therefore refer to ¢, as a reflection phase.

For a turning point in the orbit of a single band,
we determine that ¢, = =47/2 + O(I"?), where the
sign of m/2 is determined by the sense of circulation
when passing the turning point: plus for anticlockwise,
and minus for clockwise. We should clarify that this
orientation is assigned locally to each turning point, and
in a manner independent of the shape and orientation
of the rest of the orbit. We may imagine minimally
extending the parabolic contour at each turning point
into a circle [e.g., ~—=(0, ~"—O]; we then assign the
orientation by interpreting the circle as a clock face.

@ . O @ 4
NN Y N
© (d)
W/ &/ e

($)<_,'> ) <+> YR y

-1 +i <+z><z

FIG. 2. Illustration of various turning points. Each turning
point may be assigned a sense of circulation, which will be
indicated by the sign of +7 next to each green dot. Each turn-
ing point may be divided into four classes illustrated by (a-d);
these classes are distinguished by: (i) the sign in k, ~ +k2
[i.e., whether the band contour forms an upright (~—) or in-
verted (—) parabola], as well as (ii) an orientation determined
by the direction of a semiclassical wavepacket. If the band
dispersion is expanded around each of the turning point as
ek = uyky + k2 /2m,, then in (a) uy, ms > 0, (b) uy, ms < 0,
(c) uy >, mz <0, and in (d) uy < 0,mg > 0. The correspon-
dence, between the sign of +¢ and the four classes (a-d) of
turning points, is derived in App. B2a. (e-g) illustrate sim-

ple, closed orbits which are deformable to a circle, and (h) a
nonsimple, closed orbit in the shape of a figure-of-eight.



¢, is derived by a divide-and-conquer approach —
we approximately describe the turning region with an
effective Hamiltonian that is linear in one momentum
component and quadratic in the other. What distin-
guishes our approach from previous works'”5152 — the
effective Hamiltonian we adopt to describe the turning
point is not just the Peierls-Onsager Hamiltonian, but
includes the first-order correction by H;. For simplicity,
we consider a hard-wall boundary condition at the
turning point, i.e., we ignoring tunneling between closed
orbits. We then match the asymptotic wavefunction of
this small-momentum, effective Hamiltonian with the
incoming and reflected WKB functions; the proof is
completed in App. B2.

The multi-band analog of the calculation in App. B2
is more involved. One may, however, avoid this calcula-
tion if one is willing to accept an uncertainty of O(172/?)
in the quantization condition; this viewpoint seems to
be implicitly adopted in past works,7-51:52:102:103 though
no attempt was made to quantify this uncertainty. To
clarify, by exploiting the smallness of the turning regions
relative to the rest of the semiclassical orbit, we might
neglect the effect of H; in the turning regions, but ac-
count for it everywhere else on the orbit. In practice,
this just means applying the zeroth-order Maslov cor-
rection (7 for a closed orbit) to a quantization condition
which already includes first-order corrections through the
propagator of Eq. (92). Let us estimate the uncertainty
in this approach. (i) If our asymptotic expansion of the
quantization conditions is at all valid, we expect H; to
make an O(I?~27) contribution to the quantization con-
dition; in particular, H; makes an O(1) contribution. (ii)
The length of the orbit lying within the turning region is
of O(172/*), as shown in App. B2; generically, the length
of the semiclassical orbit is of the order of the reciprocal
period. The ratio of the turning length to that of the
entire orbit is then of O(I7*/?). Combining (i) and (ii),
we expect that neglecting H; in the turning regions in-
troduces an uncertainty of O(172/%). For the multi-band
case, we therefore argue that the Maslov correction for
a closed orbit is m + O(1=%%), for each of the D sets of
sub-Landau levels [indexed by a in Eq. (73)].

C. Quantization conditions
1. Single-band quantization condition for closed orbits

Let us illustrate how to formulate the continuity
condition for the circular closed orbit, which is com-
posed of two edges (labelled by v = =) which touch
at two turning points, as illustrated for two orienta-
tions in Fig. 2(e-f). We shall focus on the orbit that
circulates as O in Fig. 2(e), which is expected of an
electron pocket at the Fermi level. The quantiza-
tion condition for an energy eigenstate at energy F
and wavevector (kg,k.) is the continuity (with respect
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to ky) of the wavefunction in the (K, k,)-representation.

The continuity condition on f may be formulated in a
manner that emphasizes a semiclassical motion along the
orbit; this motion is described by the time evolution of
certain scalar amplitudes that we define for each edge:

—i? [ (kngf(vf)-l)(dky/dty)dty . (98)
E

ayg(ty) =e

This amplitude is simply the phase component of the
Zilberman-Fischbeck wavefunction gjp[cf. Eq. (79)],

. 2 . . .« . .
ikakyl”  which is trivially continuous
ik kyl?

except without e
over any closed orbit. The triviality of e would
not be true of open orbits, as we will substantiate in
Sec. V C3. We have parametrized each amplitude in Eq.
(B30) by a time-like variable ¢, € [0,1], which increases
along the orbit in a direction consistent with Hamilton’s
equation. The end points [t, = 0 and 1] correspond to
distinct turning points that bound the edge v. We may
loosely interpret k(t,) as the wavevector of the ‘moving
wavepacket’ at time t,; we caution the reader that
there are no turning points in conventional wavepacket
theory,” but the language of a ‘moving wavepacket’ offers
a convenient and visually appealing metaphor for the
continuity and patching of wavefunctions in WKB theory.

With this caveat in mind, we would interpret
a,,yE(l)
ay,5(0)

— iy (ke —HY 2 (dk, /dt, )dt, (99)
E

. 2
EZOV(E’Z )

as the semiclassical phase acquired by a wavepacket as
it traverses the edge v. As the wavepacket approaches
a turning point along the edge v/, it is reflected onto a
distinct edge v and picks up an additional phase of +7/2;
the sign depends on the sense of circulation of the turning
point, as we have illustrated in Fig. 2(a-d). We imple-
ment this reflection phase in the boundary condition

a,(0) = €% a, (1), € = +i. (100)
For any closed orbit, the set of equations in Eq. (99)
and Eq. (100) (for all v,v’), may be combined into a
single equation that is parametrized by E (and k, in 3D
solids). For our case study of the simplest closed orbit O,
this single equation may be expressed in a manner that
emphasizes its motional interpretation:

1= (—i)e?- (—i)e+
B k. l-2

(101)

Reading from right to left, a wavepacket that begins at
t, = 0 first accumulates the semiclassical phase e+
along edge +, is then reflected unto edge — and accumu-
lates '~ in travelling along this edge; a second reflection



closes the loop, and the quantization rule states that the
net phase (acquired by the wavepacket around the loop)
is an integer multiple of 27. Eq. (101) may equivalently
be expressed as in Eq. (68), or as

1exp[iz2s+ij§(m+x)~dk

+iZ f (0° /UL)dk} , (102)
o Ej,k?z
with S defined as the oriented area of the orbit:
1
Slo] = — / K (dky /dt, )dt, (103)
0

The other terms in the exponent are, collectively, the
Roth-Berry-Zeeman phase originating from the H;
term in e [cf. Eq. (82)]. The gauge ambiguity in the
definition of HE[recall Eq. (61)] is reflected in the above
equations by the ambiguity in the Berry connection
X. However, it is known?® that the exponentiated loop
integral of i X, as appears in Eq. (102), is gauge-invariant.

Being independent of k,, Eq. (102) defines a set of
discrete energy levels {E;} which are each macroscop-
ically degenerate — we refer to them as Landau levels.
The Zeeman term in Eq. (102) may be further simplified
if spin-orbit coupling is absent — we might then replace
o* — +1 and Eq. (102) reduces to Eq. (72) with the
identification Z [ dk/v* = 7(go/2)(m./m), with m, the
cyclotron mass.

The extension of Eq. (101) to the most general closed
orbit, composed of Ny € 2Z edges and an equal number
of turning points, is

N
1= J[ere , (104)
v=1 Easz'Q
where we identify the Maslov phase
N,
on =[] % (105)
v=1

as the net reflection phase of all turning points. To derive
the same quantization condition from more conventional
means (i.e., continuity and patching of wavefunctions),
we refer the interested reader to App. B3. Eq. (104)
applies to any simple closed orbit, which we define as
orbits that are deformable to a circle, e.g., Fig. 2(g).
Eq. (104) also applies to nonsimple closed orbits which
are homotopically inequivalent to a circle, a case in
point being the figure-of-eight illustrated in Fig. 2(h). A
figure-of-eight pinches together an electron-like pocket
with a hole-like pocket, and has recently been studied in
the context of over-tilted Weyl/Dirac fermions.*6:4” The
four turning points in a figure-of-eight have cancelling
circulations [as indicated by the sign of +¢ in Fig. 2(h)],
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and therefore there is no Maslov correction, contrary
to a claim in Ref. 46; we shall extend our analysis of
the over-tilted Weyl/Dirac fermion to include interband
breakdown in Sec. IX.

The net reflection phase (Hf,vil e'r) of a closed orbit
is invariant under continuous deformations of the orbit
trajectory — we will argue for this by locally deforming
the band contour near a turning point, while maintain-
ing a closed orbit. If we invert the parabolic contour
associated to a single turning point, we necessarily intro-
duce a Mexican-hat wiggle with two additional turning
points, e.g., Fig. 2(g) is a deformed version of Fig. 2(e).
Since the net circulation [a notion we make precise in
Sec. V B] of the final three points is always equal to that
of the original point, there is no net change in the re-
flection phase. Having argued that the combined reflec-
tion phase is topologically invariant for a closed orbit,
we may therefore evaluate this quantity for the simplest,
homotopically-equivalent representative. For the simple
closed orbits, this is a circle [Fig. 2(e-f)], which has a
reflection phase of m — this accounts for the m Maslov
correction to the quantization condition. One implica-
tion of this argument: while Eq. (102) has been derived
for a circular orbit, its final expression is generally valid
for any simple closed orbit.

2. Multi-band quantization condition for closed orbits

In the multi-band case with P(k) having rank D, we
may analogously define a vector-valued amplitude for
each edge (labelled by v) as

Qui(ty) = eI A, g ayp(0)

(106)

As defined in Eq. (92), A is a D x D unitary matrix acting
on an as-yet-unspecified, constant vector a(0). ¢, € [0, 1]
and k(t,) have the same meaning as for the single-band
case, as described below Eq. (98). We implement the
boundary condition

a,5(0) = a,p(l), € =i, (107)
for every two edges (v and v’) that touch at a turning
point.

For a closed orbit (0) comprising of N, edges (and an
equal number of turning points), Eq. (106) and (107) may
be combined into a system of linear equations with D
variables. The quantization condition is then equivalent
to solving this system of equations; a solution exists upon
satisfaction of the following determinantal equation:

det l( ﬁ ew:) ™S Alo] — I]

v=1

=0, (108)

E=E, j,k.



with a € Zp, j € Z. Alo] is the propagator of Eq. (74)
defined over the full orbit. Its solution corresponds to D
sets of equidistant, macroscopically-degenerate Landau
levels. For a simple closed orbit, Hf/v‘;l e’ = —1, and
we are led directly to the multi-band quantization condi-
tions in Eq. (73)-(74). In Sec. VID 1, we show that Eq.
(108) is invariant under the U(D) gauge transformations
[cf. Eq. (22)]; the transformation of the propagator under
symmetry is further investigated in Sec. VID 2, where we
prove certain symmetry constraints for the Landau levels.

As an example, consider a spin system where T'i sym-
metry imposes a two-fold degeneracy (D = 2) in the
zero-field band dispersion. In the presence of a field,
the same symmetry imposes Ay = —\2 mod 27, as elab-
orated in Sec. VID 2. If spin-orbit coupling is negligible,
A1 — Az| just equals the free-electron Zeeman splitting
[7(g90/2)(mc/m) from Eq. (72)].

3. Beyond closed orbits

We briefly comment on the quantization conditions for
open orbits with negligible breakdown. One example
would be a noncontractible orbit which extends across
the Brillouin torus in single direction — in the extended-
zone scheme, these orbits traverse across different Bril-
louin zones. Since the phase factor e?*=kv!* is not single-
valued when k is advanced by a reciprocal vector, this
phase cannot be neglected when one imposes continu-
ity on the wavefunction in the (K, k,)-representation.
When this phase is accounted for, it introduces a k-
dependence to the quantization condition, and conse-
quently a loss of the (exponentially-accurate) macro-
scopic degeneracy that characterizes closed orbits. We
refer the reader to Ref. 18 for a more extensive discus-
sion of open orbits.

D. Landau levels and de Haas-van Alphen
oscillations for closed orbits

1. Single-band case

When the single-band quantization condition [Eq. (68)]
is viewed at a fixed field (and a fixed wavevector k, for a
3D solid), the energy difference between adjacent Landau
levels is locally periodic as

21

Einr =i = 555708

+0(01™%.  (109)

E=E; k.,

This follows from the assumption that the area of the or-
bit (S5), as well as the Roth-Berry-Zeeman (RBZ) phase,
collectively defined as

ANE, k) == f(m +X)-dk+ Z%(UZ/UL)dk, (110)
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are smooth functions of energy on the scale of E; ;1 —
E; = O(I'?). Equivalently stated, we assume 9S/0F
and ON/OE are O(I°) quantities. The quantity
(h?/2m)0S/OFE that determines Landau-level differences
has been referred to as the cyclotron mass; it coincides,
in the free-electron limit (V'=0), with the free-electron
mass. Supposing E° are zeroth-order solutions of the
quantization condition, the Hj-correction to E? is

A

_ ]2
OB =~ dS/OFE | 1o

+031™%).

(111)

If we view Eq. (68) at fixed energy (e.g., the Fermi en-
ergy Er) and variable field, then the quantization con-
dition is satisfied for a discrete set of fields (indexed by
integer j), with corresponding magnetic lengths satisfy-
ing

2
P -2y.
5 =105 S(Er k) +O(7);
21— dm — A :
2 2
5= — +0(). (112)
E=Ep k.

The first equation forms the basis of quantum oscillatory
phenomena of the de Haas-van Alphen (dHvA) type —
they reflect how quasi-periodic Landau levels successively
become equal to the Fermi energy as the reciprocal mag-
netic field is changed. Such 1]2- is henceforth referred to as
a dHvA level, and the set of all dHvVA levels is referred to
as the dHvA spectrum. The period in l]2- is not affected
by the RBZ phase (), in accordance with the conven-
tional theory of metals.® On the other hand, one may
look to the phase offset of the dHvA oscillation to ex-
tract A\. In 3D metals, the curvature of the Fermi surface
results in an additional Lifshitz-Kosevich correction®* to
this phase offset, which in sum equals

5= l?S—i—¢LK mod 2r = =X — ¢y + drr. (113)

with ¢rx = +m/4 depending on whether the orbit is
maximal or minimal. Restated from the perspective of
measurement, 7y is the phase offset of the oscillations of
the magnetization of a solid.® In the experimental liter-
ature, v is often viewed graphically as the intercept of
an extrapolated line connecting the discrete values of 12
where the magnetization is peaked; we shall therefore re-
fer to the quantity defined in Eq. (113) as the 7-intercept.

A comprehensive symmetry analysis of the RBZ
phase is performed in Sec. VID; here we illustrate two
highlights:

(i) Orbits which are mapped to themselves, up to a
reversal in orientation, are said to be self-constrained.
Graphene provides a paradigmatic example, for which
an orbit encircling the Dirac point is invariant under
T'cy, symmetry — this leads to the vanishing of the Roth
moment at each wavevector, as well as the quantization
of the Berry phase to m, which cancels the Maslov



correction in the ~-intercept.

(ii) Just as relevant are orbits which are mapped to
distinct orbits by a symmetry — two related orbits are
said to be mutually constrained. In a toy model of
spinless graphene, two orbits which encircle different
valley centers are mutually constrained by 7T symme-
try; since each orbit does not encircle a T-invariant
wavevector, it is not self-constrained by T' symmetry. If
the spatial symmetry (co,) is further broken (plausibly
by epitaxial growth on certain substrates'!®114)  each
valley-centered orbit develops an orbital moment, i.e.,
when integrated over the orbit, this moment results in
a nontrivial Roth phase. Owing to T symmetry, the
sum of Roth-Berry phases in two mutually-constrained
orbits cancel modulo 27, but individually each phase
should be measurable from the +-intercept of its corre-
sponding orbit. Alternatively stated, two distinct but
mutually-constrained harmonics should appear in the
magnetization oscillations. To make this toy model
of graphene more realistic, one must incorporate the
Zeeman effect, as described in Ref. 32.

The equations in this section directly apply to spin-
orbit-coupled systems with nondegenerate bands; for
Zeeman-coupled systems with negligible spin-orbit cou-
pling, the above equations would apply to either of the
two spin species, with o, replaced by +1; for intrinsically
spinless systems described by a Schrodinger Hamiltonian,
the above equations apply without the Zeeman term (i.e.,
set Z =0).

2. Multi-band case

Considering Eq. (73) at fixed field and k,, we obtain,
for each eigenvalue e**« of the D x D propagator [Eq.
(74)], a set of discrete energy levels {E, ;};cz. For fixed
a, the energy difference between adjacent Landau levels,
is to leading order,

2w

120S/0F (114)

Eoj+1— Eqj =

E=E, j k-

We have assumed here that 9S/0F and 9\, /0F are both
O(1°). When Eq. (73) is viewed at fixed energy (Er) and
varying field, the quantization condition is satisfied for a
discrete set of fields corresponding to

l2 N27Tj_¢M_)\a .
A ’

E=Epk.

2

7S(Ep,kz)' (115)

2 2
lajr1—lay ™

All equations in this section are accurate to O(I1=%/3),
due to the O(I72/3) uncertainty in the multi-band
Maslov correction [derived in Sec. VB]. The dHvA
spectrum therefore divides into D sets of levels indexed
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by a = 1,...,D; each set corresponds to a harmonic
in the magnetization oscillations, with corresponding
intercept 7y, =17 ;S + ¢k mod 2.

Particularizing to spin-orbit-coupled bands with T4
symmetry (D = 2), Eq. (115) implies the existence of
two harmonics in the magnetic oscillations. Absent any
other symmetries, these harmonics are generally distinct,
with Ay = —A3 mod 27, as proven in the paragraph sur-
rounding Eq. (146) in Sec. VID. A more comprehensive
symmetry analysis of A, is performed in the next section
[Sec. VII.

VI. SYMMETRY IN THE FIRST-ORDER
EFFECTIVE HAMILTONIAN THEORY

This section describes the effects of symmetry in the
first-order effective theory; our analysis covers all possible
symmetries that occur in crystals, i.e., in any space group
or magnetic space group. We first identify in Sec. VI A
the symmetries that are relevant to semiclassical orbits;
we then describe how symmetry constrains the orbital
magnetic moment and the Zeeman coupling [Sec. VIB],
the first-order effective Hamiltonian (H;) [Sec. VIC], and
the propagator that is generated by H; [Sec. VID] over
an orbit. The eigen-phases of this propagator enters the
quantization conditions, from which one may determine
the symmetry constraints on the Landau levels and dHvA
oscillations. Our symmetry analysis is simplified by the
classification of closed orbits into ten (and only ten) sym-
metry classes. These ten symmetry classes were first in-
troduced and exemplifed in Ref. 32; in Sec. VID, we
provide a more detailed derivation which focuses on the
possible types of symmetry representations. In addition,
Sec. VIB may be used to analyze k-resolved measure-
ments of the orbital magnetic moment, e.g., through cir-
cular dichroism in photoemission.??

A. Symmetries of semiclassical orbits

We encourage the reader to scan through Sec. IIIC,
where we reviewed how symmetry constrains Bloch func-
tions at zero field. We assume the reminder is familiar
with certain notations for symmetry transformations
that was introduced therein. As a reminder, g denotes a
symmetry in the (magnetic) space group (G) of a solid,
and its representations in various contexts [cf. Sec. III C]
are denoted by ¢, 7, g.

We would like to particularize to symmetries which
are relevant to Bloch electrons in a field. Assuming that
the field is oriented along Zz, all semiclassical orbits are
contained in quasimomentum planes orthogonal to Z, and
we are interested in symmetries which relate one such
orbit to another (or possibly an orbit to itself, up to a



reversal in orientation). For 3D solids, ¢’s action in k-
space may be block-diagonalized as

g:k— gok:=(—1)"9gk
_ (~1)@ (gk (—1>f<g>kz), Hg) € {0.1}, (116)

where t(g) = 0 (resp. 1) for symmetries whose point-
group operation preserves (resp. inverts) the coordinate
parallel to the field. We distinguish between k which
parametrizes the 3D Brillouin torus, and k* = (ks, k)
which parametrizes a two-torus (BT, ) perpendicular to
the field. We shall sometimes refer to BT as a plane;
symmetry operations that act only in BT are described
as planar.

In Eq. (116), we have also introduced g+ as a real,
orthogonal, two-by-two matrix; it represents the point-
group operation that is restricted to BT,. The determi-
nant of §*- defines a Z, variable u as

(—1)"9 = detlg*], u(g) € {0,1},

det[g] = (—1)H9Ful9), (117)

Let us demonstrate that u(g) = 0 (resp. 1) if g preserves
(resp. inverts) the orientation of the semiclassical orbit;
to clarify, the orientation of an orbit is its sense of
circulation, whether clockwise or anticlockwise, that is
determined from Hamilton’s equation [cf. Eq. (1)].

The symmetry constraint on the band velocities at k and
g ok [recall Eq. (116)]

(k) = (=)*W[gTv(go k)],

implies, through Eq. (41), an analogous relation between
the orbit velocities [defined in Eq. (41)]:

Jop = Jsas  (118)

det[g ]+

— (-)*® [ngL

k] . (119)

gok

To interpret this equation, consider the map J, : R? —
R? between two planar wavevectors related by symmetry

g:

Vo(kt) = (=1)*g k" = (go k)" (120)
Eq. (119) states that Y, (k*|x) is equal in magnitude to
the orbit velocity at g o k, with a minus-sign difference
iff det[g'] = (—1)*(9) = —1.1

All symmetries, whose point-group operation block-
diagonalizes as in Eq. (116), would henceforth be referred
to as symmetries of the orbit configuration. In deriving
how these symmetries constrain the effective Hamilto-
nian, the following decomposition, valid for any symme-
try of the orbit configuration, would be useful:

g= T5(9) ts ct(9) ulg) cv((g) cw(9)
z x n ’

9),z

(121)

20

where ts5,7,t,c,¢e are symmetry operations defined
in Sec. VIA; s,t,u € {0,1} have been previously
defined[Eq. (25), (116)-(117)], n € {2,3,4,6} labels
the possible discrete rotations, and we introduce here
w € {0,1} and v € {0,1,...,n — 1}. Eq. (121) is really
valid for a double group; for ordinary groups the same
decomposition holds without the factor of e™.

Proof of decomposition Eq. (121):

If g inverts time, we decompose ¢ = T¢' such that ¢’
is a purely spatial operation; otherwise, g = ¢’. Our
shorthand for this is g = T%¢’. We further decompose
¢’ into translational and point-preserving spatial trans-
formations: ¢ = tsg”. Applying Eq. (116), we find
that g” decomposes as g” = tLg*, such that the g* acts
trivially on the coordinate orthogonal to the plane, i.e.,
gt k= (§Tk k).

To complete the proof, we would need to show that
any planar, spatial transformation may be expressed as
gt =t¥c e, Any point group is built up of discrete ro-
tations (¢) and reflections (t), which are the fundamental
covering operations;''® 2D point groups are built up
from planar rotations (c,.) and reflection-invariant lines
contained in the plane (in short: planar reflections);
the latter are exemplified by t, and t,. It is useful to
distinguish between planar-proper (det g+ = +1) and
planar-improper (det g+ = —1) transformations; all
planar reflections (resp. rotations) are planar-improper
(resp. proper). Some properties of successive transfor-
mations will be needed:'® (i) the product of two planar
rotations is another planar rotation; (ii) the product of
two planar reflections is a planar rotation, and (iii) the
product of a planar rotation with a planar reflection is
another planar reflection. It follows from (i-iii) that any
planar-proper transformation is proportional to ¢’ for
some integers m and n € {2,3,4,6}; the proportionality
factor must act trivially in space, so it may be the
identity operation or a 2m-rotation. Therefore, if g*
is planar-proper, it is expressible as ¢’ ¢". Otherwise
if g* is planar-improper, it can always be expressed
as the product of (a) an arbitrarily chosen reflection
(e.g., tz), with (b) a proper transformation (¢)7,¢") that
depends on our choice in (a). In summary, we may say
g = there” with (—1)" = det[g*] [cf. Eq. (117)]. This
completes the proof.l

Combining Eq. (116) with Eq. (121), g maps k* €
BT, to
gok*t=(—-1)°g k", with gt =¢%¢".. (122)
We say that k* is g-invariant if g o k* = k* up to a
planar reciprocal vector. If g acts as a planar reflection,
then its order must be even:

u(g)=1 = N(g) € 2Z. (123)



This follows because any odd power of a planar reflec-
tion is still a planar reflection, while by assumption
u(g™) =0 [cf. Eq. (31)].

It will be useful to classify symmetries according to the
topology of the g-invariant points. Type-I symmetries are
defined to leave every, generic k* invariant, hence

(=1)%°g =1L = detg-=1 = u(g)=0, (124)

with Is the two-by-two identity matrix. We may further
distinguish type-I symmetries by s: either u = s = v =0,
oru=0,s=1and ¢, = .

Type-II symmetries are symmetries for which the
generic k* is not invariant; g-invariant k* are isolated
points if u = 0; otherwise (u = 1), they form isolated
lines. To prove the last claim, if type-II ¢ is planar-
proper (v = 0), then g maps k* to ¢,¢" k*, where
we have identified (—1)° with ¢5,. Being the product
of two planar rotations, ¢5,¢)_ must be again a planar
rotation, whatever the values of s,n,v. Moreover, ¢3¢,
cannot be the trivial rotation (identity transformation),
due to our assumption that it is type-II. The only
rotationally-invariant k* are isolated points. Now if
type-1I g is planar-improper, g acts on k* as the product
of a planar reflection (f,) and a planar rotation (¢§,¢%.);
any such product is a planar reflection, possibly with

the reflection-invariant line rotated.

Our classification of type-I and -II symmetries is ex-
tended to a classification of symmetric orbits in Sec. VID.

B. Symmetry constraints of the orbital magnetic
moment and the Zeeman coupling

We would like to identify the symmetry -classes
which allow for a k-dependent orbital moment/Zeeman
coupling. If the average of the orbital moment/Zeeman
coupling over an orbit is nonzero, then the Landau
levels are nontrivially affected, as explained in Sec.
VID2. Our symmetry analysis is further motivated by
recent experiments that are able to probe the orbital
moment (at each wavevector) through circular dichroism
in momentum-resolved photoemission.’®> We would
like to determine if dichroism is allowed by symmetry,
and where dichroism may be found in the Brillouin torus.
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Consider the orbital moment for a subspace of bands
projected by P(k) in Eq. (18), where, again, D the di-
mension of the subspace at each wavevector. For D =1,
we refer to the single-band M, defined in Eq. (63) for
band n, but henceforth we would drop the n subscript;
for D > 1, we refer to the multi-band M defined in
Eq. (67), which is a D x D Hermitian matrix. To de-
rive the symmetry constraints on the orbital moment, it
is convenient to begin with its expression with the ve-
locity matrix II [second line of Eq. (67)], since the cur-
rent operator II = —i[r, Hy|/h transforms simply under
a symmetry (g). From the action of g on the position
operator [cf. Eq. (24)], and the symmetry contraint on
the cell-periodic functions [cf. Eq. (29)], we obtain

e, _ (_1)8(9)9(!6}(8(9) [* 1?8 gT]mnKS(g)

k
(125)

gok

Inserting this into Eq. (67) and after a little gymnastics
[detailed in App. C2],

M| = (=19 det[g] g K*\ (9M) K*9 g~

gok

k
(126)

While this expression is valid for any number of bands, it
simplifies in the single-band case owing to: (i) M, being a
Hermitian one-by-one matrix, is a real number, and (ii)
g, being a unitary one-by-one matrix, is a commuting
phase factor that cancels with its Hermitian adjoint §!.
Therefore, the single-band orbital moment satisfies

M| = (-1)*¥ det[g][gM]
gok k

(127)

To interpret this equation, recall that each ¢ corre-
sponds to a certain action in spacetime, which may
be decomposed as a point-preserving transformation
and a translation [cf. Eq. (25)]; (—1)%9) det[g] is the
determinant of the matrix corresponding to the point-
preserving transformation. Therefore, M transforms
like the spatial components of a (3+1)-dimensional
pseudovector, in addition to the transformation of its
argument k. Eq. (127) is the full generalization (to any
symmetry) of well-known constraints on the single-band
moment with 7" and/or i symmetry.2>337 We exemplify
Eq. (126) and (127) with some naturally-occuring, but
certainly not exhaustive, symmetries in Tab. II; there,
we employ certain notation for symmetries that have
been introduced in Sec. II1C.
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Space-group rule ‘

‘ Multi-band M ‘Two—band constraints (F :1)‘

’ g ‘ Single-band M
T 9| 4971 = (D", M|_, =-M]|, M|_, =-gM*§"|, For k = —k,
= D3] § = —ios, Te[M] = 0.
Ti 9.9, = (D", M|, = M|, =-gM"g'|, For all k,
il = (D73, § = —ioy, Tr[M] =0.
T f]|,f,‘,zk§*|,c =1, Lehk = —EzzM|k, |7522k =—g [EQZM*]§4|,c For k., = 0 or m,
§|£:762k:§|k_7c2k M= k:722k:0 g=1, M* x 0,.
Ttz al_ g%, = (DFe=, M| , =-M|, M|, =—-gM*g'|, (i) For {k. = 0,k* = —k*},
g’k:,k (-1~ _“%9!,6,,,e g = —ios, TY[M] =0.
(ii) For {k, = m, k- = —k*},
G=1, M x 0.
1 §|7kg|k:] M|7 _M|k M|—k:§M§_1}k’ Tr[M]Lk:Tr[MHk
[g’M”k:—k =0
te §|trk§{k =(D° M|i-1k = _[E‘”‘MHM M|izk = _g[f“M]g_l‘k’ Tr[M”ET,k = _f“Tr[MHk
Ma|izk:k::07 ac{y, z} [g’Mx”izk:k:O
9z,7/2 §|r1k§|k =(-1)fe™ M|sz = _[‘v’xMHkv M|;Ik, = _fl[me]g_l‘k: Tr[MH;wk = _'EmTr[MHk
a|irk:k =0, ae{y, z} [g’Mw”Ewk:k =0
Cnz §|k(”-1) "'-é!k(l)g‘k = (D" |Wk c"zM”k tnak g[E"ZMw—l’k’ Tr[M]|‘ ok EWTT[MHk
9, M7] tadote — 0
Snzm 8] gy - -Gl 8, = ((1)TemE o o =@M, | M| =gle=M]gt,, | TM]|  =&.T[M][,
(g, M”] tpkts — 0

TABLE II. The first column lists some commonly-found symmetries in crystals, and we have employed the notation for
symmetries that was introduced in Sec. III C; their corresponding sewing matrices form a representation of the space group, as
described in the second column. The third and fourth columns describe general constraints on the orbital moment for the single-
and multi-band cases. In the last column, we describe the constraints which are specific to two-fold spin-degenerate bands in a
spin-orbit-coupled system, for which ¢ transforms in a half-integer-spin representation of the symmetry g; no restrictions of the
symmetry representations have been made in the other columns; note that the multi-band constraints in the fourth column also
apply to spin-degenerate bands. A relation with the qualifier |, applies to all wavevectors; |k=—z,, % applies to any wavevector
in the planes defined by k., = 0 and =; finally, |x=—% applies to wavevectors which are invariant under inversion, modulo
reciprocal-lattice translations. If the last two rows, we employ the notation k¥ := ¢, k. In the last column, certain canonical
choices for the sewing matrices are displayed, i.e., a basis may always be found Where g assumes the displayed forms, assuming
that ¢ transforms in the half-integer-spin representation; by M* x 0., we mean that it is proportional to the Pauli matrix o
with a real, k-dependent proportionality constant. As explained in the main text, the form of a symmetry constraint on M~
applies also to the Roth and Zeeman Hamiltonians (H R and HZ ); in the latter case, we should fix F' = 1 for half-integer-spin

representations.

The single-band orbital moment, in a certain direction
«, vanishes at a specific k, if there exists a symmetry
that inverts M* — —M®%, and simultaneously maps
said k to itself. This vanishing may occur at isolated
points, e.g., M = 0 at inversion-invariant wavevectors
(where K = —k) in systems with only time-reversal
symmetry. In Ti-symmetric systems, M = 0 in the
entire torus. For further exemplification, M* = 0 for
high-symmetry planes in systems with T'cy, symmetry,
and assuming no other symmetry we should not expect
M?* or MY to likewise vanish. For these examples we list
the symmetry constraints on the single-band moment in
the third column.

In the multi-band case, symmetry cannot enforce that

(

M® vanishes as a matrix, but the analogous constraint
is that its trace vanishes, as shown in the second-to-last
column. Let us particularize the following discussion to
spin-orbit-coupled systems, where bands are two-fold
spin-degenerate, and transform in a half-integer-spin
representation (F = 1). Any of T, Ti or Ty, sym-
metries constrains the trace of M® to vanish for at
least one «, i.e., M depends on (at most) three real
parameters. The traceless condition for 71 symmetry
has previously been observed by Ref. 116. For T'co., the
constraint on M?# is comparatively stronger, leading to
M? only depending on one real parameter. This distinc-
tion originates from (T'cs,)? being a 47 rotation, and
(T1)? = T? being a 27 rotation, as we proceed to explain.



(i) Antiunitary representations that square to minus
one. Since (Ti)? = —I for a half-integer-spin repre-
sentation, the corresponding sewing matrices satisfy
g(k)Kg(k)K = g(k)g*(k) = —I which, in combination
with the unitary of g, implies that g is skew-symmetric.
From physical grounds, we expect that Ti inverts
the spin and should map any state to an orthogonal
state. Mathematically, we understand this from the
impossibility of finding a basis where the sewing matrix
is diagonal, i.e., the effect of a basis transformation is to
conjugate the sewing matrix by a complex, orthogonal
matrix [cf. Eq. (37)], but no skew-symmetric matrix
can be diagonalized by an orthogonal transformation.
In the case of two-fold degenerate bands, we employ
that any two-by-two, unitary, skew-symmetric matrix is
proportional to the Pauli matrix o,; the proportionality
factor is an irrelevant phase factor that depends on the
basis choice [cf. Eq. (22)]. The constraint on the orbital
moment: M = —o,M*0o, [from the fourth column] then
implies M is traceless over the entire torus. A similar
story unfolds for 7' symmetry at the inversion-invariant
wavevectors.

(ii) Antiunitary representations that square to one.
(Tcs.)? = I implies that the corresponding § (in high-
symmetry planes) is symmetric, and may be diagonalized
by an orthogonal transformation. By phase redefinitions
of the cell-periodic functions, it is always possible to find
a basis where § = I (the two-by-two identity matrix); in
this basis, M* = —M** [from the fourth column] implies
that M?# is proportional to the Pauli matrix o, with a
real proportionality constant. One may verify that in
whatever basis is chosen, M? only depends only on one
real parameter.

For any antiunitary representation that squares to
a phase factor, the associativity of symmetry repre-
sentations guarantees that this phase factor is either
one [henceforth called type (ii)] or minus one [type (i)].
(Indeed, if §? = €'?, 3% = €'%§ = ge'* = ¢ cR.) In
symmorphic space groups, all order-two symmetries that
invert time may be classified, by their corresponding
sewing matrices, into types (i) and (ii). This state-
ment must be refined in nonsymmorphic, magnetic
space groups where the multiplication rules for sewing
matrices are wavevector-dependent. A case in point
is a spin-orbit-coupled system with Tty symmetry,
which arises in layered, antiferromagnetic compounds
where the layers are stacked in the z direction; the
ferromagnetic alignment in each layer alternates between
every adjacent layer (separated by half a lattice vector:
7/2). Since (T'tz/2)? is the composition of a 27 rotation
and a full lattice translation, the sewing matrix satisfies
§|7k§*|k = —e*= which acts like a symmetry of type
(i) where k., = 0, and of type (ii) where k, = ; this leads
to wavevector-dependent constraints on the moment, as
detailed in the last column.
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The last class of symmetries are completely spatial
and unitarily represented. Under basis transformations
of the cell-periodic functions, the sewing matrices at
high-symmetry points or lines may always be diagonal-
ized by a unitary transformation [cf. Eq. (37)]; this is
superfluously true for the single-band sewing matrix.
The possible eigenvalues are discrete in phase, and
they are determined by space-group rules in the second
column. Alternatively stated, if a completely-spatial g
belongs to the group of the wavevector k,''® the eigen-
values of the sewing matrix label the representations of
the bands at k. Depending on the symmetry, different
components of the multi-band orbital moment may
be simultaneously diagonalized at the high-symmetry
wavevectors: M for spatial inversion i, M?* for reflection
v, and glide g, 5/2, M~ for rotations ¢, and screws s,,; .

Let us add one final remark regarding the utility of
Tab. II. Since the Roth Hamiltonian is defined by
HE := —M?B?, constraints that act on M~ apply di-
rectly to H{*. A case in point: since T symmetry imposes
M#*(—k) = —M?#(k) in the single-band case [second col-
umn], it follows immediately that Hf*(—k) = —H{I'(k).
For half-integer-spin representations (F = 1), the spin
matrix o® transforms in the same way as M?*, as derived
in App. C3. Consequently, symmetry constraints on the
Zeeman coupling Hf « 0% B* may also be deduced from
the table, if particularized to F' = 1.

C. Symmetry of the first-order effective
Hamiltonian

As derived in App. C 3, the first-order effective Hamil-
tonian transforms under a symmetry (g) of the orbit con-
figuration as

H, = (1)@ +ul9) g gs(9) gy K39) gt
gok

+i(=1)" D265 gVRG Y|+ [ Pensd’o®

k

(128)
gok

This expression may be applied to (a) spin-orbit-coupled
systems, (b) spinful systems with negligible spin-orbit
coupling, and (c) plausibly to charge-neutral systems
with effective magnetic fields. However, the meaning of
H, is slightly different in each context:

(a) In spin-orbit-coupled systems, the Bloch functions
form a half-integer-spin representations of the (mag-
netic) space group, and Hy; = Hf + HE + Hf is
contributed by Roth, Berry and Zeeman [cf. Eq. (57)].
In systems with spacetime-inversion (71) symmetry,
bands are spin-degenerate and H; is a matrix with
minimal dimension of two.

(b) Hy is spin-SU(2)-symmetric in spinful systems with
negligible spin-orbit coupling. It is therefore possible to



work in a single-band basis that diagonalizes the Zeeman
term, i.e., if the field points along z, we work in the eigen-
basis of 6% where basis vectors are distinguished by the
spin eigenvalue s € +1. In this basis, H(k) is a diagonal
two-by-two matrix:

H' 0
Hl(k) = < 01 H_> )
1
goh?
Aml?’

The symmetry analysis, when restricted to the s = +1
eigenspace (we could also have picked the —1 sub-
space, it matters not), is considerably simplified. The
spin-restricted set of Bloch functions ¥g(r,s = +)
form an integer-spin representation of the (magnetic)
space group; the scalar Hamiltonians H{¥ and HP are
defined, just as in Eqgs. (58)-(59), but with respect to
Bloch functions in one spin eigenspace. Since we are
ignoring the full spinor structure of the Bloch functions
Yr(r,s € +), we might colloquially refer to g (r,+)
as ‘single-spin’ Bloch functions, and H{' + HP as the
‘spin-independent’ first-order-effective Hamiltonian. A
symmetry operation in the (magnetic) space group
that preserves the eigenvalue of 67 is described as a
single-spin symmetry. For example, while time reversal
flips spin and is represented by T' = —i6,K satisfying

Hf (k) = H + HP 5 (129)

1?2 = —I, we may define an single-spin time-reversal
operator T" that preserves S, by composing T" with a
m-spin rotation about the gy axis: 7" = K squares to
identity. While T constrains the full spin-dependent
effective Hamiltonian [H; in Eq. (129)], it is 7" that
constrains the spin-independent Hamiltonian H{* + HE.
Rather than carry around two symbols (77 and T)
for time reversal, it is simpler to talk about a single
time reversal (T") which is represented on integer or
half-integer spins, which we distinguish by F € {0,1}:
72 = (-1)".

(c) Charge-neutral, cold-atomic systems are characteriz-
able by the Berry phase and the Roth orbital moment:
H, = HE + HE; we shall leave out of this discussion
the Zeeman effect. Bloch functions of bosonic atoms (in
optical lattices) form an integer-spin representations of
the (magnetic) space group.

In all cases (a-c), the form of Eq. (128) may be
motivated from the following two arguments:

(i) A field-free Bloch Hamiltonian having the same
symmetry (g) transforms in nearly the same way to the
first term on the right-hand-side of Eq. (128) [recall
Eq. (28)]; the only difference is an additional factor of
(—1)%*" (which may be trivial) in Eq. (128). To under-
stand this phase factor, let us consider an alternative
definition of a symmetry of the orbit configuration (g)
which is consistent with the original definition in Sec.
VIA: it is an element of the space group (or magnetic
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space group) which induces a coordinate transformation
where the magnetic field B — (—1)*T*B. In fact,
the field-on Hamiltonian [Eq. (39)-(40)] is invariant
under g, if g acts not only on the electronic degrees of
freedom in the solid through Eq. (25), but also on the
magnetic field.''7 Since Eq. (128) describes a symmetry
relation between electronic wavefunctions of the solid at
a fixed field, we expect a compensating factor of (—1)5+4.

(ii) The second term originates from the transformation
of the Berry term, which we recall from Eq. (64) as being
proportional to e,s X v®. Applying Eq. (29) to the defi-
nition of the non-abelian Berry connection in Eq. (15),

xa

= Jap <§K5(9)x5K5(9)§‘1
gok

+ 0.
k

L i(-1@ Mé-l) (130)

The derivation of the above equation is aided by two
identities [Eq. (C20) and (C23)] proven in App. C1.
The first (resp. second) term in Eq. (130) contributes to
the first (resp. second) term in Eq. (128).

Supposing the second and third terms in Eq. (128)
were absent, we say that H; transforms covariantly un-
der g. Given that the sewing matrix for a symmetry g
depends on the basis chosen for the cell-periodic func-
tions [cf. Egs. (36)-(37)], one may ask if a basis exists
where H; transforms covariantly under g for all k in the
Brillouin torus. If the answer is yes, such a basis may
be exploited to derive symmetry constraints on the Lan-
dau levels with relative ease. In short, the answer is no
for a large class of band subspaces; we devote App. C4
to a self-contained elaboration of ‘no’, which originates
from an obstruction in topologically-nontrivial band sub-
spaces. Some well-known obstructions forbid the con-
struction of exponentially-localized Wannier functions''®
(i.e., global sections of the vector bundle), or symmetry-
invariant Wannier functions.!'® In App. C4, we would
describe a novel type of obstruction — to symmetry co-
variance of H;. The reader who is more interested in
quantization conditions may transit immediately to the
next section [Sec. VID].

D. Symmetry of the first-order effective propagator

In the last section we dealt primarily with the symme-
try and gauge transformations of the first-order effective
Hamiltonian H;, and argued that H; generically does
not transform non-covariantly. A related observation
is that the eigenspectrum of H; has no gauge-invariant
meaning. This reflects how the effective-Hamiltonian
description of a Bloch electron in a magnetic field is
fundamentally a nondynamical gauge theory; in gauge
theories, a known source of gauge-invariant observables
comes from the spectrum of Wilson-loop operators.5®



In our context, we identify the analogous opera-
tor as the propagator A, which we defined in Eq. (74)
as the unitary generated by H; over the cyclotron period.

We would show that, unlike H;, A behaves nicely
under gauge and symmetry transformations. Precisely,
we would show that A transforms covariantly under
the U(D) gauge transformation of the type Eq. (22)
[in Sec. VID 1], and covariantly under symmetry trans-
formations of the type Eq. (128) [in Sec. VID2]. One
motivation for investigating these transformation behav-
ior is that A encodes the subleading corrections to the
Bohr-Sommerfeld quantization conditions, as derived in
Eq. (VC1). As we will show, the gauge covariance of A
implies the gauge invariance of the Landau levels deter-
mined from the quantization conditions; the symmetry
covariance of A implies certain symmetry constraints for
the Landau levels that we will prove below.

We will use the same symbols (A and H;) in a variety
of contexts which are not necessarily mutually exclusive:
(i) nondegenerate subspaces (D = 1), in which case A
is a unimodular phase factor, (ii) degenerate subspaces
(D > 1), in which case A is a D x D unitary, (iii)
spin-orbit-coupled systems, (iv) spinful systems with
negligible spin-orbit coupling, and (v) charge-neutral
particles coupled to effective magnetic fields. We remind
the reader that H; has a slightly different meaning in
each of (iii-v), as detailed below Eq. (128). Unless D
or the symmetry representation is explicitly specified
in an equation, the reader may safely assume that the
equation applies to all of (i-v).

We highlight one potentially confusing case where it is
useful to have two related notions of A: this is the case
of spin-degenerate (D = 2) bands in solids with negli-
gible spin-orbit coupling. We define the spin-dependent
Ap—1 as the unitary generated by the spin-dependent
H, [the two-by-two matrix in Eq. (129)], and the spin-
independent Ap_q as the unitary generated by the spin-
independent, scalar HE¥+HP [defined in Eq. (129)]. Both
notions are related as

90 mc[o]

AF:Oeiﬂ—T m 0
AF:l - O A 6_2-71_970 me[o] a
F=0 m

det Ap—1 = A%_,, (131)

where the only spin-dependent component of Ap_; orig-
inates from the Zeeman coupling [go, m., m are defined
in Eq. (72)]. The right equation in Eq. (131) expresses
how the determinant of Ap—; is fully determined by the
spin-independent H* + HP, and is not affected by the
Zeeman splitting. Supposing g is a symmetry of the orbit
configuration, it is represented differently when it acts
on Ap—1 vs Ap—o, e.g., time-reversal is represented as
T? = (-1)¥, as explained below Eq. (129).

1. Gauge-covariance of the first-order propagator

One motivation to prove that the first-order propaga-
tor transforms covariantly: it follows that the spectrum
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obtained from the multi-band quantization condition in
Eq. (108) is gauge invariant; we remind the reader that
the gauge invariance of the single-band quantization
condition has been proven with less effort in Sec. VC1.

To substantiate the multi-band claim, we remind the
reader that a matrix transforms covariantly if it is conju-
gated by the unitary V' which reshuffles the bands within
P [cf. Eq. (22)], as exemplified by the Roth and spin
matrices [defined in Eq. (75), Eq. (17) and Eq. (20)]

A VAV, o=V iV (132)
In the single-band case, V' is a commuting phase factor
that cancels with V!, hence all covariant objects are also
invariant. In contrast, the Berry connection transforms
non-covariantly, as shown in Eq. (23). Nevertheless, we
would show that the propagator around a loop transforms
as

Alo] — V(k(0)) Alo]V (k(0)), (133)
with k(0) the base point of the loop 0. It would follow
that the quantization condition in Eq. (108) is gauge-
invariant:

0 = det [e“zsA[o} + I}
~ det [e“2SV(k(O))'1A[o]V(k:(O)) + 1}

= det [V (k(0))"] det [¢*S Afo] + 1] det [V (k(0))"] .

To prove Eq. (133), it is convenient to consider the prop-
agator

Alk < k — dk]
~ exp [i(A+ X) - dk + ic*(Z/v*)dk] + O(dk?) (134)

over an infinitesimal path along the orbit, ending at k()
and beginning at k(t — 6t) = k(t) — dk(t); in short, we
call such objects infinitesimal propagators. Applying Eq.
(132) and (23), the infinitesimal propagator transforms
as

Alk « k — dk]

N eiV’l(Ql+x)V~dk:+iV’laz(Z/wi)de—V’IVkVde:

= V(k) ' Alk « k — dk]V (k — dk),

_ V—l(k)ei(gl+x)~dk:+ioz(Z/vL)de(k)e—V’lkadk

(135)

to linear order in dk. Consider a path-ordered multipli-
cation of these infinitesimal propagators around a closed
orbit beginning and ending at k(0); every V matrix that
is not evaluated at k(0) is multiplied with its inverse.
What remains of this path-ordered product, after taking
the limit 0t — 0, is the right-hand-side of Eq. (133).
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2. Symmetry-covariance of the first-order propagator

For a system having a symmetry (g) of the orbit configuration, we consider the infinitesimal propapagator centered
at wavevector g o k on an orbit, which is related through Eq. (128) to the infinitesimal propagator centered at k:

o tH16t/h e—u-%u,} 5P v6t/h

+0(6t%).  (136)
gok

= (nge—i(—l)“Hlét/nKs§—1> (e(—l)“l-%ug §Vg§'l’u”‘6t/h>

gok k

Hamilton’s equation of motion [Eq. (
0k, (k)/vY(k) [let us also define dk*(k

_ (ngei(l)quzSt/thgl) (e(l)ugvkﬁ'lﬁkL)

— (ngez‘(l)“leSt/th>

1) particularized to B = —BZ] informs us that 6t/hl*> = —dk,(k)/v"(k) =
) = (0kg, 0k,)], hence the above equation simplifies to

e~ iH16t/h 615-51&

+ O(0t?)

gok

gok k

. n
gfl 626<5k:

k—(—1)u5k=" (k)

+ O(6t?). (137)

gok

k

If u(g) = 1, the infinitesimal-time propagator centered at k [the right-hand-side of the above equation] is reversed in
orientation with respect to the semiclassical orbit, and vice versa. Eq. (137) forms the basis to derive the symmetry
constraints for any configuration of orbits.

Let us translate the symmetry constraint on infinitesimal propagators into a constraint for finite-time propagators,
which are analogous to Wilson lines. Suppose k; and k; are boundary points of a curved line segment (S) contained
within an orbit; S is equipped with an orientation such that k; [resp. k] is the initial point [resp. final point], which
we will denote as S : k¢ < k;. The propagator over S is defined by

t(ky) dt }
- (138)

with exp a path-ordered exponential, and k(t) and its inverse t(k) determined by Hamilton’s equation. We may define
—S& as the same line segment as S but with the opposite orientation; the corresponding propagator satisfies

A[=S ki < kf] = A[S 1 ks + k]~ (139)

Let us define the symmetry-mapped segment (g o S) as being bounded by initial point g o k; and final point g o ky
[with g o k := (—1)®gk]. The two corresponding segment propagators are related as:

AlgoS:goks < gok] = jlks) K% AS : ky < ki) K° 5 (k;) e Joos &~ (140)

which may be derived by a path-ordered multiplication of the infinitesimal propagators in Eq. (137), and taking the
limit 6t — 0; in this process, every sewing matrix (originating from the right-hand-side of Eq. (137)) is multiplied
with its inverse, except for the sewing matrices at the boundary points.

Let us generalize Eq. (140) to a relation between propagators over closed orbits. If o is a closed orbit with base
point k1, then

0:ky ki, Algoo]=g(k)K* Afo] K*§ (k). (141)

Note that fgoo dk* = 0 for a closed orbit, hence the d-dependent phase factor on the right-hand-side of Eq. (140)
is trivial. When particularized to the case that g o 0 and o are identical orbits, up to a reversal in orientation that
depends on u(g):

goo=(—1)%, Alo]D" = g(ki) K* Alo] K* 57" (k1), (142)

where AV equals A [resp. A'] if u = 0 [resp. u = 1]. A topologically distinct possibility is that g o 0 and o
are disconnected orbits. Let us define 0; and 02 as two disconnected orbits, whose orientations are determined by
Hamilton’s equation; 0 is equipped with a base point k;, and oo with a base point ks := g o k;. Then a simple
generalization of Eq. (142) provides us with

gooy = (—1)"0s, Aloo] V" = (k1) K* Aloy] K* 57" (k). (143)
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8. Ten classes of closed, elementary orbits

In a Brillouin two-torus (BT, ), any closed orbit configuration possessing a symmetry g may be divided into a set
of elementary orbits ({E;}). An elementary orbit E; is defined to be the smallest possible closed orbit configuration
that is closed under g, i.e., it cannot further be divided into smaller configurations which are closed under g. To
clarify two distinct notions, ‘closed orbits’ do not wrap around BT, ; if F; is ‘closed under g’, we mean that for
every k* € E;, gok* € E; as well. We remind the reader that g maps k* to go k* := (—=1)*¥Wg k" with g* the
point-group component of g, as restricted to BT, . Generally, F; is composed of one or more closed orbits.

If there are multiple symmetries (g,¢’,...) in the group of the orbit configuration, the same orbit configuration
may be divided into two (or more) distinct sets of elementary orbits ({E;} and {E!}), which are closed under
g and ¢’ respectively; each elementary orbit is therefore defined by its closure under a single symmetry, and
we emphasize this by the paired notation (g, F;). The motivation for this g-centric organization is that distinct
symmetries impose distinct constraints on the propagators, which we classify into ten (and only ten) classes. In
other words, any pair (g, E;) falls into one of ten classes, and the propagator(s) over closed orbits (€ E;) satisfy
one of ten classes of contraints, which we summarize in Tab. IIT below. These ten classes were first introduced in
Ref. 32 and exemplified by many existing materials; here we present a more mathematically-oriented discussion
that emphasizes the group-theoretic aspects of the ten classes. In addition, (i) a more thorough discussion is also
provided for ¢’-symmetric orbit configurations that lie within mirror/glide-invariant planes, where ¢’ is an additional
symmetry distinct from said mirror/glide. (ii) We also demonstrate how, with additional input about the symmetry
representations of Bloch functions on the orbit, one may derive additional constraints on the spectrum of A that go
beyond Tab. III.

’u(g)‘s(g)‘Constraint on A‘ Spectrum of A ‘ Representation of g ‘EX. of g‘
) VE| 0| 0 |A=gAg" o(A)=o,Ug_ |f=eFeiki R . 8onro
kt=gok™| 0 | 1 |A=gAg" o(A) = oA |(GK)2=e e R Ti, Tes.
(II-4) 010 |A=gAg" - ghl=APem e i, Cnz
kKreol 011 |A=gd'g!  |o(A)=o(A) |@ )N,A,, T, Tcs
lo|=lgeol| 1 | 0 [A=gA'g"  |o(A) =0(A) |gN=e"""* " tor Ty
1 1 |A= gAt w-1 _ (4 K) —gimFa-iky R Tt,, T,
(II-B) 010 A =gA5" |0(A)=0(A1) [fn...Gr=e """ Cnz
k* €o,| 0 1 | A2 = 51 A1 |o(A2) = o(A))* |Gn K ... 1 K=e'™F etk BT
lo| # |gool| 1 | 0 |A2 =g Al G |0(A2) = 0(A)" |G ... Gu=e ™R ey,
1|1 [A=5iAG"  [o(A2) =o(A1) fJNK . K=otk R T Ty

TABLE III. The first column distinguishes distinguishes between three topologically distinct mappings of g : k — go k, as
summarized in Eqgs. (144)-(145). The second and third columns subdivide the three mapping classes according to two Z; indices
defined in Eq. (25) and (117); this gives ten classes in total. Fourth column describes the constraints on the propagator: for
class I and II-A (top six rows), A is the propagator for a single, elementary orbit o; for class II-B (last four rows), {4;}7_; is
shorthand for Afo;], with 0,11 = goo; being symmetry-related, closed orbits. g, {gi}ﬁil and g are representations of the point
group generated by g [cf. Egs. (33)-(35)], as summarized in the sixth column. The fifth column describes the constraint imposed
by g on the spectrum of A, which we denote by o(A). We indicate the lack of a symmetry constraint with a —. o(A) = o(A)*
means the spectrum is invariant under complex conjugation; it follows immediately that det.4 = £1. In some cases, the sign
of this determinant is fully determined by specifying the band degeneracy (D) and the symmetry representation of the Bloch
functions (whether integer- or half-integer-spin). Class-I symmetries have order two, and o(A) = U;c+0; indicates that A is
block-diagonal with respect to the two representations of the order-two symmetry. The last column lists some representative
examples of the ten symmetry classes; the symbolic notation of various symmetries have been summarized in Sec. I11 C.

The ten classes are partially distinguished by two Zs indices which we have previously defined: u(g) and s(g). To

remind the reader, s(g) = 1 if g contains a time reversal, and 0 otherwise [cf. Eq. (25)]; u(g) = 0 if the determinant of

+ [the point-group component of g, restricted to the xy-plane] equals 1, and u(g) = 1 if det g+ = —1 [cf. Eq. (117)];
as explained in Sec. VI A, u(g) =0 (resp. 1) if g preserves (resp. inverts) the orientation of the semiclassical orbit.
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We shall subdivide the ten classes according to three topologically distinct mappings of g : k* — go k* as

(I) Vk*, k*=gok™, (144)
(ILA)  [o] =g ool
(IL-B) o[ # [gool.

(IT) Generically, k* #gok™; k*€o, (145)

In mappings of class I, all wavevectors in BT are individually invariant under the symmetry, which implies that
u(g) = 0, as proven in Eq. (124). There are therefore two classes of class-I elementary orbits which we distinguish
by s(g) € Zs. For mappings of class II, generic wavevectors are not invariant under g, but there exist closed
submanifolds (isolated points/lines) of BT, which are invariant; we have shown in Sec. VIA that points occur
iff w = 0, and lines iff v = 1. Suppose k* is a point in a closed orbit o € E;; since FE; is closed under g,
gok- € goo € E;. We further distinguish between mappings where g o 0 is identical to o up to orientation
[class II-A], or they are disconnected orbits [class II-B]. We employ the notation that o and —o have opposing
orientations, and |o| as having no orientation. The defining characteristics of II-A and II-B may then be expressed
as in Eq. (145). In class I and II-A, E; is composed of a single orbit o, and we may say that o is self-constrained
by g; in II-B, E; is composed of at least two closed orbits, which we say are mutually constrained by g. For
class-II mappings, there are no constraints on s or u [as there was for class I in Eq. (124)], hence there are four
classes for each of II-A and II-B. This gives ten classes of elementary orbits in total, whose defining characteristics
are summarized in the first three columns of Tab. I1I; representative examples of each class are given in the last column.

The rest of the table summarizes how the space-group symmetry g constrains the propagators A; the operators
(denoted by ¢ in eight rows, and by § in two) that constrain A form a representation of the space-group symmetry
g, as shown in column six. g form either a linear or projective!?® representation of the point group (P,) generated
by g,'*! while § forms necessarily a projective representation. To clarify this comment, P, is isomorphic to Zy
if g has order N; generally, P, is a subgroup of the full point group of the space group. It is well-known that
symmorphic (resp. nonsymmorphic) space groups are split (resp. unsplit) extensions of point groups by discrete
spatial translations.'?? Unsplit extensions may contain nonsymmorphic elements of order N — the corresponding
multiplication rule is represented by §"¥ o e 1B, Double space groups are known to correspond to a further
extension by a 27 spin rotation; the multiplication rule for an order-N symmetry is represented by gV o €7@,
These two observations explain the form of the multiplication rules in all ten rows except for the third and fourth,
where respectively g%V and (§K )" are proportional to A?, with p # 0 (mod N) and depending on (g, E;). These two
rules represent an unsplit extension of the point group by quasimomentum translations around the orbit FE;, which
in the present context is a single loop; these translations are represented by the propagator A, which generates a
normal subgroup (isomorphic to Z) of the extension. Extensions by quasimomentum loop translations are one key
result of this section, and occur for all self-constrained orbits having no g-invariant points — this sharply delineates
class-IT-A orbits with © = 0 from the remaining eight classes, which are all linearly represented with respect to .A.
To recapitulate, g (or §), e?**"f, €™ and A generate a group; (i) the multiplication rules of this group [columns four
and six], when combined with (ii) the spectral constraint on A [column five], uniquely distinguishes each of the ten
classes. In other words, given (i-ii), one may uniquely determine the corresponding mapping type (LII-AII-B), u
and s. We derive the table and discuss its implications in the following subsections, which are divided according to
class-I mappings [Sec. VID 4], class-II-A [Sec. VID 5] and class-1I-B [Sec. VID 6]. For some (and only some) classes,
the above spectral constraints are further strengthened when given additional data about the band degeneracy D
and the spin representation (whether integer or half-integer).

One last remark regards the application of Tab. IIT beyond the semiclassical theory of magnetotransport. All
constraints in Sec. VID 3-VID 8 which are tabulated or expressed in labelled equations remain valid if we substitute
A — W, with W the purely-geometric component of 4. That is, if we set the Roth and Zeeman Hamiltonians to zero,
A reduces to W — a path-ordered exponential of the Berry connection,?® which is non-abelian for D > 1. Though
generically the spectra of A and W are distinct, they satisfy the same type of constraints, e.g., if 0(A) = o(A)* from
Tab. 111, so would o(W) = o(W)*. W is the matrix representation of holonomy around the orbit 0,23 and has been
called the Wilson loop of the Berry gauge field.®® The commonality between W and A originates from their identical
transformation behavior under symmetry [cf. Egs. (140)-(143)]. The Wilson loop is a basic geometric characterization
of bands that is intimately related to the topology of wavefunctions over the Brillouin torus.!?3

(

4. Class-1I elementary orbits mon examples include ¢ = Ti,T¢y,, and tv,; for 3D
Ti-symmetric solids, any two-torus embedded in the 3D

Let g be a symmetry such that every wavevector
(k*+) in a Brillouin two-torus BT, is g-invariant. Com-



Brillouin zone is invariant under T'i, while for 3D solids
with either T'cy, or v, symmetry, we would particularize
to the high-symmetry planes (k, = 0 and ).

Since every k* € BT, is g-invariant, if k* € o (a single
closed orbit), then 0 = g o 0, which further implies o
is itself an elementary orbit [of class-I, as classified in
Egs. (144)-(145)]. If g is the only symmetry of o, there
is no contraint on the shape of 0. We have also proven
that u(g) = 0 in Eq. (124), i.e., that class-I symmetries
are orientation preserving. We further subdivide class-I
orbits according to whether g includes a time reversal or
not [s(g) = 1 or 0 respectively]; s distinguishes between
two classes of constraints on the propagator Afo] over
the oriented 0. In contexts where we are discussing a
single orbit, we employ A as a shorthand for A[o].

Class-I elementary orbits with s(g) =0

This occurs when g is purely a spatial transformation;
we ignore g that is purely a spatial translation, because
they trivially constrain the propagator. To leave every
wavevector in BT invariant, BT must be a mirror
(9 = v.) or a glide (e.g., g = g.,7/2) plane. In either
case, g is an order-two spatial symmetry [the order of
a symmetry is defined in Egs. (31)-(35)], which implies
that ¢ has two distinct representations. It is useful to
block-diagonalize the Hilbert space (£) with respect
to the two representations of g; we shall denote this
decomposition as £L = L4 & L_. The corresponding
block-diagonalization of A is denoted as A = Ay & A_
in the first row of Tab. III.

Suppose there exists a distinct symmetry ¢’ in the
group of the orbit configuration, whose operation
preserves the decomposition £ & L£_. That is, if a
Bloch function 9 € L4, then the symmetry-mapped
Bloch function ¢’ o % belongs also in £,. To analyze
how ¢’ further constrains A, we would divide the orbit
configuration into elementary orbits {(¢’, E})}; each of
{(¢’, E})} falls into one of the remaining nine classes.
We may then apply any of the results in the bottom
nine rows of Tab. ITI, with the understanding that A (as
denoted in the table) is the propagator restricted to L.

Let us particularize to ¢’ that permutes the two rep-
resentations of g, i.e., ¢’ o Ly = L. Then if A, is the
propagator for a closed orbit o, it is symmetry-related to
A_ which is the propagator for g’ oo; in general 0 # ¢g’'oo.
Ay o] and A_[g' o 0] are mutually constrained in four
possible ways, depending on the Zs indices u(g’) and
s(g") which characterize g’ (not g); these constraints are
summarized in Tab. IV below, which applies regardless
of whether 0 = ¢’ o 0 or not. Tab. IV summarizes one
new result of this work.

The four classes of (¢/, E) in Tab. IV are essentially
identical to the four classes of class-II-B elementary
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‘u’ ‘s"Constraint on Ai‘ Spectrum of A ‘ q ‘

0[0]Ay =g'A_(§)" |o(As) =0(A-) [s9220
gola [0 1AL = § A (3)" |o(As) = (A" |T, Ti
=L |10 Ay =§AZNG) " [o(A) = 0(A) [tayty

1|1 A =g A ()" o(Ar) =a(A) |Tgsz

TABLE IV. Table of constraints for solids with: (i) a class-
I, unitarily-represented, order-two symmetry g, and (ii) an
additional symmetry ¢’ that permutes the two representations
of g. The second and third columns classifies the constraints
according to two Zg indices [defined in Eq. (25) and (117)]
that characterize g’ (not g). Fourth column describes the
constraints on propagators A4 which are defined with respect
to states in £+. In the entire table, A4 is short-hand for
Ajlo], and A_ for A_[g o o]. The sixth column lists some
representative examples of g’, for the specific case of a half-
integer-spin representation of g = t,. For the nonsymmorphic
examples of ¢’ [s2. 7> and T'g, z/2], ¢ permutes the half-
integer-spin representation of t, in the k, = 7 plane; for the
remaining two symmorphic examples, this permutation occurs
in both k. = 0 and 7 planes.

orbits [bottom four rows of Tab. III], if one relabels
Aq2 ¢+ Ay, The basic commonality is the existence of
two distinct but symmetry-related vector bundles, each
of which is defined over a 1D base space (embedded in
BT,). In the case of (¢, E}), the two vector bundles
are distinct because the fibres transform in different
representations of the order-two symmetry g; in the case
of class-II-B elementary orbits, the two vector bundles
are distinct because their base spaces (0 and g o 0) are
distinct. Given this broader perspective, the derivation
of the four classes of constraints listed in Tab. IV are
essentially identical to those for class II-B, which may
be found in Sec. VID 6 below.

Class-I elementary orbits with s(g) =1

If g includes a time reversal, as exemplified by g = T
and Tcs,, we apply Eq. (142) to derive

A=gAG! = o(A) =0(A)* = det[A] =+1
(146)

The middle line states that the spectrum of A is
invariant under complex conjugation. That det[A] = —1
might seem surprising for a contractible orbit, espe-
cially when one recalls that the U(1) Berry curvature
F*(k) = €asVETr[XP(k)] vanishes almost everywhere
— in the torus for the Ti-symmetric case, and in the
high-symmetry planes for the T'co,-symmetric case. For
D = 1, the resolution is that the orbit must enclose a
singularity in the curvature: the orbit is linked with an
odd number of line nodes in the Ti-symmetric case (a
known result by Mikitik?!), and encircles an odd number
of Dirac point in the T'cs,-symmetric case; the latter is
exemplified by graphene, as we have substantiated in
Sec. VD 1. To complete the argument that det[A] = —1
in these cases, the conical dispersion around a Dirac



point/line node guarantees that the velocity (Vge) is
finite at the singular point, hence the non-geometric one
forms (Roth and Zeeman) negligibly contribute to A in
the limit where the area of the loop (that encircles the
singular point) vanishes.

For spin-orbit-coupled solids with bands which are
spin-degenerate (D = 2) owing to 7 symmetry, we may
rule out det[.A] = —1 because all time-reversal-symmetric
orbits can be continuously contracted to a point; the ar-
gument for this is presented in Sec. VID 7. The implica-
tions of this determinantal constraint for the quantization
conditions and magnetic oscillations have been discussed,
around Eq. (73) and (115) respectively. We remark that
det[A] = +1 may be alternatively derived if H; is trace-
less, as we have discussed in Sec. C4b.

5. Class-II-A elementary orbits

A class-II-A elementary orbit is a single closed orbit
(denoted o), which is closed under g (i.e., goo = 0). Just
as for class-I orbits, we define Afo] as the propagator
over the oriented orbit 0. At times we may suppress the
argument of 4 notationally; in these cases A should be
understood as Alo].

Class-II-A elementary orbits with u(g) =1

If u(g) = 1, we have shown in Sec. VI A that g acts
on k* as a planar reflection, and therefore g-invariant
k+ form isolated lines. Since o is closed as an orbit, it
must intersect a g-invariant line at minimally two points.
For simple, closed orbits (which are equivalent to circle),
there are only two intersections, which we denote by k,
and kp. There might be more intersections for nonsimple
closed orbits (e.g., a figure-of-eight), but we shall iden-
tify the two intersection points that are furthest apart
(on the g-invariant line) as k, and k. It is analytically
convenient in derivations to let the base point of A lie on
one of these invariant wavevectors (say, k,); we remark
that the spectrum of A is independent of the position of
the base point.'?* Particularizing Eq. (142) to the present
context,

A=K AT K 5! = o(A) = K'Po(A)K'™,
(147)

with the sewing matrix g evaluated at k,. To clarify the
above notation, K'**o(A)K'** = o(A)* iff 1 + s is odd,
and therefore o(.A) is not constrained if s(g) = 0.

To obtain another useful constraint, we might split the
propagator into the product A = A(kp)A(k,), where
A(k,) propagates through half the orbit beginning from
k. and ending at ky,, and A(k;) completes the orbit. The
constraint between A(k,) and A(ks) in Eq. (140) implies
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that

A= A(ky) A(kq)

= 0 (9oka—goke) gk ) K® A(k,) ™t K° 7 (k) A(Ka).
(148)

This is an additional constraint that has not been
included in Tab. ITI. The spectra of unitaries with such
a constraint have been studied by one of us in Ref.
124-126; a common theme in these works is that, for
certain symmetries {g}, the spectrum of A (or a subset
thereof) may be robustly fixed to special values; the
existence of such robust eigenvalues depends on the
symmetry representations at the g-invariant wavevectors.

To provide a simple illustration, we consider a sim-
ple closed orbit that is invariant under either the mirror
symmetry g = t, (u = 1,8 = 0,0 = 0). Since t, is an
order-two symmetry, it has two distinct types of repre-
sentations which we shall refer to as even and odd. For
a nondegenerate band (D = 1), Eq. (148) simplifies to
A = ¥, (ko) (kp), which equals +1 if the representations
at k, and k; are identical, and —1 if the two representa-
tions are distinct. A4 = +1 is exemplified by a band that
is nondegenerate at all k* bounded by o — due to continu-
ity of the mirror representation along the g-invariant line,
the representations at k, and k; must be identical. We
may derive A = +1 from an alternative argument: the
nondegeneracy at all k* implies that o is continuously
contractible to a point. A = —1 occurs iff there is an
odd number of band touchings along the segment of the
mirror line contained within o — at each band touching
(a Dirac point), the mirror representation flips discon-
tinuously, and an odd number of flips implies that the
representations at k, and k; are distinct. This is exem-
plified by the surface state of the SnTe-class®® of topolog-
ical crystalline insulators. Dirac cones protected by glide
or screw symmetry are also characterized by A = —1.59

Class-II-A elementary orbits with u(g) =0

If u(g) = 0, we have shown in Sec. VI A that g acts on
generic k* as a discrete rotation, while g-invariant (non-
generic) k* are isolated points. Given that goo = 0, and
that o is closed as an orbit, o must encircle a g-invariant
point; however, o itself contains no g-invariant points. In
other words, g maps every wavevector on o to a distinct
wavevector on the same orbit. A commonly encountered
example is ¢ = T or i, which maps k; — —Fky; for orbits
that encircle an inversion-invariant point, {kq, —k;} are
distinct points lying on the same orbit.

Before stating the main result of this section, it
would be useful to review and expand on the definition
of order-N symmetries (g) and their corresponding
g-orbits. For any g which is not purely a translation,
we may assign to g an order N(g) € {2,3,4,6}, a Zs
index a(g), and a Bravais-lattice vector R(g), such that
Eq. (31) is satisfied. A case in point is g = i, where



iZ = I implies N = 2,a = 0,R = 0, while ¢, = ¢
implies N = n,a = 1,R = 0. Further examples are
provided in Tab. I. Let k; by an arbitrarily chosen
base point in o0, and define the g-orbit of k; as in Eq.
(33); in particular, the g-orbit of any k € o also lies
within 0. For g = ¢,,, there are N distinct points in
the g-orbit, which is a single cycle of length N. More
generally, the g-orbit may contain m(g) cycle(s) of
length L(g) = N/m € N; L is the smallest integer such
that g“ ok* = k* for all k*; u =1 = L € 2Z owing to
u(g?) = 0. m is a positive natural number that divides
N, but is not equal to N; the latter inequality follows
from the assumption that g is class-II (m = N would
imply that generic wavevectors are invariant under
g). For example g = T'cg, has order N = 6, and its
g-orbit is composed of m = 2 cycles of length L = 3;
further examples are provided in Tab. I. It will be
useful to define g; as the sewing matrix that relates the
Bloch functions at k; to those at k;11: in more detail,
Gi = Gi+r, := §(ki), as defined in Eq. (29). It follows
from Eq. (29) and (31) that the sewing matrices form
a representation of the space group, as shown in Eq. (34).

The main result of this section is that for every class-
II-A symmetry (g) with u(g) = 0, there exists an equiv-
alence class of operators [gK®] that constrains the prop-
agator as

0=[gK" Al (149)
g is a unitary defined with the equivalence:
gl=gl, GK* ~ AGK®. (150)

The motivation for this equivalence: if gK*® were to be
found that commutes with A, it follows trivially that
A gK*® would also commute with A. § and A are mutu-
ally constrained as

~ S N a

(GK°)" = A" (=1)F%  p(g) ~p+ N, (151)
where s,a,p, N and R are g-dependent. Eq. (149) and
Eq. (151) may be viewed as multiplication rules in a
group generated by A, §K* and (—1)F.

Observe that the group relation for gK* in Eq. (151)
differs from the point-group relation for g only by a mul-
tiplicative factor of AP; we say that Eq. (151) represents
an extension of the point group by the loop propagators
A. The exponent p(g) is an integer defined with an equiv-
alence p ~ p+ N, which reflects §K* ~ AGK*®; the values
of p for our list of representative symmetries are provided
in Tab. I. Moreover, we prove in Sec. VID 8 that

[p(9)] = [vm] € {[1], 2], .. v(g) € {1,-1}
(152)

"[Nil]}v

where m (as defined above) is the number of cycles in
the g-orbit, and v(g) = —1 (resp. +1) if the g-orbit
has the same (resp. opposite) orientation as 4. Recall
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that m is a positive natural number that divides N
but is less then N, and therefore p is not ~ 0. This
implies that Eq. (151) represents an unsplit extension
of the point group (generated by g) by the group of
loop translations (generated by A and isomorphic to
7). Equivalently stated, gK* ~ AgK?® form an intrin-
sically projective representation'?? of a point group;
inequivalent projective representations are classified by
the second group cohomology,'?” as we further develop
in Sec. VIDS8. In addition to this general group-
theoretic discussion, we provide a more detailed case
study of the order-two symmetries 7" and i in Sec. VID 7.

The following constraint on the spectrum and deter-
minant of A follows directly from Eq. (149):
oc(A)=K°c(AK®’ = ifs=1, detA==1. (153)
While the determinantal constraint (for s = 1) is a gen-
eral result that applies independent of the band degen-
eracy and the symmetry representation, we may further
restrict the determinant once these additional data are
specified; we shall exemplify this claim with ¢ = T'. For
bands which are nondegenerate along o (D = 1), the de-
terminantal constraint is merely a reality constraint on
A, a unimodular phase factor. The sign of 4 € R is
determined by the symmetry representation as
g=T, D=1 A= (-1)". (154)
F = 0 corresponds to integer-spin representations, which
include single-spin bands in solids without spin-orbit
coupling, and also charge-neutral bosonic systems.
In the former case, D = 1 should be interpreted as
the energy degeneracy of bands restricted to one spin
subspace, and the reality constraint applies to the
spin-independent propagator Ap—q defined in Eq. (131).

Next, let us consider spin-degenerate bands (D =
2) which transform in a half-integer-spin representation
(F = 1) of time reversal (7). They may arise in (a)
spin-orbit-coupled solids with i symmetry (in addition to
the assumed T symmetry), and (b) solids with negligible
spin-orbit coupling. In these two cases, the constraint
Eq. (153) particularizes to:

For spin-degenerate bands, D =2, F = 1, det A = 1.
(155)

The proof for case (b) follows: we have already shown
in Eq. (131) how det.A is independent of the Zeeman
effect, because the coupling to spin up exactly cancels
the coupling to spin down. Consequently, det. A is
completely determined by the Roth-Berry phase, which
characterizes the zero-field Hamiltonian Hy. Due to the
spin-SU(2) symmetry of Hp, det. A equals the square
of the Roth-Berry phase factor of the scalar (i.e.,
non-spinor, spinless) wavefunction [cf. Eq. (131)]. To
complete the proof, we utilize our general result in Eq.



(153), which applies in particular to spinless, nondegen-
erate (D = 1) bands: the Roth-Berry phase factor is
restricted to £1, owing to time-reversal symmetry.

The proof of Eq. (155) for case (a), as well as that of
Eq. (154), is more involved and will be deferred to Sec.
VIDY.

6. Class-1I-B elementary orbits

Let Ay := Afoy] and Az := Afos] denote the prop-
agators for two disconnected closed orbits related by
go 01 = (—1)"02; the orientations of both o; are deter-
mined by Hamilton’s equation. We denote the spectrum
of A; by 0(A;) = {expiA;’}”_,, where D is the band de-
generacy (and may equal 1); {A?}2_ and {A\®}P_ enter
two independent quantization conditions having the same
form as in Eq. (73). It follows from Eq. (143) that

Ay = gICASV Ko = o(Ar) = K5 oAy Ko,
(156)

For illustration, consider two disconnected orbits re-
lated by time-reversal symmetry, but neither orbit encir-
cles a T-invariant point. We particularize to a spinless
solid whose bands are nondegenerate (D = 1) along both
of 0;. The above equations then simplify to the mutual
constraint A; = A} or equivalently Ay = —Ay mod 27.
Since o0; is not individually invariant under 7', the aver-
age of the orbital moment over each orbit is generically
nonzero — this leads to a nonzero Roth contribution to
each of A\;. The assumed absence of any stabilizing sym-
metry of o; implies that the Berry-phase contribution is
not fixed to any special value. To recapitulate, there ex-
ists no constraints on individual values of \;; they satisfy
only a mutual constraint. There are then two ladders of
sub-Landau levels corresponding to two uncoupled orbit.
In energetic units (locally defined) where the separation
between adjacent levels (within one sub-Landau ladder)
is one, the offset between the two ladders is 2A; /27 mod
1 [ef. Eq. (111)]. This splitting should be observable as
two mutually-constrained harmonics in the dHvA oscilla-
tions, as exemplified by a toy model of distorted, spinless
graphene in Sec. VD 1.

7. Class-II-A orbits with time-reversal or spatial-inversion
symmetry

We provide a case study of class-II-A orbits with T
(u=0,s=1)ori(u=0,s=0) symmetry. We may
study each symmetry independently, without assuming
that the solid simultaneously has both symmetries. Both
T and i are order-two symmetries (N = 2), and their
corresponding g-orbits consists of a single cycle (m = 1).

First, we will provide an elementary derivation of Eqs.
(149)-(152) particularized to N = 2,m = 1,[p] = [1].
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In the following proof, equations with the symbol g ap-
plies to both ¢ = T and g = i; they are distinguished
by s(T) = 1 and s(i) = 0. It is convenient to decom-
pose the propagator as A = A(—k1)A(k1), where A(k;)
propagates through half the loop beginning from k; and
ending at —k;, and A(—k;) completes the loop. Eq.
(140) constrains the half-propagators as

A(£ky) = g(Fk1) K° A(Fk1) K°g ™ (Fka), (157)

where g(k)K*® forms a representation of the space group:

For g =T, s(g9)=1,
s(g) =0,

The above equations are the particularization of Eq. (34)
for N = 2, they respectively represent 72 = ¢ and
i2 = I; F distinguishes between integer-spin (F' = 0)
and half-integer-spin representations (F' = 1). Owing to
Eq. (157), the full propagator is constrained as

For g =1, (158)

A= A(-k1)A(k1)
9(—k1)K° A(k1) A(—k1) K*g (—k1)
= g(—k1) K A (k1) A(=F1) A1) A(—k1) K (< k1)

=GR AK G, (159)
We have introduced the unitary matrix g:
§:=g(-k)EK* AN (-k)K* gl =3",  (160)
which satisfies
(GK*)? = A g(—k1)K*g(k1) K
_ DA g =T (161)

Al g =i [ |

For ¢ = i, Eq. (159) implies that § and A are
simultaneously diagonalizable, while Eq. (161) implies
their eigenvalues are mutually correlated. A similar
story occurs for ¢ = ¢,,: an operator ¢,, can be found
that commutes with 4 and satisfies the extended group
relation ¢!, = Ae. The mutual constraints between A
and § do not constrain the spectrum of A for a single
orbit; however, they may result in robust crossings in the
spectra of a continuous family of rotationally-invariant
orbits, which cover a 2D Fermi surface embedded in
a 3D Brillouin torus. Incidentally, such crossings are
already known to exist in the spectra of a continuous
family of Wilson loops (W) that cover a Fermi surface;
as mentioned earlier, A and W are similarly constrained,
i.e., the above equations are valid with A replaced by W.
The presence of an odd number of crossings diagnoses
the presence of a 3D Dirac point (protected by rotational
symmetry??) enclosed by the Fermi surface.!28:12

Let us particularize to ¢ = T, for which Eq. (159)
implies det. A = +1. As noted in Egs. (154)-(155) of



Sec. VID5, the determinant is completely determined
by the following additional data: band degeneracy
(D) at generic k*, the symmetry representation
(whether integer- or half-integer-spin, as specified by F').
In the subsequent subsections, we derive Eq. (154), as
well as Eq. (155) for solids with both T" and i symmetries.

D=1F=0

By assumption, the k-space loop oy encloses a time-
reveral-invariant point, which we denote by k. We
first offer a simplified argument for A = +1 given two
assumptions, which we will subsequently relax: our first
assumption is that (a) the group of k [denoted G(k)] is
only generated by T, hence all irreducible representa-
tions (irreps, in short) are one-dimensional. It follows
that the group of a generic wavevector enclosed by o is
trivial. We may therefore conclude that the minimal,
symmetry-enforced degeneracy at any wavevector within
0 is unity. Our second assumption is that, (b) at any k
within o, there are no accidental degeneracies between
two one-dimensional irreps; we use ‘accidental’ to
generally describe degeneracies that are not enforced by
symmetry, but require some fine-tuning of the Hamilto-
nian parameters. (a-b) imply that the band degeneracy
is constant for all k within 0y, and consequently there
exists a family of time-reversal-symmetric loops (o4,
parametrized by s € [0,1]) that interpolates between og
and a zero-area loop 07 which encircles k; these loops
are just the constant-energy contours of the assumed-
nondegenerate band dispersion. Correspondingly, there
exists also a family of time-reversal-symmetric propa-
gators Afos] which continuously interpolates between
Aloo] to Alo1]; in short, we say that A is contractible
T-symmetrically. Since T is preserved throughout the
interpolation, the sign of Alos] is independent of s,
from which follows that Afog] = Afo1]. To complete
the argument, we would demonstrate that Afo1] = +1.
Since the loop is of zero area and encloses no singularity
in the Berry curvature, the Berry phase contribution to
Alo;] vanishes. Such an argument cannot be applied to
the non-geometric contributions (orbital moment and
Zeeman coupling), owing to their inverse proportionality
to the band velocity — which vanishes at the T-invariant
point. Instead, by utilizing that time reversal inverts
the angular momentum of states at +k*, we derive that
the orbit-average of the non-geometric one-forms vanish.
This completes the demonstration.

This result persists were we to relax our assumptions
(a-b), as we proceed to explain. Let us consider the case
where the band, which is presumed to be nondegenerate
along o0g, is continuously connected to a band touching
point at k enclosed by 0o. This touching point may
be of three types: (i) it may correspond to a higher-
dimensional irrep of G(k), that includes one or more
point-group symmetries. (ii) The degeneracy might be
an accidental touching between two one-dimensional
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irreps of T symmetry. It is also possible that (iii) the
touching is an accidental degeneracy between multiple
irreps, one or more of which has dimension greater
than one due to a point-group symmetry. Due to
the presence of this band touching at k, we might
question the T-symmetric contractibility of 0g. However,
the reality constraint in Eq. (154) relies only on T
symmetry, hence any T-symmetric perturbation to
Hy cannot change the sign of A. We may choose our
T-symmetric perturbation to remove any accidental
or point-group-symmetry-enforced degeneracy at k; in
the latter case we would choose a perturbation that
lowers the symmetry of k. Analogously, we may also
remove any degeneracy at generic wavevectors within
09. To clarify our argument, our perturbation to Hj
may be arbitrarily small in magnitude, and the energetic
splitting of the degeneracy also arbitrarily small — but
strictly nonzero. We might define of, as the band contour
of the perturbed Hy, which lies at the same energy as
00; 04 — 0¢ as the strength of the perturbation vanishes.
The smallness of the perturbation guarantees that the
topology of 09 does not change discontinuously, i.e., in
the sense of a Lifshitz transition; the reality condition
guarantees that under such continuous deformations,
Alog] = Alog]. In this manner, we are once again able
to construct the continuous, T-symmetric interpolation
from Afog] — Alog] — +1; in the second —, the
family of T-symmetric loops {0}|s € [0,1]} are just the
constant-energy band contours of the perturbed Hy,
with o} the zero-area loop enclosing k.

D=1F=1

Let us consider Eq. (154) for half-integer-spin rep-
resentations (F' = 1); we restrict ourselves to solids
without spatial inversion (i) symmetry — only then are
bands nondegenerate at generic wavevectors. Since og
encloses a Kramers-degenerate wavevector (k), Alog]
is not contractible T-symmetrically. =~ The linearly-
dispersing band touching at k contributes a Berry phase
of w20 if linearly-dispersing touchings occur elsewhere
within 0p, they come always in time-reversed pairs,
hence the net Berry phase for all touchings remains 7.
Furthermore, the Roth and Zeeman phases individually
vanish, since 7' symmetry imposes H{*(k) = —H{(—k)
and HZ (k) = —H{Z(—k) [cf. second column of Tab. IIJ.
We therefore conclude that A = —1I. Our assumption of
a two-fold, Kramers degeneracy at k may be challenged:
the degeneracy may be further enhanced by point-group
symmetry“® and/or by fine-tuning of parameters in Hy.
However, by T-symmetric perturbations which preserve
the sign of A, we may always remove all point-group
symmetries and accidental touchings, and recover the
minimal scenario of a single Dirac touching at k.

D=2F=1



We may argue for this stronger constraint in case
(ii-c-i) in two different ways. The first is based on the ob-
servation that the only nontrivial symmetry of a generic
wavevector is the combined space-time inversion T1i; its
half-integer-spin irrep is two-dimensional. The group of
Ek (an inversion-invariant wavevector) is generated by T
and i individually — this group has only two inequivalent
half-integer-spin irreps (corresponding to even and
odd parities under i) which are both two-dimensional.
Consequently, bands are two-fold-degenerate at every k
lying in 0, absent accidental touchings and any other
point-group symmetry (beyond i) that may enhance the
two-fold degeneracy. As we have argued analogously
above, these absences may be guaranteed by 7T- and i-
symmetric perturbations that preserve the sign of det[.A].
The constancy of band degeneracy at all k within og
implies that A[og] is T-symmetrically contractible to the
two-by-two identity matrix, and therefore det[.A] = +1.

In alternative argument, we may exploit the existence
of a continuous T-symmetric interpolation of the spin-
degenerate subspace to a limit with vanishing spin-orbit
coupling [case (ii-c-ii)]; det[A], being fixed to either of
41, is invariant throughout this interpolation. Since we
have independently proven det[A] = +1 in case (ii-c-ii),
we obtain a consistent result for (ii-c-i).

This unit determinant also applies to loops o’ that
neither wrap around the Brillouin torus, nor enclose an
inversion-invariant point (k). Absent other superfluous
point-group symmetries, the group of any wavevector in
0" is generated by Ti and has a single inequivalent half-
integer-spin irrep, which is two-dimensional — we may
then apply the perturb-then-contract argument to obtain
the desired result.

8. Group-theoretic analyis of class-1I-A orbits with u(g) = 0

One goal of this section is to derive Eqgs. (149)-(152).
Before this, we shall elaborate on their implications
on the group-theoretic structure of class-II-A orbits
(u = 0). We have claimed that gK* ~ AgK*® reflects
an intrinsic ambiguity in how we represent symmetries
of the propagator A. The reader may be familiar
with an analogous U(1)-phase ambiguity in the repre-
sentation of symmetries of quantum Hamiltonians,!?°
which motivates the extension of groups by U(1) phase
factors. In different contexts, these groups are known
as ray or double groups, and have applications in mag-
netic translations®® and in describing half-integer-spin
systems.'?9 Analogously, AP in Eq. (151) originates from
an extension of the point group by quasimomentum loop
translations.

To elaborate on this extension, let us define G, as the
subgroup of the (magnetic) space group (G) that sta-
bilizes a contractible orbit 0. G, is itself a (magnetic)
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space group, and its quotient with respect to its trans-
lational subgroup is a point group defined as P,. Let
A e G, = {A*|z € Z} represent a single translation
around o. The action of P, on G, is defined through
ge P, GK*AK g '=AD" (162)
where g is a representative element in P,. gK* is defined
to be an operator that maps the propagator to itself, up
to a reversal in orientation that is determined by u(g). If
gK* is found that satisfies Eq. (162), it follows trivially
that AgK® only satisfies Eq. (162). Therefore, gK*® is
only defined up to an equivalence §K*® ~ AgK?*, and we
say that the equivalence class [§K®] forms a (possibly
projective) representation of g € P,. Alternatively
stated, gK*® and A are elements of a group which
is an extension of P, by G,; the possible extensions
are classified by the second group cohomology:!'2%127
H?(G,,G.). Extensions of the point group by non-
contractible translations in k-space were first studied
by one of us in Ref. 70, to classify the symmetries of
non-contractible Wilson loops that wrap around the Bril-
louin torus. The present program further demonstrates
that extensions by contractible k-space translations are
needed in the group-theoretic description of closed orbits.

Proof of Eqs. (149)-(152):

Let us define S; = S;;1 as the minimal-length, ori-
ented line segment (contained within o) that begins at k;
and ends at k;1; recall that k; are points on the g-orbit
of k1, and k;+1 = gok;, as defined in Eq. (34). For order-
two symmetries such as T or i, there are two equal-length
segments connecting ki and ks := —k1; in this case, ei-
ther choice of segment is valid, and will not affect [p(g)]
in Eq. (152). We further define A; = A;;, as the prop-
agator along S;; in more detail, A; := A[S; : ki1 + ki
with segment propagator A[S] defined in Eq. (138). Let
us introduce an index v(g), which equals —1 (resp. +1)
if Si(g) has the same (resp. reversed) orientation as o.
Depending on v, A is composed of a concatenation of

{A;} as
Af] = (Ar... A4 ). (163)

Note that we have arbitrarily chosen the base point of o
as k1, but this choice does not affect the eigenvalues of
Alo], which enter the quantization conditions [cf. Sec. V].

A particularization of Eq. (140) implies that

6i5~(gokj+17gokj)gj_HKsAstgj—l _ Aj+1 (164)

= PRI g KA g = ALl (169)
R eié'(gokj)ngsAjfl _ eié'(gij+l)'Aj74&1§j+le-
(166)



Inserting Eq. (164) into Eq. (163) for v = —1,

v(g) =—1, Afo]=goK*Ap_1... ALALK g5 "
= goK AP ALAL 1. AL AGK S gyt

= gK°Afo]K°g ", (167)
where ¢ in the last line is defined as
[GK®] = [e®* g0 K5 AG"], gK* ~ Alo] gK*®.  (168)

Inserting Eq. (165) into Eq. (163) for v = +1,

v(g) =1, Alo] =goK Ay AT A KOGt
= (JK A )AL AL AT (AR gt
= gK*Alo]K®g7!, (169)

utilizing the same definition of § in Eq. (168). In either
case for v, g satisfies

(ng)N _ (ei(goko)-ts.éOKsAal )N
_ Afl (ei(gokl)»dgleAfl)Nflei(gokl)-égle
_ A;1A51(ei(gokz)-ég(?ZKsA;)N*?

x ¢(99K2)8 5 pes ilgoka) B 5 fes
= (ATTAS AR (MRS s L

% ei(gokg)-5§2Ksei(gok1)-6§1Ks)

= Afo]"™ (—1)Fe(9), (170)
The second to fifth equalities are derived by N number
of iterative applications of Eq. (166); in the last line, we
have employed Eq. (163), and the fact that the g-orbit
{k;}¥| contains m cycle(s) of length L = N/m, with
kr = ko.

VII. INTRABAND BREAKDOWN

Intraband breakdown occurs in the vicinity of saddle-
points, which are the nuclei of Lifshitz transitions, i.e.,
changes in the topology of constant-energy band contours
as a function of energy. In the neighborhood of a sad-
dlepoint, the band contours approach each other as two
arms of a hyperbola illustrated in Fig. 3. It is convenient
to orient ourselves by parametrizing the zero-field, band
dispersion as

2
ke _ Ky

2m1 ZTH,Q ’

€k = (171)
with k := (kg, k) chosen so that both m; > 0. In 3D
solids, € additionally depends on k, as
2
ke Ky

= Y ().
Eky by ks Sy 2my + f(k,)

(172)

Since k, remains a conserved quantity in the presence
of a magnetic field along 2z, we may as well define
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(a)

FIG. 3. (a) illustrates a region in k-space where quantum
fluctuations are strong — it shall be referred to as the break-
down region. The solid black lines are constant-energy band
contours near a saddlepoint. The breakdown region overlaps
with the semiclassical region (indicated by grey wavy lines).
In (b-c), we representatively indicate the band and orbit ve-
locities: respectively, Vie is indicated by blue arrows, and
k (for a semiclassical wavepacket with negative charge in a
magnetic field B = —BZ, B > 0) is indicated by red arrows.
(b) shows the velocities at positive €, and (c) for negative e.
ko ky = — f(k.) and work directly with Eq.
(171).

gk}zvk}yykz

For a fixed energy ¢ = FE, it is convenient to introduce
the hyperbolic parameters

2

ky Ky

2 sgn[E],
a(E) =+/2m1|E|, b(F)=+/2ms|E|,

such that the hyperbolic asymptotes are diagonal lines
parametrized by k, = +(b/a)k,. Fig. 3(b-c) illustrates a
discontinuous change in the band contours at £ = 0.

(173)

A quantity of geometric significance is the area (4ab) of
the rectangle inscribed between the two hyperbolic arms
[see Fig. 3]; it is natural that the dimensionless parameter

1
w= sgn[E]iabl2 = /mimy Bl (174)
determines the probability of tunneling between orbits;
the exact form of p will be motivated by the connection
formula in Eq. (182). When |u| = O(1), the minimal sep-
aration between two contours becomes of order I'!, and
tunneling between orbits — intraband breakdown — must

be accounted for. One indication that the semiclassical
equations of motion might fail is that the cyclotron mass



(h?/27)0S/OF of the orbit diverges logarithmically as
E — 0;'30 a related symptom is that both components of
the band velocity Ve vanish at the saddlepoint, as illus-
trated in Fig. 3(b-c). Both symptoms suggest that a hy-
pothetical, Hamilton-obeying wavepacket never reaches
the saddlepoint in finite time.

A. Connection formula with intraband breakdown

The method to determine energy levels is similar
in spirit to the divide-and-conquer approach of Sec.
VB. The vicinity of the saddlepoint is a region of
quantum fluctuations where the Zilberman-Fischbeck
(ZF) function [Eq. (79)] loses its validity — as may be
inferred from the diverging prefactor of 1/[v”|*/2. What
is needed is an approximate solution of the wavefunction
in this breakdown region, with which to connect the two
incoming ZF functions approaching along the k, = ak, /b
diagonal [see Fig. 3|, with two outgoing ZF functions
along the k, = —ak, /b diagonal.

The main goal of this section is to derive this con-
nection formula. The first step is to derive an effective
Hamiltonian that is valid in the breakdown region; we
must then derive the eigenfunctions (of this effective
Hamiltonian) to the same order of accuracy (in inverse
powers of 1) as the Zilberman-Fischbeck function. For
this purpose, one must go beyond the Peierls substitu-
tion of Eq. (171), which produces only the lowest-order,
Peierls-Onsager Hamiltonian in the asymptotic expan-
sion of Eq. (51). The Peierls-Onsager Hamiltonian forms
the basis of previous treatments' 131132 of this problem,
as briefly reviewed in App. D 1a.

Let us elaborate on how this connection is done.
As illustrated in Fig. 3(a), there exists an interval in
ky € [k;r .k, ], centered at the saddlepoint, where a
semiclassical description breaks down; we shall refer
to [k ,k,] as the breakdown interval. It is conve-
nient to define four directed edges which meet in the
breakdown interval, which we label by the directions
of their semiclassical motion along the hyperbolic
asymptotes: v € {\,/} above the breakdown interval,
and v € {7, \/} below. By ‘directed edge’, we are uti-
lizing graph-theoretic language that is reviewed in Sec.
IITF. Each edge is parametrized by two single-valued
functions kj(k,, E) and ky(k., E); it is convenient to
define for each edge the coordinate of closest approach
[kt (E) = (kio(E), kyo(E))] to the saddlepoint, as
indicated by red dots in Fig. 3(a).

Above the breakdown interval, the general analysis
of Sec. VA1 informs us that the wavefunction in the
(K3, ky) representation [Eq. (77)] is a linear combination
of at least two ZF functions (corresponding to the two
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edges above a saddlepoint):

fip = e nlpp +Conlip + - (175)

cyp are edge-dependent constants which are to be de-
termined. As denoted vaguely by ..., there might in
general be more edges in the above sum which corre-
spond to constant-energy band contours far away from
the saddlepoint [and therefore not illustrated in Fig. 3],
but they will not be important in the matching proce-
dure. The ZF functions in Eq. (175) are defined (up to a
k,-independent phase) as eigenfunctions of the effective
Hamiltonian in the semiclassical region (denoted sm):

For k€ sm, (Ho(K)+ Hi(K)— E)gip=0(").
(176)
Precisely, we define
ikykyl® 2 (¥ v /o7 ) ds
el 12 fkylyo(E)(kz HY Jve)d (177)

IkE = Wl e -
E:=E—H\(0), H(k):=H.(k)— H(0); (178)

one may verify that g indeed satisfies the eigenvalue equa-
tion Eq. (176). Indeed, beginning from Eq. (176), one
may redefine the origin of the energy as in Eq. (178),
and utilize the known WKB solution from Egs. (78)-(79).
The reader may wonder what is the point of the redef-
inition of energetic origin, i.e., why not directly use the
simpler expression

eikzkylz ) ky HY
Ihg = exp § —il / (k; — z) dz ;
Vvl kYo (E) vy E
(179)

which is also a solution of Eq. (176) in the semiclassical
region. Indeed, g%, — gir = O(I"?) in the semiclassical
region, as proven in App. D1lc. However, at the
coordinate of the saddlepoint, the phase of g (which
includes a term proportional to H;(0)log|E|) diverges
logarithmically as |E| — 0, while the phase of g is
continuous across £ = 0. For this reason, we will
find that g is a better WKB function to formulate
quantization conditions that are valid in the vicinity of
a saddlepoint.

Below the breakdown interval, we analogously have

fog = Conlip + Cuplyy + - (180)

Assuming the non-WKB wavefunction in the breakdown
region has been solved for, we may utilize this wavefunc-
tion as a bridge to coherently relate {¢« g, ¢, 5} (defined
above the breakdown region) to {¢ .z, ¢\ z} (defined be-
low). For the purpose of deriving quantization conditions
in Sec. VII B, we find it intuitive to express this relation
as a scattering-matrix equation connecting incoming to
outgoing sections:

(C\E> =S(E, k) (C/E> .

(181)



The scattering matrix in the Peierls-Onsager approxima-
tion is known to be:!12:131,132

SO(E, %) = <7Te 7;)

T () = A

B
671'/1,/2
\/2cosh(mp)’
6771';1,/2
/2 cosh(mp)’

¢(p) = arg[l'(1/2 —ip)] + plog || — p,

Rp) = — i i)
(182)

with p defined in Eq. (174) and T’ the Gamma function.
Alternatively stated, S is the connection formula for

Zilberman functions without higher-order corrections
[i.e., Eq. (177) with H;(k) = 0].

The derivation of Eq. (182) is reviewed in App. D1a,
where we elaborate on a useful analogy: magnetic tun-
neling of a Bloch electron near a saddlepoint is math-
ematically equivalent to a Schrodinger particle tunnel-
ing across an inverted parabolic barrier — a problem first
studied by Kemble.'?? In particular, it is well-known'33
that the tunneling probability at the barrier maximum
is half of unity, which is reflected in Eq. (182) by |T]? =
|R|? = 1/2 for u = 0 [see Fig. 4(a)]; we shall refer to this
as the Kemble limit. We refer to ¢ as the intraband scat-
tering phase and plot it in Fig. 4(b); ¢ has the following
properties: (a) it is an odd function of y that vanishes at
zero and the limits +o0, and (b) its first-order derivative
diverges logarithmically as @ — 0. In all cases we have
studied, property (b) does not lead to any irregularity
in the Landau levels, owing to the cancellations of loga-
rithmic divergences in (0¢/0F) and the cyclotron mass
(ox 0S/OE); we will exemplify this cancellation in Sec.
VIIC. For quick reference in the future,

w— 4o, T =1, R—0, ¢ — 0 (183)
p—0, T—=1/V2, R— —i/V2, ¢—0; (184)
pw——oo, T —=0,R——i, $—0. (185)
The transition from {|7] = 1,|R|] = 0} to

{IT| = 0,|R| = 1} reflects a Lifshitz transition of
the band contours. While the change in the band
contour is discontinuous across E = 0, the scattering
parameters are continuous in energy; there is, as noted,
a first-order non-analyticity in ¢. The p — —oo limit
corresponds to the absence of tunneling (in the ¢
direction) between the two semiclassical orbits drawn in
Fig. 3(c). In this limit, R = —i is the phase acquired
by a wavepacket as it approaches the saddlepoint and
is reflected with unit probability — the point of closest
approach to the saddlepoint may therefore be identified
as a turning point, just as discussed in Sec. V B. Indeed,
we have demonstrated in Sec. VB that a wavepacket
rounding a turning point with a clockwise orientation
picks up a phase of —i, which we consistently identify
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with R = —7 here.

a) b))
( )0‘8 ( )0.05 // ~ \
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FIG. 4. Plots vs p of (a) |R|? (red) and |T|? (blue), (b) the
scattering phase ¢ (blue) and its derivative with respect to
(red).

Let us argue generally that the scattering matrix, for
any form of breakdown, should transform covariantly un-
der gauge transformations within P. Viewed broadly,
the scattering matrix describes the phase-coherent am-
plitudes for Feynman trajectories through the breakdown
region. There is in general a phase ambiguity in how we
define the incoming and outgoing scattering states, whose
wavefunctions have the Zilberman-Fischbeck form in Eq.
(177); in particular, the phase difference between any two
states connected by a tunneling trajectory has no gauge-
invariant meaning. To appreciate this point, consider a
phase redefinition of the cell-periodic function projected
by P: ‘uk> — ’uk>ei¢(k). The resultant non-covariant
transformation of the Berry connection [X — X — Vo]
occurring in H; [cf. Eq. (177)] results in the scattering-
state wavefunction transforming as

gchE N gzﬁefw”(ky)ﬂﬂké)? (186)
where in the last expression ¢”(ky) equals ¢(k) evalu-
ated on the section v, and at the coordinate k,. If hypo-
thetically the scattering matrix were insensitive to phase
redefinitions of the scattering states, as is S [cf. Eq.
(182)], one would conclude that the quantization con-
dition depended on the phase difference ¢(k§) — ¢(kf)),
which is generally nonzero for a tunneling trajectory con-
necting the edges v and p [note kjf # kf]. The coeffients
¢y i, defined in Eq. (175)-(180), should transform with a
cancelling phase factor

cvp — cype k) =

S e—id(ko) 0 S e—id(ks") 0
0 e~ (ko") 0 emioky) |

Equivalently stated, the scattering matrix must trans-
form gauge-covariantly. We see from this argument that
the necessity of gauge covariance follows from the exis-
tence of tunneling trajectories, which is a characteristic
feature of both intraband and interband breakdown —
but not of turning points. We believe that our argu-
ment should broadly apply to any quantum tunneling
phenomenon within a subspace of states (bands, in our
context) that is nontrivially embedded in a larger space



of states; this point has been overlooked in conventional
treatments'!? of tunneling with scattering matrices.

Let us show that the next-order corrections to S re-
stores the essential gauge covariance. For this purpose, it
is sufficient to consider the correction by the Berry term
HE alone:

S(E,1?) mzn?

T (1) ol JP, XY (0,ky)dky R(u) o2 X (ke 0)dk
R() ol I, X% (ke ,0)dky T (1) 6—szbxy(o,ky)dky
(187)
neglecting terms of order O(I2, (b/G)?, (a/G)?). a(E)

and b(FE) are the hyperbolic parameters defined in Eq.
(173), and G is a typical reciprocal period. For pos-
itive E, f E) ) XY (0, ky)dk, is the integral of the Berry
connection along the shortest-length tunneling trajectory
that connects kg (E) to ky (E) through the classically
forbidden region [e.g., the vertical dashed line in Fig.
5(b)]. That this tunneling trajectory is of the shortest
length should not be taken too seriously; a slightly de-
formed trajectory within the breakdown region gives a
correction [of O(I"?)] that is beyond the accuracy of our
calculation [detailed in App. D 1]. Under a phase redef-
inition |uk> — {u@e“ﬂk)7 the open-line Berry integral
transforms as

b b
/ XVdk, — / XVdk, — (kD) + d(ke),  (188)
b b

which implies that the scattering matrix transforms co-
variantly as

s e—i(kg) 0 . e—io(kg) 0
0 e—ib(ky) 0 e—io(ks) |

(189)

Indeed, Eq. (187) is minimally corrected from S© to
ensure gauge covariance; our calculation shows that
the minimally-corrected matrix completely accounts
for corrections by HE. In solids where the Roth (H¥)
and Zeeman (H{) terms vanish by symmetry [e.g.,
¢o,T symmetry; cf. Sec. VIB], there are no further
leading-order corrections to the scattering matrix.

Unlike the Berry correction to the scattering matrix,
the Roth and Zeeman corrections cannot be argued for
from gauge covariance — a calculation is necessary, which
we detail in App. D1. When all three corrections are
accounted for, we find that the scattering matrix takes
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the form
) io 4 (E) e—10:(E)
S(E,l)z( EZ) i5.(B) E;e uS(E>
+O0(7%,(b/G)?, (a/G)?), (190)
E:=E—H\(0), fj:=mmyEP (191)
6z(E

6y(E) = 2my Hy, b(E)I? ) i=2may Hyya(E) 12,
(192)

where H;(0), Hi, and Hi, are defined as coefficients in
the low-momentum expansion of Hy = HZ + HFf + H¥
about the saddlepoint:

Hl(k> = Hl(O) +H1xkz +H1yky + ey

HEP (k) = I"2(XY0" — X™0Y)
k k
=12 xv2Z W V.= HB L, + HE K
(.’f mi +x m2) ata + e
(193)
H,(0) = H{*(0) + H7(0). (194)

Note that HZ(0) = 0 because the saddlepoint is an
extremum in the band dispersion, and the second line
follows from particularizing the definition of H}, [cf. Eq.
(58)] to the saddlepoint.

In Eq. (192), we have defined d, and 0, as phase cor-
rections to the scattering matrix. Their respective pro-
portionality to a(F) and b(E) identifies them as phases
acquired in the tunneling trajectories parallel to & and ¥.
This tunneling phase includes the open-line Berry phase
from our previous result in Eq. (187), e.g., we may iden-
tify

b

6, = / XY(0, ky)dky + 2my (HE + HE) b1 + O(&),
—b

(195)

with aid from Eq. (193). Under a phase redefinition
’uk> — ‘uk>eid’(k), d, transforms just like Eq. (188) ow-
ing to the gauge invariance of H{* and H¥ , and therefore
S(E,1?) in Eq. (190) transforms covariantly, just as in Eq.
(189). We might further motivate the form of Eq. (195)
by rewriting it completely in terms of H;, v, and b:

Yy

(196)

where {-}j, denotes the k,-average of the quantity -
over a fixed-k, cross-section of the classically-forbidden
region. With some creative license, one might interpret
Eq. (196) as the Roth-Berry-Zeeman phase averaged
over all possible tunneling trajectories parallel to ¥.

As expressed in 195, J, may be separated into gauge-
dependent (5yB with B for Berry) and gauge-invariant

(55Z for Roth and Zeeman) terms. 552 may be dropped



if we are willing to accept an O(1) accuracy for the scat-
tering phase. Indeed, we make the following estimate for
the size of 552 : since the tunneling trajectory has length
2b with b the hyperbolic parameter [cf. Eq. (173)], 55Z
is of order O(b/G) with G the reciprocal period. We
might further bound b < O(1/1), which is the width of
the breakdown region. An analogous argument allows us
to approximate

s. =62 +oq/), o8 ::/ X% (ky, 0)dk,,

/%Ok

Since 07 is gauge-dependent, there is no sense in which
we might similarly conclude it is small.

5y =07 +0(1/1), 67 (197)

B. Quantization condition for closed orbits with
intraband breakdown

We summarize a few salient points from the previous
subsection [Sec. VITA]: in the presence of intraband
breakdown, we divide the Brillouin torus into overlap-
ping subregions. A breakdown region is a strip centered
at a saddlepoint in the energy-momentum dispersion,
as illustrated in Fig. 3(a); wavefunctions therein are
eigenfunctions of an approximate effective Hamiltonian
in the (K,,k,)-representation. In the semiclassical
subregions, the Zilberman-Fischbeck wavefunctions [gx g
in Eq. (177)] are asymptotically valid in the limit of weak
fields. Both types of wavefunctions are matched where
the breakdown and semiclassical subregions overlap;
matching conditions are known as connection formulae,
and may be expressed with the scattering matrix in Eq.
(190).

The condition for an energy eigenstate at energy E
and wavevector k, is the continuity (with respect to
ky) of the wavefunction in the (K, k,)-representation.
This continuity condition has a simple graphical in-
terpretation, which we will now develop. We view a
closed-orbit configuration (which is presumably close to
at least one saddlepoint) as a graph, which is composed
of breakdown vertices and broken orbits. A breakdown
vertex is region of dimension 1/l and centered at the
coordinate of a saddlepoint, as illustrated in a blue
patch in Fig. 5. A broken orbit is an orbit over a smooth
trajectory that begins at a breakdown vertex and ends
at a (possibly distinct) breakdown vertex [a precise
definition is provided in Sec. IIIF]. The continuity
condition is conveniently expressed as a system of linear
equations whose variables are scalar amplitudes ({A;g},
defined in the next paragraph) which are associated
to broken orbits (denoted {o0;}). We will find it useful
to parametrize each broken orbit (o;) by a time-like
variable t; € [0,1], which increases along the orbit in a
direction consistent with Hamilton’s equation. t; = 0

39

corresponds to the point of closest approach to the
saddlepoint of origin, and ¢; = 1 to the point of closest
approach to the destined saddlepoint, as illustrated for
the graph in Fig. 5(b) and (d). We caution the reader
that: (i) these points of closest approach are zero-field
band characterizations of each breakdown vertex, which
is equipped with more internal structure than a point,
and (ii) ¢; should be distinguished from t¢,, which we
introduced in Eq. (98) to parametrize an edge v.
(a) L,

e

FIG. 5. (a) The double-well graph consists of two broken or-
bits (labelled ¢ = 1,2) linked by a single breakdown vertex.
Each broken orbit comprises three sections and two turning
points. (b-c) illustrate the band contours at positive and neg-
ative energies respectively. (d-e) are possible realizations of
the double-well graph: (d) depicts a band dispersion with two
nearby peaks, and (e) illustrates two Dirac points (indicated
by orange dots) in close proximity.

To each point on the broken orbit o; we assign a scalar
amplitude A; g(¢;); while in principle we may specify its
full functional dependence on t; € [0, 1], it is simplest in
practice to just specify the ratio of the amplitudes at the
end points:

. 2 (1)

ez@I(E',l ) — LB O H 1P H

pEO; vEo;

(198)

E.?

In the moving-wavepacket description [introduced in Sec.
V C1], A;g(t;) may be interpreted as the time-evolving
amplitude for a wavepacket moving within 0;. ©; is then
the net phase acquired by a wavepacket in traversing the
full length of 0;. ©; includes the sum of semiclassical
phases 0, acquired along each edge v € o;:

(B2 _ % 7 (k=Y (o)) dk  (109)
E,2
with E and H defined in Eq. (178), and ky; [resp. ky ;]
defined as the ky-coordinate of the wavepacket as it



enters [resp. leaves] the oriented edge v; precisely, if
the edge v is bounded by two turning vertices, k;; and
ky; are coordinates of these two vertices; if the edge
v enters a breakdown vertex, k;; is the coordinate of
closest approach to the saddlepoint. We further add to
O, a reflection phase ¢ for each turning vertex p € o;.
As discussed in Sec. VB, ¢P = £7/2, with the sign de-
pending on the sense of circulation of each turning vertex.

The connection formula at each saddlepoint (labelled
s) may be expressed as a scattering matrix (which in gen-
eral depends on s) that maps two incoming amplitudes
to two outgoing amplitudes:

AZ\,E(O) — SS(E’ 12) AZ/,E(]') .

Ai e(0) Ai_ (1)
The expression for S may be found in Eq. (187) and
(190). i » labels the broken orbit that is approaching the
saddlepoint from the ~ direction, i.e., in the direction of

increasing k, and k,; take care that {i~, i\,,¢ -, } do
not necessarily correspond to four distinct broken orbits.

(200)

Combining Eq. (198) and Eq. (200) for all broken orbits
in the graph, we obtain a system of linear equations with
the variables {A; £(0)}, which is then solved by standard
algebraic methods. A solution exists upon satisfaction of
a determinantal equation that is parametrized by energy
E (and wavevector k, in 3D solids) — this is the gen-
eralized Bohr-Sommerfeld quantization condition. For
comparison, Eq. (108) shows an analogous determinan-
tal equation for a simple, closed orbit without breakdown.
Let us follow this algorithm to determine the quantiza-
tion conditions for two case studies.

C. Case study: the double-well graph, applied to
conventional and topological metals

The simplest graph with a single breakdown vertex de-
scribes a Lifshitz transition where two orbits merge into
one, as illustrated in Fig. 5(a-c). Scattering from a sad-
dlepoint is analogous to a Schrodinger particle scattering
from an inverted parabolic potential. The semiclassical
motion of wavepackets on either side of the saddlepoint
is reminiscent of a Schrodinger particle in a double well,
hence we shall refer to Fig. 5(a) as the double-well graph.

We offer two topologically distinct realizations of the
double-well graph illustrated in Fig. 5(a): Fig. 5(d) illus-
trates a conventional metal whose band dispersion has
two nearby maxima — this has also been referred to as
‘necking’ in Ref. 11; Fig. 5(e) illustrates two Dirac/Weyl
points in close proximity, which materializes in topologi-
cal metals near a metal-insulator transition. The double-
well graph is a good description of both conventional and
topological metals for an interval of energy centered at
their respective saddlepoints; however, their difference
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in Berry phase leaves a signature in the Landau levels
which we will investigate. The quantization condition
for the double-well graph was first derived by Azbel in
the Peierls-Osager approximation;'! here, we derive also
the subleading corrections to the quantization condition
that encode the Berry phase, the orbital moment and the
Zeeman effect. A particular expression of this corrected
condition was presented previously in Ref. 36 assuming
certain crystalline point-group symmetries; here, we shall
assume no such symmetries and derive the most general
form of the quantization condition.

1. Quantization condition for the asymmetric double well

The two broken orbits in the double-well graph are
denoted by 0;, with ¢ = 1,2 indicated in Fig. 5(a).
Corresponding to these orbits are two scalar amplitudes
(A1g, Asg), which are related by the scattering matrix

<A1E<o>> s <A1E(1)>

i@l
= det ls <€ 0 ) I]
0 ¢i©2

with ©,(F) defined in Eq. (198). The above equation
may be interpreted thus: a wavepacket that traverses
the full length of 0; accumulates a phase ©;; as it passes
through the breakdown region, the incoming wavepacket
splits into two outgoing wavepackets with amplitudes
determined by the scattering matrix. The determinantal
equation in Eq. (201) expresses the condition that these
amplitudes are everywhere single-valued.

=0. (201

B2

Employing the expression for the scattering matrix
[Eq. (190)] and the identity 72 —R? = ¢, the determi-
nantal equation may be expressed trigonometrically as

E,ﬂ]

(202)

Q1+ Q9
2

Q1 — Q9

coS
2

+ ¢(ﬂ)] =T ()] cos

B2

£ has been defined in Eq. (191), and ©; € R may be
expressed, modulo 2, as

QJ(E’ l2) = 0,(E, lz) + (_1>j+16y(E~1’ l2)
1 gpv(ts)
H{ 7 dk -
: ydtj+(—1)”l5f} 7
0 Yoy dt; E,12
(203)

=+ {lzsj + 12

with k(t;, E) defined as the point on o; at time-like ¢;
and energy E, and v(t;, E) labels uniquely the edge that
contains k(t;, E). For E > 0, Q; is simply the phase
(©;) acquired by a wavepacket as it traverses the full
length of o; [cf. Eq. (198)]; E < 0, o; is not closed [see



Fig. 5(c)], and ©Q; includes an additional Berry phase
((55 ) acquired in a tunneling trajectory that connects
the two endpoints of 0;. In more detail, let us describe
the four terms in Eq. (203) in their order of appearance:

(i) The 7 term originates from the two turning vertices
on each broken orbit, as indicated by green dots in
Fig. 5(a). Each turning vertex has an anticlockwise
circulation and contributes a +m/2 reflection phase, as
discussed in Sec. V B.

(ii) We have previously employed S(E) to denote the
oriented area of a simple, closed orbit in Sec. V; S is
positive for clockwise-oriented orbits and vice versa. In
the presence of intraband breakdown, S;(E) denotes
analogously the oriented area of a closed Feynman tra-
jectory (denoted 0; ), which is a ‘minimally-modified
closure’ of the broken orbit o; at energy E. That is, we
extend the broken orbit by the shortest possible path
to form a closed loop. For E > 0, o; is already closed
[see Fig. 5(b)]; for E < 0, we add an oriented vertical
line [dashed line in Fig. 5(c)] of length 2b across the
classically-forbidden region. We shall refer to this added
line as a tunneling trajectory.

(iii) The two additional terms that contribute to €;
[in Eq. (203)] represent the leading-order corrections to
the Peierls-Onsager approximation. The first corrective
term is a phase acquired over o, and is generated by the
Roth-Berry-Zeeman correction to the Peierls-Onsager
Hamiltonian [H; in Eq. (57)].

(iv) The second corrective term [£67 in Eq. (203)] is
defined to vanish for £ > 0, but for £ < 0 it is the
Berry phase acquired over the tunneling trajectory that
connects the boundary points of o; [cf. Eq. (197)]. We
may combine §7 with the Berry contribution to [ Hydt
to obtain an integral of the Berry connection over the
closed loop 0; . Thus, a gauge transformation of the
type Eq. (23) (with D = 1) may modify §; by any
integer multiple of 27, but does not affect the quantiza-
tion condition in Eq. (202). This concretely exemplifies
how the gauge-covariance of the scattering matrix
(originating from (55 ) results in the gauge-invariance of
the quantization condition.

Egs. (202)-(203) is the main result of this section. This
quantization condition provides an algebraic approach to
determine the Landau levels for any tunneling strength,
and without recourse*® 7 to large-scale numerical diag-
onalization. There are two limits g — 0o where the
Landau levels determined by Eq. (202) are locally peri-
odic in the sense of Eq. (109). For E > 0 and in the limit
of weak field, we combine Eq. (183) and Eq. (202) to ob-
tain sin(€2;/2) = 0, which are independent quantization
conditions for two orbits with negligible tunneling, as il-
lustrated in Fig. 5(b). Each condition may be cast more
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familiarly as

or(n + 1/2) ~ 125, (E,) +7§ @+ %) - dk

C¥i

+ Z(c?/vt)|dk|| (204)

En

with v+ = (v® 4+ vY)Y?; this expression is the
anticlockwise-oriented analog of the single-band quanti-
zation condition in Eq. (68) for simple closed orbits. The
last three terms on the right-hand-side are the Roth,
Berry and Zeeman contributions, as we have defined
below Eq. (68). In deriving Eq. (204), we have em-
ployed a well-known expression for the cyclotron mass”
[0S/0F = — ¢ |dk|/v*] and the identity:

1
dt; dk
for |E| > 0, {Sj—‘rH1(0)/ wJ y}
0 Yo,y Ui ) B_m, (0

_ {sj - Hl(O)/ W}Em(m _ S,(E) + 0™,

_ L
Ujv

A (different, locally-periodic spectrum emerges in the
weak-field limit for £ < 0: combining Eq. (185) and
Eq. (202), we obtain a single quantization condi-
tion for the combined orbit illustrated in Fig. 5(c):
cos(€21/2 + Q2/2) = 0. This condition is equivalent to
Eq. (204) with the replacements S; — S; + S2, and

. — b
0]' 01402

For general ;1 and not assuming any symmetry, the
spectrum of Eq. (202) is neither locally periodic, nor
completely random. Corresponding to the two distinct
arguments of the cosine functions in Eq. (202), there are
generally two, distinct harmonics that competitively pro-
duce a quasirandom'® spectrum, i.e., a spectrum that is
intermediate between that of an ordered and disordered
system. Consequently, magnetic oscillatory patterns
(e.g., of the de Haas-van Alphen type) are not completely
smeared out, but retain a regularity that reflects the
long-range correlations in a quasirandom spectrum.'®
We will refer to linearly-independent arguments of
trigonometric functions in the quantization condition as
‘trigonometric harmonics’, to distinguish them from the
related concept of dHvA harmonics in the magnetization.

While our quantization condition is valid for any tun-
neling strength, we may anyway gain some intuition
about quasirandomness in a weak-tunneling parameter
regime where one trigonometric harmonic is dominant
over the other. The dominant harmonic determines a
semiclassical Landau fan in the absence of tunneling;
to clarify, a Landau fan describes discrete energy lev-
els {EY(B)};ez whose separation (Eji; — Ej) increases
with the magnetic field, i.e., the levels fan out. To lead-
ing order in a tunneling parameter (specified below), the
tunneling correction to the fan 6F;(B) oscillates with
the frequency corresponding to the weaker harmonic.



Such a perturbative treatment of quasirandom spectra
is developed generally in Sec. IXE. As an example,
let us perturbatively treat the regime pu < 0, where
(1 + Q2)/2 dominates over (Q; — Q2)/2. The domi-
nant harmonic determines the semiclassical Landau fan
through cos(€1/2+Q2/2) = 0; Landau levels are indexed
by j € Z as

Ql—|—QQ ™ .
9 EO—2—|—j7r.

J

(205)

To leading order in | 7| and ¢, the correction to the Lan-
dau fan is

_ o+ (=1)7[T | cos [ (21 —Q2)/2]
(=1/2)[8( + Q) /OF | E?7

S5E;(B) (206)

where the factor (—1)7 originated from our evaluation
of sin[(Q + Q2)/2] at EY. The above equation is valid
assuming |7| and ¢ are small and slowly varying on the
scale of JE. Indeed, the typical scale of variation for
|T ()] and ¢(p) is Ap ~ 1 [see Fig. 4(a-b)], which implies
an energy scale AE ~ 1/ \/WF from the defining
relation = \/mimaEl?. 1t follows that

9E; MMy
AE " 9(S; + S2)/0F

)
0
Ej

<¢> + (=1)’|T] cos w>

which vanishes for small enough field or large enough
|E3|.

2. Quantization condition for the symmetric double well

Next, we discuss how certain (magnetic) point-group
symmetries may simplify the quantization condition,
and make contact with the simpler expressions found in
Ref. 36.

(i) Consider a time-reversal-symmetric (1'), spin-orbit-
coupled solid with a two-fold rotational axis (co,) paral-
lel to the field, but lacking spatial inversion symmetry.
The latter implies bands are nondegenerate at generic
wavevectors. We shall assume the Weyl points and sad-
dlepoints [Fig. 5(c-d)] lie on generic wavevectors in a
plane (e.g., k. = 0) that is invariant under both rota-
tion and time reversal. Weyl points in a rotationally-
invariant plane are not uncommon, as exemplified by
TaAs.1347136 The combined symmetry Tco, ensures that
HE = HP = 0 at any k in this plane [cf. Sec. VIB],
hence Eq. (203) simplifies to

X - dk,

Q; (B, %) =7+ 1°S;(E) + f{ (207)

0, (E)

with the right-hand-side evaluated at £ = E (recall that
E differs from E by H{(0) + HZ(0)).
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(ii) Suppose a mirror symmetry (z——x) relates the two
maxima in Fig. 5(c) and the two Weyl points in Fig.
5(d); the saddlepoint lies on the mirror line where H{¥ =
HZ =0 [cf. Sec. VIB], hence E = E also. Note however
that the Roth and Zeeman terms are not constrained to
vanish at generic wavevectors away from the mirror line,
thus

Qj(ZQ,E):ﬂ'—HZS’j(E)—I—% X - dk
0, (E)

+ A - dk+ Z(o% vt)|dk|.
0;(E)

(208)

The Landau levels and dHvA oscillations for both cases
(i-ii) have been studied in Ref. 36.

In our next case study, we will apply the algorithm de-
veloped in Sec. VII B to derive the quantization condition
for a relatively more complicated graph.

D. Case study of topological crystalline insulators:
the butterfly graph

(a)

()

—
N

FIG. 6. Surface-state band contours in the SnTe-class of topo-
logical crystalline insulators. The corresponding graph con-
sists of four broken orbits (labelled ¢ = 1,2,3,4) linked by
two breakdown vertices. Orbits 1 and 4 each comprises three
edges and two turning vertices; orbits 2 and 3 each comprise
a single edge.

The butterfly graph illustrated in Fig. 6(c) is materi-
alized on the 001 surface of the SnTe-class of topological
crystalline insulators,®>137138 which has the same
symmetry as rocksalt. The 001 surface is symmetric
under the point group Cy,, which is generated by the
four-fold rotation ¢4, and the reflection v,. We focus
on the vicinity of the cy,-invariant wavevector Y, which
is an intersection of two orthogonal reflection-invariant
(tz and v,) lines. Along the tg-invariant line, the



dispersion of the surface states is plotted with blue
lines in Fig. 6(a). The four surface bands intersect at
four Dirac points, two of which (indicated by red dots)
are robust due to Kramers degeneracy, and the other
two (brown dots) are robust due to t, symmetry. We
shall distinguish them by calling the former T-Dirac
points, and the latter t,-Dirac points. At energy €™ just
below the t,-Dirac points, the band contours form two
non-concentric circles (within the red plane); at energy
€~ just above the lower T-Dirac point, the band contours
form two concentric circles (within the brown plane).
At an intermediate, critical energy, there is necessarily a
Lifshitz transition®® facilitated by two saddlepoints, as
illustrated in Fig. 6(b-d).

Following our algorithm to determine the quantization
condition, we first identify four broken orbits and label
them as 1,2,3,4 in Fig. 6(c). Corresponding to these
orbits are four scalar amplitudes, which are related by
the scattering matrices as

A3E(0) A4E(1)
<A2E(O)> — S(E) <A1E(1)>
A4r(0) Azp(1)
e®2 0 e®©1 0
a5 )5 )] o
(209)

Here, the scattering matrices corresponding to the two
saddlepoints are identical owing to t, symmetry; we
remind the reader that ©; is the semiclassical phase
acquired by a wavepacket in traversing the full length of
0;, as defined in Eq. (198). In spin-orbit-coupled systems
with ¢, T symmetry, both single-band Roth and Zeeman
terms vanish (i.e., HZ = H{ = 0); this follows from
particularizing the general symmetry constraints in Eq.
(C35)-(C36). The Berry term is, however, non-negligible
due to the Dirac cones present in this bandstructure.

Let us then insert the Berry-corrected scattering ma-
trix [Eq. (187)] into Eq. (209) and perform the necessar-
ily algebraic manipulations, with aid from the identity
T2 — R? = ¢2%. The result may be stated intuitively
in this manner: let us define for each of the three delin-
eated regions in Fig. 6(c) a closed Feynman trajectory [a
concept described below Eq. (203)], which we denote re-
spectively as 01 g, 02, and 03 . The semiclassical phase
acquired from traversing each Feynman trajectory in a
direction determined by Hamilton’s equation is, respec-
tively,

Qi(E,1?) =1*S1(E),
Q3(E,1%) = 12S3(E),

Qo (E, 1) = 12Sy(E) + T,
(210)

with negative S; and Ss (due to the anticlockwise ori-
entations of 01 p and 03 ) and positive S;. Each of
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{0;,p}3_, encircles a Dirac point (as illustrated in Fig.
6), and is therefore characterized by a Berry phase of ;
once again, the robustness of 7 is due to ¢5,7 symmetry.
There are two turning points on each of 0, p and 03 g,
as indicated by green dots in Fig. 6(c) — the resultant
Maslov correction cancels the Berry-phase correction in
Qy and Q3. Finally, we should exploit that the area of
left and right boundaries (01,p and 03 g) are identical
due to t; symmetry, hence Q; = Q3. Putting all this to-
gether, the quantization condition may be expressed as
a competition of two trigonometric harmonics:

0= e 20 + ei(Ql+Qs+2¢) + |R|2 [ei(91—92+93) + eiﬂz]
o |7-|2 [eiﬂl + eiﬂg]
= 0= cos (Q +2¢) + [R|*cos (2 — Q) — |T|*.
In the three limits of p described in Eq. (183)-(185),

pw— +oo, 128] = 2nm;
p=0, 1=2cos[l>S]—cos [I*(S1 + 92)];
p— —oo, 12281 + S9) =2mm, [2Sy =2nm, (211)

with m,n € Z. There are two semiclassical limits of
the quantization condition: for u — +oo (resp. u —
—00), we obtain independent quantization conditions for
two non-concentric (resp. concentric) simple orbits; in
these cases, the Maslov and Berry corrections sum to zero
modulo 27. Except in these two semiclassical limits, the
spectrum is quasirandom, and may be analyzed with the
perturbative techniques developed in App. F 4.

VIII. EFFECTIVE HAMILTONIAN FOR

GENERAL BAND TOUCHINGS

Band touchings have long provided endless entertain-
ment in condensed-matter physics.'3%140 There are two
senses in which bands may robustly touch at a point
in k-space. In one sense, the touching is movable, but
alone it is unremovable. A 3D Weyl point exemplifies a
linearly-dispersing touching between two bands which
is free to move in the Brillouin torus,” 34! but can
never be removed unless it meets a Weyl point with an
opposite chirality.'?314! The freedom of one Weyl point
to move but not to gap out may be understood from
the following argument: in the absence of symmetry,
a touching between two bands is described locally (in
k space) by a two-dimensional Hamiltonian having
no constraints. For a generic two-by-two Hermitian
matrix, three real parameters must be tuned to impose
a degeneracy. In general, we refer to the number of
real Hamiltonian parameters needed to tune a degen-
eracy as the co-dimension (p) of the Hamiltonian;'4?
the co-dimension depends on the symmetry class of
the Hamiltonian, which in the present discussion is
trivial. In 3D solids, the Brillouin torus affords us three
parameters, hence perturbations of the k-dependent
Hamiltonian of a Weyl fermion merely moves the Weyl



point but cannot gap it out.

Imposing a point-group symmetry (of both symmor-
phic and nonsymmorphic kinds), often in combination
with time-reversal symmetry, may reduce the co-
dimension. If such symmetry exists in the groups of
all wavevectors in the 3D Brillouin torus, then line
nodes are stable. More generally, the stable nodes form
a (d — p)-dimensional submanifold of a d-dimensional
manifold in k-space; p is the symmetry-dependent
co-dimension of the Hamiltonian, d is the dimension of
manifold where this symmetry acts locally (i.e., maps
k — k). d may be less than the spatial dimension of
the solid. For example, 3D Weyl points are stable in 2D
submanifold (d = 2) that is invariant under the com-
position of two-fold rotation and time reversal (which
enforces p = 2);'3* other examples where d = p = 1 may
be found in the literature.42:59:62

In the other sense of robustness, a band touching
may be both immovable and unremovable. It occurs
at high-symmetry points or lines, and is attributed to
a high-dimensional irreducible representation of the
little group at such a point. In time-reversal-invariant,
spin-orbit-coupled systems, the possible dimensions of
these irreducible representations are: 3,4, 6,8.40:43

The physical phenomena that are attributed to all
these band touchings form an immense literature; much
of this literature focuses on their unusual magnetic
response.36:37:46,143.144 Apyy theoretical understanding of
these magnetic phenomenon begins in the formulation
of an effective Hamiltonian that is applicable to band
degeneracies; however, this formulation is complicated
by the discontinuity®' of the band eigenfunction at a
touching point. The standard lore is to operationally
implement the Peierls substitution in a k - p Hamilto-
nian. To our knowledge, such a lowest-order effective
Hamiltonian has only been justified for a two-band
touching with a linear dispersion,'>!7 i.e., no justifica-
tion exists for: (a) two-fold degeneracies with nonlinear
dispersions (e.g., the multi-Weyl points in Ref. 62), and
(b) higher-fold band degeneracies.*®

Moreover, there has been no attempt to derive higher-
order (in [2) corrections to the Peierls-substituted
Hamiltonian. A Peierls-subtituted Hamiltonian for
a low-energy band subspace (that touch) accurately
determines Landau levels if this subspace is from all
other bands by an energy gap that is large compared to
the cyclotron energy. However, in naturally-occurring
solids, the band-touching subspace is typically embedded
in a larger space of bands which disperse like spaghetti,
and energy gaps between bands are typically small.*0
In some cases,**'%5 the band-touching subspace is
connected (in the sense of a graph®6:146) to a larger-rank
elementary band representation.83 1 Simply stated,
symmetry enforces that there are other bands close by.
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This chapter addresses the above issues by presenting
an effective Hamiltonian that is applicable to any type of
band touching, including all cases mentioned above. The
lowest-order effective Hamiltonian confirms the standard
lore that the Peierls substitution works, if correctly done.
Motivated by applications to spaghetti bands, we also de-
rive the subleading corrections to the Peierls-type Hamil-
tonian, which encode the band-degenerate generalization
of the orbital moment and the geometric phase.

A. Basis functions in the vicinity of a band
degeneracy

In the rest of this section, we use k := (kg,ky) to
denote a two-component wavevector, with the under-
standing that k. (for 3D solids) is a conserved quantity
for a field aligned in Z. The majority of band touchings
occur at isolated wavevectors in the constant-k, plane
— these point degeneracies are 2D Dirac points. Even
generically-dispersing line nodes may be viewed as a
point degeneracy, when we restrict the line node to a
constant-k, plane.'”

The effective Hamiltonian [cf. Eq. (51)] in a basis
of field-modified Bloch functions [cf. Eq. (55)] is not
applicable near a point degeneneracy k. Indeed, Eq. (51)
is an asymptotic expansion in the parameter {2, and
each power of [} is accompanied with a derivative (with
respect to k) of either the Bloch Hamiltonian, the band
dispersion, or the cell-periodic energy eigenfunction
(unk).2* The validity of this expansion thus relies on
'V, being of order a/l (with a a lattice period),
lest there is no sense in which Hj;; is smaller than H;.
However, this would not be true in the vicinity of the
Dirac point, where the Berry connection (for a k-space
derivative in the azimuthal direction) diverges.®!:63 This
directly invalidates the first-order Berry term [H¥ in
Eq. (58)] in the expansion.

The appropriate basis functions near a band-touching
point are either field-modified Wannier functions (in a
generalized sense!”®?) or field-modified Luttinger-Kohn
functions.'? Luttinger-Kohn functions are well-known
from the effective-mass theory,’>'*® and have been
reviewed in Sec. III E. We will adopt the latter approach
by Slutskin, which produces an effective Hamiltonian
that acts on wavefunctions over quasimomentum space.

Previous derivations'?17 of the effective Hamiltonian

have only been carried out to lowest order in the field,
and only for a conventional Dirac point with a conical
dispersion. Here, no assumptions will be made about the
degeneracy or the band dispersion. We will employ an



ansatz for the wavefunction that is inspired by Slutskin:'?

U(r) = S M e o) e (212)

nk

with K, [the kinetic quasimomentum operator defined in
Eq. (77)] acting on fnk, which we refer to as the wave-
function in the (K, 0)-representation; shortly we will de-
rive an effective Hamiltonian for f,x. In Eq. (212) and
henceforth, we suppress the spin index and assume k = 0
for notational simplicity. unk,o is defined by replacing
kz in Upnk, o by the kinetic quasimomentum K,. Explic-
itly, employing the Wannier-function expansion of w0
in Eq. (7),'° we replace k, in the exponent of Eq. (7) by
K,:

unic,o(r) = o= > e T RIW, (r — R). (213)
R

The boundary conditions on f,k are determined [as de-
tailed in App. E 2] by the condition that the expansion
in Eq. (212) is independent of the unit cell in k space,
ie.,

alk,r) = Zeik‘runKIO(r)fnk =ak+G,r). (214)

for any reciprocal vector G. For definiteness, we will
choose ), to be an integral over the first Brillouin zone.

The main motivation for our ansatz is that {ung, o}
can be chosen to be smooth with respect to k, (even
at the band touching point), and we might therefore
anticipate that the resultant effective Hamiltonian is
well-behaved analytically. An example of a smooth basis
would be the energy eigenfunctions of Hy(ks,0), with
corresponding energy functions {e,,0} that are smooth
across k, = 0; we refer to this as the ‘energy basis’.

Under certain formal assumptions, our ansatz in Eq.
(212) is equivalent to an expansion in Slutskin’s basis
functions!'? [cf. App. E2]. An analogy can also be made
with Roth’s basis?* of field-modified Bloch functions
[cf. Eq. (53)-(55)]. Indeed, Roth’s ansatz is equivalent
to Eq. (212) with u,k,0(7) replaced by u,x(r), as we
demonstrate in App. A 1.

We will demonstrate that our basis functions are com-
plete and orthonormal with respect to functions in R
neither of these properties were proven in the previ-
ous works,'>!7 and instead a variational argument was
used. The question of completeness: can any function
over R? be written in the form of Eq. (212)? We may
make the following argument for the positive claim: if
I? is set to zero in Eq. (212), it reduces to an expan-
sion over Luttinger-Kohn functions: unkwoe““'r, which
are known to form a complete and orthonormal set of
basis functions.”® For sufficiently small fields, it is plau-
sible that the completeness and orthonormality relations
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are preserved; the latter property should presently be
understood as an operator relation

/d’l" uinKJO(r)eiik-Teikl.TunKéo(r) = 5(k - k/)57ana
(215)

with k£ and k’ restricted to the first Brillouin zone. Let
us prove our claim.

Some well-known properties of Luttinger-Kohn functions
will be useful, including the completeness and orthonor-
mality of {u,r, o} with respect to cell-periodic functions
[reviewed in Eq. (6)]. These properties are simply gener-
alized to the operator relations

> s o(T)ul o (7)) =d(T —T'); (216)

/dTUImeO(T)uLKIQ(T) = 0. (217)
We remind the reader that 7 is the cell-periodic posi-
tion coordinate, and [dr is the integral over a unit
cell; we will often decompose »r = 7 + R, with R
labelling a Bravais-lattice cell. The adjoint operation
in Eq. (217) is defined as uLKw = [upp.ols i€, we
first complex-conjugate the symbol and then symmetrize
it. We will employ that the Bloch functions (denoted
{vng(r)e™® T}, cz with v cell-periodic) are complete with
respect to functions of » € R?, i.e., any ¥(r) may be
expressed as

V(1) = 3 R0 (g (218)
nk

for some function g,ix. By expressing vnk(r) =

JdT'8(T — 7")vnk(7') and inserting Eq. (216), we arrive
at

\I}(’r‘) = ﬁ Z eik.rumKIO(T) Z <umKIO "Unk>gnk7
mk

n

(219)

from which we identify the wavefunction in the (K,0)-
representation as fprp = Zn <umK10’vnk>gnk. This
proves completeness. To prove the orthonormality,
we exploit the translational symmetry of w,x_ o(r) =
Unr,o0(r + R) to express the left-hand-side of Eq. (215)

as
/dT u;anmo(T){ Z ei(klk)'R}Bi(k,k)'T’UJnKéo(T).

R
(220)

The sum over R produces §(k — k'); from Eq. (217),
we derive that the integral over 7 produces O&p-
The orthonormality condition implies that, given any
U(r), we may extract its wavefunction in the (K, 0)-
representation by

fute = A< / dre=™ Tyl ()T (r);

here, we have assumed k lies in the first Brillouin zone.

(221)



B. Effective Hamiltonian in the vicinity of a band
degeneracy

Our goal is to derive an effective Hamiltonian in the
(K., 0)-representation, i.e., acting on the wavefunction
fnk which we introduced in Eq. (212). Due to the pe-
riodicity of a(k,r) [cf. Eq. (214)], the position operator
acts in a simple manner:

PU(r) = o< Z e (iV k) Un k0 frks
nk

(222)

and therefore the mechanical momentum acts as
{i) + a(’f‘)}\ll(’r) = ﬁ Z eik‘r{f) + K}unKmofnk:
nk
(223)

with K = k + a(iVy) the kinetic quasimomentum oper-
ator. It follows that the field-on Hamiltonian [Eq. (39)-
(40)] acts as

HU(r) = > ™7 Ho(K )ung,o fuk- (224)
nk

Applying the operation (1/N) [ dre= Tyl o to the
time-independent Hamiltonian equation: (H — E)¥ = 0,
we obtain an effective Hamiltonian equation

> {Hmn — Edmn } fre = 0. (225)

The Edp, term in Eq. (225) is simply obtained from
the wavefunction extraction of Eq. (221); determining H

requires a calculation that we detail in App. E3 — its
complete form is

- _ N K2 1/. . k. ~
H = |Ho+ k1Y + L —— | X"IIY + 2 X"
2m 12 m

1 <~ - -
xoxT zakmxfﬂ .
2ml4 K. .0

Here, Hy, IT and X are matrices defined respectively
in Eq. (12), (13) and (15); the notation [Hylk, . is
shorthand for the operator [Ho(ks,0)]. To simplify
the presentation, we assume that H corresponds to
the Schrodinger Hamiltonian minimally coupled to the
electromagnetic field [cf. Eq. (39)]; the Pauli case [cf. Eq.
(40)] is a simple generalization of the present equations.

+

(226)

While Eq. (226) is formally an infinite-dimensional ma-
trix equation that is valid over the entire Brillouin torus,
we are pragmatically interested in a few-band, effective
Hamiltonian that corresponds to a low-energy subspace
projected by P; in the k-region of interest, it is assumed
there are no band touchings between P and its orthogonal
complement. To achieve an effective few-band Hamilto-
nian, we need to transform H as

STHS =H, (227)
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such that H' is block-diagonal with respect to the decom-
position P ® Q. From the wavefunction perspective, we
are modifying our ansatz in Eq. (212) as

V(r) = o5 > e un i, 0(r)S(K) fuk-
nk

(228)

One aspect of the block-diagonalization is well-known:
for any Luttinger-Kohn-type basis functions which are
evaluated at k, = 0, we expect that any few-band,
effective Hamiltonian should be valid only for small
k,. Consequently, we would treat k,/G, (with G, a
reciprocal period) as a small parameter. Using standard
Lowdin partitioning techniques which are well known in
k - p theory,">150:151 the block-diagonalization may then
be carried out perturbatively in k.

However, a nontrivial generalization of
Lowdin partitioning techniques is required, since
every term in Eq. (227) is a function of noncommuting
variables (K). The major difficulty lies in evaluating
a product of matrix functions of K. To overcome
this, we borrow an insight from past constructions of
effective Hamiltonians!423:24 — namely, we will organize
H and S in an expansion in powers of I"2, such that
each term in the series is a symmetrized function of
K. Once this organization is performed, we may then
exploit well-known rules for the calculus of symmetrized
operators. Of particular utility is the following product

rule:%4
|
k=k'

(229)

A(K)B(K) = | /s ViVi A(k)B(K')

which we derive in Eq. (E8). Eq. (229) is a particu-
larization of a Moyal expansion, which is familiar from
the correspondence between quantum and classical
physics.15? As it stands, our expression for H in Eq.
(226) is not organized in the above sense, but this will
be rectified in Sec. VIIIC.

The upshot of the last two paragraphs is that both &,
and {2 should be taken as independent, small param-
eters. To our knowledge, partitioning the Hilbert space
simultaneously with these two parameters has never been
done. In Sec. VIIID, we formulate an algorithm for this
partitioning, which may in principle be carried out to
any order in k, and 2. When this algorithm is carried
out to the lowest nontrivial order, we derive the following
effective Hamiltonian:

H=Ho+H{ +H + Ok, %k, 1) (230)
1
1 - . o~
212 K0
1 T
HY = — 5z (X7 e, o, (233)



where [{A,B}] := [AB + BA]. We have retained
our convention that the infinite-dimensional matrices
{Hp, X*,II}, when restricted to the D-dimensional vec-
tor space projected by P, are to be denoted by the same
symbols without the tilde accent; cf. Eq. (20). HI in
Eq. (232) should be understood as the D-rank projec-
tion of infinite-dimensional matrices — two of those ma-
trices, which are both off-block-diagonal with respect to
P & Q, are defined for the first time here: (a) X% is the
off-block-diagonal component of

XT = X"+ X% X%, =X =0,
13,5 (ka, 0)

iX0 - (ky,0) = ——20 22
Emk,0 — Eak,0

(234)

while X is block-diagonal. (b) T¥ is defined by its el-
ements: for any m,n (labelling bands projected by P)
and m, 7 (labelling bands projected by Q),

Yy Y
Yy, =T¢, =0, :
Emk,0 — Enk,0

1Y, (ks 0)

iTY (ky) = ———mnat
mn( x) Emk,0 — €ak,0

(235)

These particular expressions for X% and TY are valid in
a certain basis for the cell-periodic functions — namely,
where {un, 0} from our ansatz [cf. Eq. (228)] correspond
to energy bands, and are also smooth in k,; in this basis,
Hy(k,,0) is a diagonal matrix, with diagonal elements
equal to energy functions {e,r,0}2_; which are also
smooth in k,. For any line (at fixed k, = 0) that does
not form a loop (around the Brillouin torus), such an
‘energy basis’ can always be found.

Let us discuss the possible bandstructures for which
Eq. (230) may be applied. While we have motivated the
choice of our basis functions [in Sec. VIIT A] by their util-
ity in the vicinity of a point degeneracy, we should clar-
ify that the derivation of the effective Hamiltonian [cf.
Eq. (230)] makes no assumptions about the presence of
a point degeneracy, and is therefore also applicable to
nondegenerate bands. If there exists multiple touchings
between bands in the subspace of P, Eq. (230) is applica-
ble if there exists an orthogonal coordinate system where
all touchings occur on the straight line of fixed k, = 0.
The range of k, for which H is valid is only restricted by
the existence of a smooth (in k) ‘energy basis’; in some
cases, this smooth basis may be found over the entire
circle of fixed k, = 0. For applications to a single point
degeneracy, the essential physics is often captured by an
effective Hamiltonian that is linearized in k, around said
point, in which case Eq. (233) particularizes to

1 -~
H = Hy + K, II® + iK,[X°, Ho| + k,IIY + BE <{Ty, =}

—{x" 1Y} — {xf,ny}> + Okl K217, (236)
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where all matrices above are evaluated at k = 0. The
above equation is derived by utilizing the identity in Eq.
(21). In particular, if k = 0 is a point of degeneracy for
all D bands projected by P(k), then [X®, Hy| vanishes
and Eq. (236) further simplifies to

1 S
H = Hy+ K, II* + k,I1Y + BE <{Ty, 1"}

ke — {xw,ny}) ORI TY.  (237)

Ho in Eq. (231) [as well as the first three terms in
Eq. (237)] shall be referred to as the Peierls-Onsager
Hamiltonian in the (K, 0)-representation; its form is
closely analogous to the Peierls-Onsager Hamiltonian
in the (Kg,ky)-representation [cf. Eq. (56)]. Indeed,
we may arrive at the first three terms in Eq. (237)
by the Peierls substitution & — K of the Bloch
Hamiltonian in the Luttinger-Kohn representation:
Hy(k) = Ho(0) + k,I1%(0) + k,I1¥(0) + O(k;k;) [derived
in Eq. (43)]. In the presence of a point degeneracy, this
Peierls substitution is only valid for a Luttinger-Kohn
basis that is smooth (in k,) across the degeneracy. A
case in point is the Peierls-Onsager Hamiltonian for the
Dirac point in graphene: H = vK,7, + vK,T,, where
7; are Pauli matrices that span a vector space corre-
sponding to the two sublattices. Here, we may identify
7, = %1 as labelling the two Luttinger-Kohn functions
(ux k,.0), which depend smoothly on k, across the Dirac
point. Going beyond two-band touchings with conical
dispersions, we emphasize that Eq. (237) proves the
lowest-order validity of the Peierls-Onsager Hamiltonian
for band touchings of any kind, including: (a) those with
nonlinear dispersions, e.g., the double-Weyl point in
Ref. 62 disperses quadratically in two directions, as well
as (b) higher-degeneracy touchings, e.g., the ‘spin-one
Weyl” point described by KL, + Ky,L, + k,L,,>04°
where L are the generators of SO(3) in the spin-one
representation.

Going beyond the leading-order Peierls substitution,
we view HE [in Eq. (232)] as the direct generalization
of the Roth orbital moment, and the H¥ [in Eq. (233)]
as the direct generalization of the Berry term; their im-
plications on the Landau levels will be investigated in
a future work. In their original formulation,'*23:24 the
Roth and Berry terms describe the first-order corrections
to the Peierls-Onsager effective Hamiltonian for either (i)
a single, nondegenerate band [as reviewed in Sec. IV A],
or (ii) a subspace of degenerate bands [reviewed in Sec.
IVB|. Here, we are claiming that Hf and HP are ap-
plicable to multiple bands, degenerate or nondegenerate,
which disperse in any fashion — possibly touching at iso-
lated wavevectors. The broadness of our claim suggests
that if we particularize Eq. (230) to cases (i) or (ii), we
should be able to recover an analog of the previously-
derived effective Hamiltonians — we demonstrate this in
Sec. E4.



C. Derivation of symmetrized effective
Hamiltonian in the (K,,0)-representation

As motivated in the paragraph containing Eq. (229),
the goal of this subsection is to derive Eq. (225) with H
expressed in a power series in -2, such that each term is
symmetrized with respect to K. H is defined implicitly
through

Z’l:l(K)mnfnk = \/—lﬁ /dr uInKmO(r)e_ik'rfI\I/(r),
" (238)

with ¥ having the ansatz form in Eq. (212), and k
assumed to lie in the integral domain of )", in Eq. (212).

In the first step, we would show that # has the more
explicit form:

HE ) = / drul e o(T) Ho(K unic,o(7).  (239)

J
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Beginning from the right-hand-side of Eq. (238), we em-
ploy Eq. (224) and the translational symmetry of the
operator Unk,o(1) = Unk,o(r + R) to derive

1 / + —ik-r 13
—— [ dru e "THU(r
/dr > "l e o (P F TR Ho (K Y ie10(7) fre

nk’

/dTZumK z(k: k)r{ze (k' — }
nk’
x Hy(K' Yunk:o(T) frkr
[ a3 s oD B o) o

(240)

from which Eq. (239) directly follows. In the sec-
ond equality, we have split the integral [drf(r) as
Y rJdTf(T+R), ie., we integrate over the cell-periodic
position coordinate 7 and sum over all unit cells labelled
by the Bravais lattice vectors R.

The right-hand-side of Eq. (239) involves a triple product of symmetrized operators — we evaluate it utilizing the

product rule of Eq. (229). We first consider the product of Ho(K

) with any other symmetrized operator — owing to

ro(k) being quadratic in k, the expansion of Eq. (229) continues at most to second order:

iy (K)BUK) = [ (KB + 515 casl11° (k)05 BR)]

To evaluate a triple product of the form A(K

o tastanl050, BR) = [ (ko + (/210 V) B(K)]

(241)

)PAIO(K)B(K) we may first evaluate HyB using Eq. (241), then apply

q. (E8) to {A{HyB}}. In this manner, we derive the symbol of H(K) as

Honn (k) = (/2 eap ViV, /dTu;klo(T)fIO(k'; + (i/2)l'2ea5V£,)unk;0(T)

= <Umkx0’ﬁ0(k)|unk$0> + QLZQ
1
+ W<Viumkmo|viunkm0>,

- ~ k
= <umk.10’Ho(k)|unk-mo> BYE) {xz (Hy + ’I’YZI{) }mn‘kmo +

In the last equality, we employed f[(k)
(9)-(10). We might also express

<Umk$0 }f{o(k) ’u7lkx0> =

using the identity in Eq. (11).

Ho(k!, + (i/2)l2,5V%,) is at most of order I4.

As motivated towards the end of Sec. VIII B, we should
consider k, /G, as a small parameter, independent of and
in addition to ["2. For any function of k and {2, we may

{<vgumk$0|ﬁy(k)

(Ho + k,I1)

The highest-order term in Eq. (242) is

(i) e (i/2)1 % eas ViV acts on a function which depends quadratically on k,

k'=k

<Umkm0|ﬁy(k) ‘Viunkm0>}

|unk.0) =

1 YT
2mit (x )gnn;kzO'

(242)

=II+k /m, which follows from the definition of the velocity operator in Eq.

2

+ 7y57nn7

O(I'*) due to the following two reasons:
[through Ho(k)], and, (ii) the operator

(

indicate its order in k, by a superscript:

G (k. 1%) = O(kSI™); (244)



we retain our convention of indicating the order in I
through the subscript; for matrices, we would have addi-
tional subscripts to indicate the row and column indices:
{G} }sun. For symmetrized operators G(K), we may also
label them as G (K) if their corresponding symbols sat-
isfy Eq. (244). We are now ready to organize the effec-
tive Hamiltonian in Eq. (242) in a power series in the two
small parameters, with the aid of Eq. (243):

HK) =H) +HY +HY + HY + H2+ 1S, (245)
HY(K) = Ho(K,,0), (246)
H(K) = %[{ky,ﬁ%kx, 03, (247)
Hi(K) = I S (E UG, 0, (5,000, (219
HUK) = — o ({2 (e, 0), K, ) (249)

k2
H(K) = 5L, (250)
HY(K) = 5 (07 (251)
Kz,0

D. Block-diagonalization of effective Hamiltonian

Our goal is to find a transformation (S) that
block-diagonalizes the effective Hamiltonian [H in
Eq. (245)] with respect to the decomposition P & Q;
recall Eq. (227). We will carry out this transforma-
tion perturbatively in the two small parameters k,
and [2; our approach thus marries the traditional
Lowdin partitioning in k- p Hamiltonians (which utilizes
k as a small parameter),”?150:151 with the lesser-known
block-diagonalization procedures of effective Hamiltoni-
ans (which utilize "2 as a small parameter).4:23:24

Let us expand S in a series organized in powers of &,
and [2, where each term in the series is a symmetrized
function of K:

K) =1+ Si(K), S(K)=[S}(k)
sil(k) =[S (k). Si(k) = O(KIT¥).  (252)

By Zl ., we mean to sum over all nonnegative integers
but exclude the single case of i = j = 0. S is formally an
infinite-dimensional matrix operator, as are H and 7'
We have chosen the lowest-order term in S to be the
identity operation, since H{ is already block diagonal
[cf. Eq. (246)], and requires no further modification.

From a wavefunction perspective, we are modifying our
ansatz U — U’ as in Eq. (228). Following essentially
the same steps as outlined in Sec. VIII B, the modified,
time-independent Hamiltonian equation [(H — E)¥’ = 0]
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is equivalent to

{STHS — ESTS} « fi, = 0, (253)

where, again, Ax B denotes a matrix multiplying a vector
with implicit index summation. To maintain the struc-
ture of an eigenvalue equation, we insist on the unitary
condition STS = I. In practice, this unitarity condition
will be imposed perturbatively. That is, from

.

SHE)S(K) =1+ 5! (K)

2%

! a ! it a

+ Z Sy (K) + Z S5 (K)Sy(K),
a,b i,7,a,b
we impose the conditions order by order, e.g.,

$0 =5, sp=-s3,

0=25!+5"+ 50751 4 517s0,

0=59"+94 59750 0=s52" 1 524 5ist ..
(254)

We may also expand
STHS = HY + (’f{é - [”HS,S&]) + (’ﬁt? - [718,59])
(8 + 7053 + 53 HE + [ 5]+ s ASSY ) +
(255)

The commutators in the above expansion were derived by
utilizing the anti-Hermiticity of S§ and SY [cf. Eq. (254)].
The commutator of two symmetrized operators is not
just the symmetrized commutator of their corresponding
symbols, e.g.,

n=1
(256)
The additional terms { Cj’i’;}nzl on the right-hand-side

originate from a Moyal expansion, which we express in a
more general form in Eq. (E9). The regularity of C’;iz
implies that for every unit increase in the power in 12,
there is a corresponding unit decrease in the power of

ky. After all, the Moyal expansion is an expansion in

I2e,5VQVe. Each of {Ci1n} renormalizes {Hj+n } in

the block-diagonalization procedure.

In principle, we may block-diagonalize H to any order
in k, or I%; this will be demonstrated explicitly for ’H;
with (i,7) = (0,1) and (1,0). Two identities will be
useful for this purpose, which are particularizations of
Eq. (256):

[Ho(K), S5 (K)] = Uffo<kx,0> S (k)]
+ 57 [ (ke 0), VESEY], (257)
[(Ho(K), S7(K)] = [[Ho(ka, 0), 57 (k)] (258)



Eq. (257) has one more term than (258) because S}
is linear in k, while S? is independent of k,. We will
exemplify how the last term in Eq. (257) renormalizes

HO.

Employing the identities in Eq. (257)-(258), the first
two brackets in Eq. (255) may be expressed as

Y+ .58 = [ + [Fo(hs.0), S ()
K L
+ 5 (hn0), Vi3,
HO 7.5 = [ + [Ho(ke, 0), S?(k)}] (259)
K L
leading to
= [%(k) ok, 0), S&(k)]], (260)
i = [m<k> T (o (ks 0), 5(k)]
4 #{ﬁm(kw, 0), v};sg}] . (261)

To block-diagonalize H' (1) with respect to P®Q, we choose
S} so that the off-block-diagonal elements of [Ho, S3] ex-
actly cancel the off-block-diagonal elements of 7:l(1) A
simple expression for Si(k) exists if we employ a basis
for cell-periodic functions {unk, 0} that: (i) correspond to
energy bands, and (ii) retains our initial assumption of
smoothness in k;. The cancellation of off-block-diagonal
elements in the energy basis leads to the following con-
dition

{HE(B) Ymn = —(Emika0 — Enka0) {Sa (K) Frn
11%,,, (ks 0)

= {55 (k) }ian = —kym

with m labelling bands in @ and n the bands in P; clearly
the above equality also holds with m and n interchanged.
In the last equality, we extracted H{ from Eq. (247).
The block-diagonal elements of S may be any smooth
function of k that is linear in k,; in practice we will set
all of them to zero, such that

Sp (k) = =ik, Y (ky), (263)

with T defined in Eq. (235).

Inserting this equation, as well as Eq. (248), into Eq.

a0

(261) we obtain

~,0 ~ 1 -~ =
Hl = [Ho(k$70)7sg.)(k)] - ﬁ{xzaﬂy}kwﬁ

1 - -
- L, w}kx,@}

5 (264)

= | (e, 0), SYR)] + 55 ({4, 117)

1

—{E ), - o

{x®, ﬁy}kmo] . (265)

In the last equality, we have separated X* into its block-
diagonal (X*) and off-block-diagonal (X¥) components
[cf. Bq. (234)]. In similar fashion to the case of H}', we

will cancel the off-block-diagonal elements of 7—[(1], by a
judicious choice of S?:

({Tv, 117} — (&7, v} — {&,11v})
0 _ .
{51 (k) bian = —202(e/mk,0 — Enk,0)

{SY(k) }rnn = {SY (k) }mn = 0.

mn;k.0
b

(266)

This completes the block-diagonalization to order k, and
I"2; what remains is to define finite-dimensional matrices,
having dimension D equal to the rank of P(k), to replace
the infinite-dimensional matrices. We then finally obtain
the effective Hamiltonian of Eq. (230).

IX. INTERBAND BREAKDOWN

Interband breakdown occurs where two constant-
energy band contours — belonging to distinct bands —
become anomalously close. As illustrated in Fig. 7(b),
the two contours approach each other as two arms of a
hyperbola, just as in the case for intraband breakdown.
What distinguishes the two cases are the orientations!'®3
of travelling wavepackets (as determined by Hamilton’s
equation) on both arms: opposite for interband [Fig.
7(b)], and identical for intraband [Fig. 3(b-c)]. Another
distinguishing feature is that for interband breakdown,
only one of two in-plane components of the band velocity
(Vike) becomes anomalously small, whereas this is true
for both in-plane components in the intraband case.

To systematize the derivation of quantization condi-
tions, it will be useful to formalize the above discussion in
the language of graph theory [cf. Sec. IITF]. Each region
of strong tunnelling is identified with a degree-four, two-
in-two-out vertex. For the intraband- (resp. interband-)
breakdown vertex, the two incoming edges are (resp. not)
diametrically opposite to each other. To simplify nota-
tion, any ‘breakdown vertex’ in the rest of this section
should be understood as an interband-breakdown vertex.



(a) (b)ky=0
€
k k
Yy
1+ 2+
g Y,
~—2a— .7
. 1
{2 ky | I k,
) @‘\1\\&* C
i d e
ky—:;— / Xﬁ* 2
1= 22 N
(5>

FIG. 7. (a) illustrates the interband breakdown region, which
overlaps with the semiclassical region (indicated by grey wavy
lines). Solid black lines illustrate the band contours at posi-
tive energy. The orbit velocity k is indicated by arrows, and
determined by Hamilton’s equation. (b) Band dispersion at
fixed ky = 0 for the Hamiltonian in Eq. (267), with u > v > 0
and w > 0. The two bands are labelled by index 1 and 2.

A. Symmetry analysis and Bloch Hamiltonian near
a II-Dirac point

Let us identify the symmetry classes which stabilize
band touchings of the kind that leads to interband
breakdown. To begin, how are band touchings (of
any kind) stabilized in a Brillouin two-torus (BT.)
parametrized by k = (kg, ky); we shall again assume the
field is aligned in 2. Our present discussion is restricted
to BT, but we will eventually comment on how BT is
embedded in a Brillouin three-torus. Applying the
argument in the introduction of Sec. VIII, robust band
touchings occur on points or curves, if the co-dimension
of the Hamiltonian is two or one respectively. We
shall investigate the former case, and postpone the
latter case to future studies. We shall also assume
throughout this section that the point touching occurs
between two nondegenerate bands; touchings between
spin-degenerate bands are briefly discussed in Sec. X.

We focus on point degeneracies which lie at the tip of a
energy-momentum cone, i.e., the band degeneracy splits
at linear order in k (originating from the band touch-
ing), and the constant-energy contours intersect as an
‘X’. From a general classification of Fermi surfaces near
conical band touchings,®® this ‘X’ must correspond to a
type-II Dirac point.’”® A II-Dirac point is minimally
modelled by the following Hamiltonian in the Luttinger-
Kohn representation [cf. Eq. (43)]:

Hy(k) = (u+ vy3)ks + wky,

II"(0) = u + vys, IIY(0) = wq, (267)

with k = (k,, k,) originating from the point of degen-
eracy; 7; are Pauli matrices spanning a (pseudo)spin-
half basis. The linearized band dispersion is shaped as a
‘Dirac’ cone which is rotationally invariant if v = 0. If
u is continuously increased till |u| > |v|, the cone tilts
over F = 0 (the energy of the Dirac point), and the
zero-energy band contour changes discontinuously from

o1

a point to an ‘X’. Precisely, for a finite energy window
near zero, the corresponding contours form a family of
hyperbolic curves:

ul

k2
— =L =1, with kg := ———
b2 ’ w2 — 2’

_ vE = vE
a:=———= =
_ w2 — 02

with k;. the center of the hyperbola; the ‘X’ corresponds
to the hyperbolic asymptotes: k, = £(b/a)(ky — kgc).

(268)

While Eq. (267) is not the most general form of a II-
Dirac Hamiltonian,® its simplicity manifests the physics
we will describe. We may further motivate Eq. (267) as
the most general Hamiltonian (up to unitary equivalence)
satisfying the symmetry constraints:

[61, Ho(k)] =0, {g1,i} =0, g =+I, (269)
gZHO(k)gél = HO(kI> _k/’y)’ [§27i] =0,

I. [61.0-] =
Trlg) =0, g2={ " 192, 82] =0, (270)

I, {132} =0.

g1 is a space-time transformation that maps k — k
(within the plane), and has an antiunitary representation
that squares to +I. For example, g; could be Ti in
an integer-spin representation; alternatively, g1 = T'co,
in either half-integer or integer-spin representation, in
which case BT, is identified with either of the high-
symmetry planes: k, = 0 or m. In all these cases, g1
lowers the co-dimension of the Hamiltonian to two,
and hence stabilizes Dirac points in B7T,. ¢ is an
order-two, spatial symmetry which maps k — (ks, —ky).
A touching between two orthogonal representations of
g2 occurs at the Dirac point; the commutation relations
between §; and go in Eq. (270) imply that each repre-
sentation of go is invariant under g;, so that the band
touching may split away from 0. Examples of g; include
the reflection v,, or the glide g, z/2. Incidentially, T
and g, z/> are the symmetries of the monolayer MTe;y
(M=W,Mo),*** which serves as a toy model for II-Dirac
fermions.?” For the pseudospin basis chosen in Eq. (267),
g1 = K and §o = o05. We clarify that & = 0 is not
an inversion-invariant wavevector, but a generic point
on either go-invariant line (k, = 0 or 7). Lacking a
symmetry (e.g., ¢n., T, t;) that nontrivially transforms
k, in the sense of Eq. (28), the Hamiltonian term uk, is
legal and tilts the Dirac cone in the direction parallel to
the go-invariant lines.'®®

There are two topologically distinct ways to embed
BT, (containing a II-Dirac point) in a 3D Brillouin
torus: (i) if the degeneracy splits away from BT, it is
a genuine 3D point degeneracy of the II-Weyl type; this
may be modelled by adding tk,v2 to the Hamiltonian
in Eq. (267). (ii) If the degeneracy persists away from
BT, the II-Dirac point should be identified as a point



on a line degeneracy; this may be modelled by adding
tk,v3 to Eq. (267), such that the line degeneracy lies on
the intersection of two planes: k, = 0 and tk, + vk, = 0.
Interband breakdown in solids with line nodes was first
studied by Slutskin,? but the conception of Weyl/Dirac
points did not exist at his time (1967).

A quantity of geometric significance is the area (4ab)
of the rectangle inscribed between the two hyperbolic
arms [see Fig. 3]. It is natural that the dimensionless
parameter

v2E2]?

R

L= 2abl = Yu(u® — 0232 >0, (271)
determines the probability of tunneling between orbits:
tunneling is negligible where f > 1, and significant
otherwise. The exact form of i will be motivated by the
connection formula in Eqgs. (283)-(285), which is the key
result of this section.

B. Effective Hamiltonian for interband breakdown,
and the Landau-Zener analogy

Following the divide-and-conquer strategy that we
have employed for the turning point and the saddle-
point, we would likewise need to formulate an effective
Hamiltonian that is valid at the interband-breakdown
region, and solve for its wavefunction nonperturbatively.
In the Landau electromagnetic gauge where k, is a good
quantum number, the breakdown region is an interval
k, € [kf k,] centered at the II-Dirac point where
quantum tunnelling is significant, as illustrated in Fig.
7(a).

One complication for interband breakdown that did
not occur in the previous two cases: a point degeneracy
in the band dispersion invalidates the use of the field-
modifed Bloch functions [cf. Eq. (55)] as basis functions.
As motivated in Sec. VIIT A, we will instead employ a set
of field-modified'? Luttinger-Kohn functions”? which are
analytic with respect to k at the degeneracy — these are
basis functions in what we call the (K, 0) representation.
At energies where interband breakdown is relevant, our
ansatz for the wavefunction is

2
Z Z eilean,Kw,O(r)fnk

k, E[k+ kg n=1

Wy, (r) =

x

Eh

.+;%§ S S e (Pl + O,

ky kg kg =1
(272)

with n = 1,2 labelling bands in the band-touching sub-
space, as illustrated in Fig. 7. K, the kinetic quasimo-
mentum operator defined in Eq. (77), acts on f,r and
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gnk, which are wavefunctions in the (K,0) and (K, k)
representations respectively. They are respectively valid
in the breakdown and semiclassical intervals. An assump-
tion (on the band parameters!?) is made that the two
domains of validity overlap. In this region of overap [in-
dicated by wavy lines in Fig. 7(a)], the wavefunctions in
the two representations may be matched as

2
Fote = 3 (im0t s, e, Y9+ OB, 1),

n=1

(273)

where n = 1,2 are indices for the band-touching sub-
space. The proof of this relation is closely analogous to
the proof of completeness in Eq. (218)-(219); instead
of employing Bloch functions which are complete with
respect to functions of » € R?, we would likewise use
that field-modified Bloch functions are complete with
respect to functions of r € R?.5%76 Ag denoted vaguely
by ... in Eq. (272), there might generally be more
contributions to ¥ that are associated to edges far away
from the II-Dirac point [and therefore not illustrated in
Fig. 7]; these contributions will not be important in the
matching procedure described in Sec. IX C.

As derived in Sec. VIII B, the effective Hamiltonian in
the (K, 0)-representation is obtained from Eq. (237) as

Ho(K)

where Hg,II; are two-by-two matrices evaluated at the
point of degeneracy (k = 0). When Eq. (274) is particu-
larized to our minimal model in Eq. (267):

— Ho + KT + k,IIY, (274)

2

n=1

Ho(K) =
To simplify the notation, we would further assume
u,v,w are all positive. Our neglect of the first-order-
in-I2 corrections in Eq. (237) is only justified if, near
k = 0, a large energetic gap separates the two-band
subspace (involved in the degeneracy) from every other

band.156

K, (u+ vys) + wkyyi. (275)

Transforming the wavefunction as

2
fnk = QkE § nmJmk, with
m=1

ky—keo(E))k,1?
akE:e( ())y’

= 1 [(utw)?
"y

the effective eigenvalue equation describes the Landau-
Zener dynamics of a two-level system:

_ a
0= (aTl + zkyTg 12 ok )fk

<u+wlﬂ>7 276)

(u—v)"? —(u—wv)"*?

(277)



Here, 7; are Pauli matrices, and Eq. (277) should be
interpreted as a matrix differential equation acting on
a two-component vector wavefunction ,]ka: A more
general transformation to a Landau-Zener dynamical
equation is described in App. F 1, which would apply to
a larger class of matrix Hamiltonians than assumed for
our minimal model.

In the Landau-Zener analogy, k, is interpreted as a
time variable, and {k7(k,, E)}2_, as two ‘Landau-Zener
energy’ branches:

2

k
Y
1+Z—)72,

ki (ky, E) = koc + (—1)"|al ki (0,0) = 0,

(278)

with kge,a and b being E-dependent hyperbolic param-
eters defined in Eq. (268). ‘Energy’ in the Landau-
Zener analogy should not be confused with the actual
energy (E) in the magnetic problem. We will refer to
the zero-field energy bands labelled by n = 1,2 as the
ky-dependent ‘adiabatic basis’ in the Landau-Zener anal-
ogy — as long as E # 0, there exists an adiabatic limit
(I — 0) where the band is a conserved quantity. If
E = 0, such an adiabatic limit does not exist and the
probability of tunneling is unity — this has been described
as a momentum-space analog of Klein tunneling.*6 At
E =0, it is more convenient to employ a diabatic basis
which corresponds to the maximal-tunneling trajectories

k;n(ky) = (_1)m|d/b|kyv (279)
as illustrated in Fig. 8(c); the diabatic basis shall be la-
belled by m € {1,2}, just as we have done for the two-
component vector fmr in Eq. (277). We see that the
matrix T, introduced in Eq. (276) transforms between
the adiabatic and diabatic bases.

(@ (®)

FIG. 8. (a) Labels for the four edges that meet at an
interband-breakdown vertex. Black solid lines correspond to
constant-energy band contours at zero field and nonzero en-
ergy (E = 0 being the energy of the II-Dirac point); we shall
refer to energy bands for E # 0 as the adiabatic basis. (b-c)
illustrate the diabatic basis for ¥ # 0 and E = 0 respectively.
For E # 0, the diabatic basis coincides with energy bands
only for |ky| > |b|. For (and only for) E = 0, the center of
the hyperbola [indicated by blue dot in Fig. 8(c)] coincides
with the wavevector (kK = 0) of the II-Dirac point, and the
diabatic basis coincides with the energy bands for all k.
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C. Connection formula and quantization condition
for interband breakdown

The Bohr-Sommerfeld quantization rule is the conti-
nuity condition on wavefunctions in both representations
[fre and gne in Eq. (272)], with the understanding
that f and g are related through Eq. (273) where the
semiclassical and breakdown intervals overlap. In this
section, we will derive a scattering-matrix formula that
connects g across the breakdown interval — in effect,
we may forget about f and impose continuity on g,
which satisfies certain wavefunction-matching conditions.

Once f is forgotten, we may proceed in close analogy
to the graph-theoretic formulation of the quantization
condition for intraband breakdown in Sec. IIIF-VIIB.
We assume the reader has some familiarity with these
sections — we shall therefore avoid a lengthy expo-
sition on similar-sounding generalities, in preference
of a heuristic derivation of the quantization condition
for a single II-Dirac point, as illustrated in Fig. 11 below.

A crucial ingredient to quantization conditions with in-
terband breakdown is the connection formula for a single
interband-breakdown vertex, which we will subsequently
derive. We will actually derive two connection formu-
lae: (a) the first formula, as summarized in Eqgs. (283)-
(285), is applicable for £ # 0 and connects Zilberman-
Fischbeck (ZF) functions in the adiabatic basis, and (b)
for E = 0, the second formula [Eqgs. (287)-(288)] con-
nects ZF functions in the diabatic basis. These formulae
extend a previous formula'? to include the effect of the
Berry phase.

1. Connection formula for E # 0

As illustrated in Fig. 8(a), the four edges which con-
nect to the breakdown vertex are distinguished by the
labels (14,1—,2+,2—). We will eventually formulate
the connection formula as a scattering matrix relating
(14, 24) to (1—,2—). Given an arbitrary graph with one
or more breakdown vertices, it is important to correctly
identify the four labels for each individual vertex. 1+
and 2+ label the two edges which are oriented toward
the vertex, and 1— and 2— label the edges oriented away.
We remind the reader that the orientation of each edge
is the direction of a hypothetical wavepacket, which is
determined by Hamilton’s equation with the convention
B = —|B|Z. Let us set down local coordinates centered
on each vertex, such that + lies to the north and —
to the south; we may then assign 1 to the west, and
2 to the east, as exemplified by the three graphs in
Fig. 9(b-d). It is sometimes convenient to define (as we
have already done) a right-handed coordinate system
where k, increases in the direction from — to +, and
k, increases in the direction from 1 to 2, as exemplified
in Fig. 9(a). Since western and eastern edges also



correspond to distinct bands, we might also view 1,2 as
band indices which are locally-defined at each vertex.

o &
<><> T

(c)

~¢ Ny
R

FIG. 9. (a) Graph for a single II-Dirac point. (b) Anti-
crossing figure-of-eight trajectory. (c) is a graph that typi-
cally occurs in band-inverted nonsymmorphic metals.?® (b)
and (e) illustrate closed Feynman trajectories. Brown and
black pockets have opposite circulations.

(d)

For F # 0, the two edges belonging to band n form a
smooth curve given by k2 (k,, E) in Eq. (278). The corre-
sponding Zilberman-Fischbeck (ZF) wavefunction in the
(K3, ky) representation is

ke = %eikzkl’ﬁe_”z Jo" (kQ—HIL(vﬁ)'l)dm
VIvil

following the general analysis of Sec. VA1; HJ (the
Roth-Berry-Zeeman Hamiltonian) and vZ (the band-
diagonal velocity) are single-band quantities evaluated
on the n’th band contour. The Hi-term in Eq. (280) is
further simplified owing to the assumed space-time sym-
metry g1 in Eq. (269): (i) the orbital moment vanishes, as
may be deduced from Tab. II. (ii) In spin-orbit-coupled
systems, the Zeeman coupling also vanishes owing to g;
[cf. Tab. II]. (iii) In solids with negligible spin-orbit cou-
pling, we work in the eigen-basis of the spin operator 7,
and the Zeeman splitting results in a constant term in Hy
which we will not write out explicitly. What remains of
J H(vE)™ is the integral of the single-band Berry con-
nection X,, along the n’th band contour, i.e.,

(280)

. 2 g2 rky n
ezk,zkyl e il fO kydz Wnkya (281)

with W defined as

kg (ky)iky
Wk, = €xp [z/ X, - dk:’}
k

7 (0),0
_ WnJrv ky > +‘5|7 (282)
Wi, ky < —|b].
X, is only well-defined everywhere along k7 (k,, E) for

E # 0. For E = 0, the Berry connection (for a k-space
derivative in the azimuthal direction) diverges at the

o4

II-Dirac point; it is appropriate here to employ different
ZF functions in a diabatic basis, which will be described
in Sec. IXC2 below. We will henceforth refer to wy,g
defined in Eq. (280) as the adiabatic ZF functions, and
restrict our attention to E # 0 in the remainder of this
section.

Since the (K, ky)-representation is not valid for an in-
terval of k, in the breakdown region [illustrated by the
white region in Fig. 7(b)], we introduce a label to dis-
tinguish (K, k,)-wavefunctions that are valid above (+)
and below (—) the II-Dirac point:

For FE # 0, gfk:citwgk—k...

(283)

+ +
91 = €1 Wik + ..,

. indicates contributions by edges far away from the
II-Dirac point; they will not play a role in deriving the
connection formula. The derivation proceeds in three
steps: (i) in the breakdown interval, we solve for the
eigenfunction of the effective Hamiltonian in the (K, 0)-
representation [cf. Eq. (275)]. (ii) In the interval of over-
lap, we transform the eigenfunction of (i) to a wavefunc-
tion in the (K, k,)-representation through Eq. (273),
and (iii) match the resultant wavefunction to the WKB
wavefunctions (g, i %) deﬁned above. (1) is elaborated in
taln a scattermg—matrlx equatlon relating 1ncom1ng (at
positive k,) to outgoing (negative k,) amplitudes:

- +
For E 0, <01> =9 (ﬁ) :
Co Co
S(B,i2) = VI-per —eh
’ ei(92791)p 1 _ p e*iw ’
p(p) = e ™, (284)

with i the dimensionless tunneling parameter defined in
Eq. (271). w is the interband scattering phase plotted in
Fig. 10, and defined by

w(p) = i — pln i+ arg [C(ip)] 4+ /4

—r/4, ©—0
m/4, [—0, (285)
07 ,L_L — +OO,
with I" the Gamma function. In particular, w = —m/4 at

the energy of the II-Dirac point, which may alternatively
be derived by perturbation theory.'®7

The interband tunnelling amplitude ($12) may be
viewed!®® as the exponentiated action of a tunneling tra-
jectory that encircles a Kohn branch point'® in complex-
k, space; |$12> = e~2™" is the famous Landau-Zener
tunneling probability. The unspecified phase (6; — 62)
in 315 reflects an intrinsic phase ambiguity between two
nondegenerate bands. This ambiguity was implicit in
the expansion of Eq. (283), where we might have arbi-
trarily redefined wpg, — Wpge'n by a k-independent but
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FIG. 10. Interband scattering phase w vs fi.

band-dependent phase. This arbitrary phase should not,
however, affect the quantization condition for closed or-
bits, owing to the following argument: the quantization
condition is a function of phases acquired by wavepack-
ets along closed Feynman trajectories. Let us consider
those closed trajectories that involve interband tunnel-
ing. The two-in-two-out rule at an interband vertex guar-
antees that a wavepacket must traverse an even number
(p € 2Z) of pockets before forming a loop. For illus-
tration, p = 2 for the figure-of-eight trajectory in Fig.
9(b), and p = 4 for the trajectory (indicated by solid
lines) in Fig. 9(e). Each pocket corresponds to a single
band, and a wavepacket that tunnels between two pock-
ets (labelled i; and i) picks up the inter-pocket phase
difference (0;, — 6;,). Since the wavepacket must even-
tually return to the pocket it originated, the sum of all
inter-pocket phase differences acquired in a closed trajec-
tory vanishes. This shall be made more explicit in our
subsequent case study of Fig. 9(a-b) [Sec. IXD below].

2. Connection formula for E =0

As motivated in the discussion below Eq. (282), we
would like to define a different set of ZF functions (hence-
forth referred to as diabatic ZF functions) which are
applicable at the energy of the II-Dirac point. By re-
quiring that these functions are continuous along the the
maximal-tunneling trajectories k7 (k, ), as defined in Eq.
(279)], they assume the form

1 . 2 _ a2 rky a
_ ezkmkyl e il fu kydz W’Flky7

o

with Wy defined just as in Eq. (282), except the Berry
connection is integrated over kZ'(k,). Following essen-
tially the same argument as in Eq. (283), we define the
coefficients ¢ through

(286)

g,f’EZO = ciiwik + cgtwgk +... (287)

These coeflicients correspond to the relabelled edges il-
lustrated in Fig. 8(c), and are related simply as

- +
For B=0, () =5 (], se= ("),
5 c 01

(288)

%)

which states that Landau-Zener tunneling occurs with
unit probability, independent of the strength of the field.
This connection formula may be derived from solving
Eq. (277), which decouples (for E = 0) to two scalar,
first-order differential equations.

Let us compare this zero-energy connection formula
[$(1%)] to the finite-energy formula [$(E, %) in Eq. (284)]
in the limit £ — 0%, with 0% a vanishingly small pos-
itive/negative quantity. Ignoring the (3 — 61) phase
(whose irrelevance was argued for in Sec. IXC1), § —

—iT9, with 75 a Pauli matrix — this implies c{r = c7
and ¢f = —c;, which differs from Eq. (288) by a minus

sign. This apparent discontinuity in the connection for-
mula does not imply that the quantization condition is
also discontinuous at E = 0; we will see how this tension
is resolved — by the Berry phase — in the following case
study.

D. Case study: single II-Dirac point

FIG. 11. (a) Energy-momentum dispersion of a single II-Dirac
fermion. (b) shall be referred as the 1I-Dirac graph.

We study the simplest example of a single II-Dirac
point, where the Fermi surface closes off as in Fig. 11(a);
this may be modelled by adding a cubic term to the II-
Dirac Hamiltonian [cf. Eq. (267)]

Ho(k) = (u+ vy3)ky +wkyy — t(1 —y3)k,

w, v, t,w >0, u>v. (289)
This model has various realizations in the
literature,*647-160  The corresponding graph in Fig.
11(b) comprises four edges, four turning vertices and a
single interband-breakdown vertex. The Landau levels of
this model were first studied in Ref. 46 and Ref. 47 using
a combination of semiclassical analysis (for single-band

transport) and large-scale numerical diagonalization;



a quantization condition that determines this Landau
levels for any tunneling strength was first formulated
by us in Ref. 36. In this section, we derive the same
quantization condition in greater detail — we hope to
equip the interested reader with the technical know-how
to construct quantization conditions for other, possibly
more complicated, graphs. It should be clarified at the
onset that we are constructing quantization conditions
that apply to homotopy classes of graphs [a definition of
homotopy equivalence is provided in Sec. IITF], of which
Eq. (289) merely describes one representative.

1. Quantization condition for the II-Dirac graph

The II-Dirac graph is similar to the double-well
graph of Sec. VIIC1 in having two broken orbits linked
by a single degree-four vertex [these graph-theoretic
terms have been defined Sec. IIIF]. The major dif-
ferences between inter- and intraband breakdown lie
in (i) the scattering amplitudes [contrast Eq. (284)
with Eq. (190)] , and in (ii) the orientations of the
four edges adjacent to the breakdown vertex [see Fig.
1]. This orientation demonstrably affects the signs of
the semiclassical phases acquired along the broken orbits.

To each of our broken orbits (labelled {o;}2_;) we
assign a scalar amplitude A; g(t;), with t; € [0,1]
a time-like variable that increases along the o; in a
direction consistent with Hamilton’s equation. t; = 0
corresponds to the point of closest approach to the
initial hyperbolic center [k = (kz.(E),0)], and ¢; = 1
to the point of closest approach to the final hyper-
bolic center, as illustrated in Fig. 11(c). In general, the
initial and final hyperbolas may correspond to distinct II-
Dirac points; in the present case study they are identical.

For E # 0, the Bloch functions can be made first-order
differentiable with respect to k € 0, and consequently
the Berry connection is well-defined; this is not true at
E = 0, where Bloch functions are discontinuous at the
cusp of 0;. Let us then define ; for E # 0 as the net
phase acquired by a wavepacket in traversing o0;: this has
the form

Q;(B,1%) = 1?S;(E) +]§ X dk+, (290)
9

where S; is the oriented area of 0;; note S; and S» have
opposite signs. 7 in the above equation corresponds to
the Maslov correction for simple closed orbits, and the
Berry phase contribution is fixed to 7w or 0, correspond-
ing respectively to whether 0; encircles the II-Dirac point
or not [Sec. VID 2]. The robust quantization of the Berry
phase is a result of the symmetry g; [cf. Eq. (269)], which
additionally ensures that the Roth and Zeeman contribu-
tions to €; vanish for spin-orbit-coupled solids [cf. Sec.
VIB|. Since the orbit o; that encloses the II-Dirac point
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changes discontinuous across E = 0, {2, is also necessarily
discontinuous:

2

Ql(E,lz): l Sl(E), E >0,
lQSl(E)+7T, E <0,

QQ(E,lz): I?Sy(E)+7w, E >0, (291)
125,(E), E <.

Since loop integrals of the Berry connection are only
uniquely defined modulo 27, some phase convention has
been chosen in the above expressions; such a choice will
not matter to the quantization condition, which is only
a function of exp[iQ);] [as justified in Egs. (292)-(293)
below].

The following determinantal equation expresses the

condition that the amplitudes {A;} are everywhere
single-valued:

() w0 12
2F 2
= $(E,12) <ei;h ei?h) (jig)

S eiﬂl 0 B
0 6iﬂg

Employing the expression for the scattering matrix [Eq.
(284)] at nonzero E, the determinantal equation may be
expressed as:

= det =0. (292)

E,I2

0 =1+ (1+2)

_ m(ei(mw) + ei(QQﬂg)).

(293)

The three phases occurring above may be identified
with the phases acquired by a wavepacket in traversing
three closed Feynman trajectories, e.g., {21 + {2 corre-
sponds to the figure-of-eight trajectory illustrated in Fig.
9(b). As we have argued generally in Sec. IXC1, the
phase (01 — 63) in the tunneling matrix element should
not affect the quantization condition since it expresses
an arbitrary phase difference between the electron and
hole pocket. We should see this directly from our case
study: the figure-of-eight trajectory includes an electron-
to-hole tunneling trajectory [occurring with amplitude
$o1 = pei(arel)], and also the reverse hole-to-electron
tunneling trajectory [with amplitude $15 = —pet(1=02)],
Eq. (293) is equivalent to:

Sﬂl+92
2

Q1 — Qo

CO B)

= \/1—p2cos[

E,I2 B2

which we have previously analyzed in Ref. 36.



Here, we focus on resolving the tension originating
from a discontinuity of our connection formula at £ =0
[see Sec. IX C2] — the upshot is that a simultaneous dis-
continuity in the Berry phase ensures that the quantiza-
tion condition remains continuous at £ = 0. We remind
the reader that Eq. (294) has been derived utilizing the
connection formula for nonzero E. In the limit g — 0%
(equivalently, £ — 0% at finite field), p — 1, and Eq.
(294) simplifies to

12(S1 + S2)

n

(295)

= nm.

Despite our proximity to a band degeneracy, the form
of Eq. (295) is reminiscent of an Onsager-Lifshitz-Roth
quantization condition for single-band magnetotrans-
port; the resultant Landau levels are also locally
periodic. We may abscribe this emergent periodicity
(in the Landau spectrum) to the periodic motion of a
wavepacket over the figure-of-eight illustrated in Fig.
9(b). Over one cyclotron period, the wavepacket accu-
mulates: (a) a trivial Maslov phase from four turning
points with vanishing net circulation [cf. Fig. 2(h)], (b)
a net m-Berry phase of the two pockets [owing to a
pseudospin argument in Fig. 12], and (c¢) a net 7 phase
from two Landau-Zener tunnelings. The last phase is
obtained by multiplying the two off-diagonal elements of
the scattering matrix: ($(0F) = —ity).

At strictly zero energy, exactly the same quantization
condition [Eq. (295)] may be derived with the connection
formula of Eq. (288). Here, the emergent periodicity
(in the Landau specrum) is ascribed to periodic motion
over a topologically-distinct figure-of-eight [illustrated in
Fig. 12]. The two figures-of-eight differ in the vicinity of
the II-Dirac point: bands cross at £ = 0, but anti-cross
at B = 0%. For the crossing figure-of-eight, (a) the
scattering matrix is trivially identity, (b) the Maslov
phase vanishes [for the same reason described in Fig.
2(h)], and (c) the Berry phase is also trivial, owing to
a pseudospin argument given in Fig. 12. One practical
implication of this discussion is that the two limiting
values of Eq. (294) as E — 0T are equal, so one may as
well extend the domain of Eq. (294) to include E = 0;
this extended quantization condition is then continuous
in E.

Another aspect of the |E| — 0 limit is worth dis-
cussing: the second-order derivatives (with respect to
E) of 12(S; — S2)/2 [occurring in the right argument of
Eq. (294)] diverges logarithmically. This divergence is
a generic property of hyperbolic curves at the point of
intersection;'3% physically stated, it originates from the
transition from crossing to anti-crossing orbits at the II-
Dirac point. This divergence does not lead to any ir-
regularity in the quantization condition, due to a can-
celling logarithmic divergence of the scattering phase w
[which also occurs in the right argument of Eq. (294)].
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FIG. 12. Expressing Ho(k) = do(k) 4 d1(k)y1 + ds(k)vys from
Eq. (289), we plot the two-vector [d = (d1,ds)] as black ar-
rows over k-space, for E > 0, E = 0 and E < 0 respectively.
The horizontal (resp. vertical) component of each arrow is
proportional to ds (resp. di). The eigenfunctions of Hy(k)
are two pseudospinors which are parallel and anti-parallel to
d. The parallel transport condition for a wavefunction is that
its pseudospin remains parallel/anti-parallel to d at all times.
The Berry phase (¢p) of an orbit may be deduced by evalu-
ating the winding of the pseudospin over said orbit. (a) The
pseudospin winds by 27 for the left orbit (hence ¢pp = 7 ow-
ing to Berry’s argument®®), but does not wind for the right
orbit (¢ = 0). (b) The pseudospin does not wind for the
crossing figure-of-eight orbit, hence ¢p = 0. Take care that
as the wavefunction is parallel-transported across the II-Dirac
point, d flips sign but the pseudospin does not.

It is remarkable that an analogous cancellation of diver-
gences occurs for intraband breakdown. This is exem-
plified by the quantization condition for the double-well
graph [cf. Eq. (202)], where the first-order derivative of
12(S1 + S2)/2 diverges logarithmically, but is also can-
celled by the diverging scattering phase (¢). These two
case studies suggest that quantum tunneling, of both in-
terband and intraband types, tends to smoothen out non-
analyticities in the classical action function.



E. Perturbative treatment of quasirandom
spectrum

The typical spectrum of quantization conditions
with tunneling is quasirandom, unless symmetry im-
poses commensuration of phases in the quantization
condition.®® The goal of this section is formulate a gen-
eral perturbation theory to treat quasirandom spectra,
and then apply it to our II-Dirac case study.

The general structure of the perturbation theory may
be formulated in this manner. Let the quantization con-
dition be expressed as

f(E,B;7(E,B)) =0 — En(B), (296)
which is an implicit equation for the discrete solutions
E,.(B); 7 is a tunneling parameter whose functional
form depends on the type of breakdown (whether inter-
or intraband) and the type of graph. We consider a
semiclassical limit of the quantization condition where
7(FE, B) = 19 (a constant), such that

f(E,B;m) = 0 — E,(B); (297)
determines a locally-periodic spectrum that forms a Lan-
dau fan. Let 7 = 79 + 7 and consider a perturbative
expansion in é7. To linear order,

0= f(E,B;m) + 07(E,B) fi(E,B) 4+ O(672); (298)
the first-order-corrected energy levels are defined by
E! = E% + §E! + O(47%) with the assumption 6E! =
O(87). Subtituting E! into the above equation,

0(67%) = f(Ey, By 7o) + 07 f1

of
_ 1
B {5E" OF

EO

n?

+6Tf1} ;

E9,B

B

To
f

~ T @F OB,

= 0B} = (299)

EY.B

This equation is valid assuming that 47 is small and
slowly-varying on the scale of §E! — this should be
checked for self-consistency. Egs. (297)-(299) have been
exemplified for intraband breakdown in Eqs. (205)-(206),
and we shall now apply it to our case study of interband
breakdown. One key equation [Eq. (300)] in the sub-
sequent section has been presented in Ref. 36, but the
reader may benefit from a more detailed discussion.

1. Case study: quasirandom spectrum of the II-Dirac graph

Since no (magnetic) space-group symmetry relates an
electron to a hole pocket, the two distinct arguments in
the cosine functions of Eq. (294) competitively produce
a quasirandom Landau spectrum. In the regime g =~ 0,
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the dominant trigonometric harmonic (27 + Q2)/2
determines a semiclassical Landau fan indexed by n € Z
[cf. Eq. (295)]. The largeness of |Si| and |Ss| relative
to ["? justifies the semiclassical approximation; there is,
however, no need for |S; + Sa| to be large. In particular,
the zeroth (n = 0) Landau level is non-dispersive and
occurs at an energy (Ej) where electron and hole pockets
are perfectly compensated: (S7 + SQ)|E8 = 0; this energy

does not necessarily lie at the II-Dirac point.*S

To leading order in /1 — p2, the correction to the Lan-
dau fan is derived in App. F4a to be

Ve
12(S1 + S2)’
12(S; — Sg)]

SE! =2(—1)""sign[E]

; (300)

0
E n

< si
sin {er 5

with the shorthand O’ = 0O /JE. In particular, the cor-
rection to the zeroth Landau level is a sinuisoid enveloped
by a function oc B/2:

EO
SEl = —2 Y 0
0 ﬁﬁ(lﬁ _ 1}2)3/4 Z(Sl + 5'2)/
2 _
X sin {w + HSBSQ)} +0(a*?1'?). (301)
Eg

For the non-zeroth Landau levels, we show in App. F4a
that the envelop function grows as B'/? at weak field,
but eventually crosses over to a B3/? dependence at a
scale that depends on the band parameters.

For Egs. (295)-(300) to be consistent, 1/1 — p? should
be small and slowly varying on the scale of E!. Indeed,

the typical scale of variation for /1 — p? is A ~ 1,
which implies an energy scale

AE \/E(UQ _ 02)3/41
v I’

from the definition of i in Eq. (271). It follows that

(302)

SE} v? E?
~ (303)
AE  w(u? —v2)3/2 (S + Sa)

vanishes for small enough E?. One additional remark
is that the typical spacing of the Landau fan is small
compared to the energy interval where breakdown is sig-
nificant:

ES,, — E° 21 v
AFE Z(Sl + SQ),‘EQ \/E(UQ — ’1)2)3/4

=0(1/1).
(304)
X. DISCUSSION AND OUTLOOK

We have provided the recipe to cook up quantization
rules for a large class of closed orbits: (i) in the absence



of breakdown, our rules apply to band subspaces of
arbitrary energy degeneracy. (ii) For band subspaces
which are nondegenerate at generic wavevectors, we
have accounted for intraband breakdown associated to
saddlepoints, and interband breakdown associated to
conical touching points between two bands (II-Dirac
points).

This certainly does not exhaust all types of band
touchings: not all point touchings are conical, e.g.,
the band dispersion around a multi-Weyl point®? is
quadratic in k. Not all band touchings occur between
two bands, e.g., the spin-one Weyl point*® is a touch-
ing of three bands. If bands are spin-degenerate at
generic wavevectors, a touching point is minimally
four-fold degenerate, e.g., an over-tilted 3D Dirac
point.161:162 Spin-degenerate orbits may also intersect
at four-fold-degenerate saddlepoints. Moreover, band
touchings occur not just at isolated points, but also
along lines. The connection formulae in all the above
cases are unknown, but we hope that this work lays the
groundwork for their future derivation. One necessary
ingredient would be an effective Hamiltonian that is
valid at any type of band-touching point, as we have
derived in Sec. VIII. The connection formula should be
derivable by matching the eigenfunctions of this effective
Hamiltonian to semiclassical WKB wavefunctions.
For spin-degenerate bands, the matching should be
performed for the multi-component WKB wavefunction
derived in Sec. V.

The quantization rules in this work apply only to closed
orbits, and include the complete subleading-in-B correc-
tion. For an energy-nondegenerate band in the absence of
breakdown, higher-order corrections to the quantization
rule have been derived with various methods: beginning
from the effective-Hamiltonian formalism, higher-order
corrections may be obtained from an equation-of-motion
method?® as well as with WKB methods;>? alternatively,
these corrections may be derived from the zero-field, zero-
temperature magnetic response functions.'®® However, a
higher-order theory for energy-degenerate bands has not
been developed. Finally, it would be interesting to gener-
alize this work to open orbits, i.e., noncontractible orbits
that extend across the Brillouin torus.
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Appendix A: Appendix to ‘Review of effective
Hamiltonian in cases without interband breakdown’

1. Introduction to field-modified Bloch functions

We provide a pedagogical introduction to field-
modified Bloch functions, and derive a few useful
identities which will be used throughout the main text.

Let us first motivate the form of the field-modified
Bloch functions in Eq. (55) by an argument™ involv-
ing gauge invariance. Suppose at zero field the energy
eigenfunctions are expressed in Bloch form: Hyy,g =
Enk'Unk’- A zero field is expressible as the curl of a con-
stant vector potential ag, hence by gauge invariance,

0= [ﬁ[ao} — Enkl] ei(k/—ao)munk/. (Al)
We see that k = k' — ag is the quantity that determines
the change in phase of the wavefunction under discrete
translations, and e*7Tu,z14, has energy eigenvalue
Enk+tao- In a weak field, ie., for a(r) that slowly
varies in space, the appropriate basis functions to
describe field-induced dynamics within the band n is
just eik"’unkJra(r) to leading order in the field [cf. Eq.
(55)]; to our knowledge, these types of basis functions
were first proposed by Zilberman.?!

Let us derive equivalent expression for the field-
modified Bloch functions which is more amenable to al-
gebraic manipulations:

i e A
Unrc- T = /dr,ftnr/e_ZK v iker
3 i o
= /dTI’l]n,,,/e_l[k"‘a(—le)]ﬂ’ cikr
! ~ _k . ’ .k. 4k.
- /d'r' Uppr€ ilkta(m)]r’ gikr — un,kJra(r)eZ ", (A2)

Here, 1, is the Fourier transform of wu,, K are the ki-
netic quasimomentum operators defined in Eq. (47), the
second-to-last equality is valid in the symmetric gauge,
where [k - r',a(—iVy) - r'] = 0. An arbitrary state may
be expanded in field-modified Bloch functions as in Eq.
(53), which is equivalently expressed as

\IJ(T) = Z(unK*eik.r)gnk = Z eik.r(uannk)a (AS)

nk nk

where ), is really a continuous integral. After the
above ‘integration-by-parts,” the basis functions effec-
tively become operators acting on the wavefunction g.

This ‘integration-by-parts’ formula [Eq. (A3)] was
proven in Ref. 24. Here, we offer a more explicit proof
for pedagogy.

Proof: for a constant magnetic field, the vector poten-
tial can be written in the linear gauge as a(r) = b/r;,



or equivalently a;(r) = b{rj.
context is then

A useful identity in this

e(l/2)[iiv-ijkj k] _ e:t(i/Q)vibzvj. (A4)
By the Baker-Campbell-Hausdorff lemma,
e*i(T’*R)-(k:Jra(:I:ivk)) _ 6*2’(7-7R)-kefi(rfR)-a(:tin)
x eF/2(ri=Rby(r;=R;)  (A5)

Sandwiching Eq. (A5) in two different ways (also with
opposite signs in the argument of a), we obtain an in-
dentity

ik o —i(r—R)-(k+a(iVy)) ,—ik-R _ ,—(i/2)(ri+R:)b] (r;—R;)

efik»Refi('rfR)»(k+a(7ivk))eik-r’ (AG)

which will be used in the following. We apply the Fourier
expansions

~ —ik-R
Ink = Z gnRE ! ’ and
R

UnK = ZWn(r — R)e
R

—z‘K-(r—R)’ (A?)

to express

V=D guelnse- )

Z gnR'

nk,R,R’

Z Inr' W, r R) _Zk?'R,e_i(k+a(—ivk))'(T—R)eik"r
nk,R,R’

= Z Inr' W,

nk,R,R’

x Z ik (R—R)
k

The delta function allows us to express the above equa-
tion as

’l" o R)e—ik-Rle—iK*‘(r—R)eik-r

7‘ _ R)e—ik‘R/e—i(k—&-a('r'))'(r—R)eik:'r

(A8)

v=N Z gnR’Wn(r — R)eiik'R
nk,R

e—i(k:-‘ra(—ivk))'(r—R)eikM'. (AQ)
We would like to show that this equals
Z eik'ruannk =N Z gnRWn<r - R)eik'r
nk nk,R
e~ i(k+a(iVk)) (r—R) —ik-R_ (A10)

In deriving the above equality, we have reduced the dou-
ble summation over R to a single summation, by similar
manipulations. Comparing the last two equations, and
applying the identity Eq. (A6), we thus derive the desired
relation.
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2. Equivalent expressions for the orbital magnetic
moment

a. Single-band orbital moment

The gauge-independent orbital moment, in the spatial
direction @ (o = z,y, z), for a band labelled n, is defined
as [cf. Eq. (62)]

lel

M(k)% = PV [XP (T — Y All
(k)g = — e [T — )] (AT)
Applying the identity Eq. (14),

o 5 115, 1,
xe(Io xXoIn = netn
(22 > g, - 3 e

liei#en liei#en

(A12)

we derive an equivalent expression

M(k)® = i—e*B7
(k) = 2hc Z — g
l; 817587,
. el B P sz
— oz nllin Al

Yom2he’ Z en — €1 (A13)

liei#en

in the last equality, P, (k) is the canonical momentum
matrix: <umk|ﬁ|unk>. Eq. (A13) coincides with the cor-
rection (—M - B) to the energy of a wavepacket in Ref.
22. We offer yet another equivalent expression which is
identical in form (but carrying a different name) to that
found in the WKB treatment of coupled-wave®”?® and
coupled-channel equations:'0!

el
o 170
M(k)s = Sy

n

_ | | aﬂvz [ At | Ho (k) |wm ) (tm |0 un )

6“57<65un ’ﬁo(k) — Enk ’(%un>

— & (Opun ’um> <um‘87un>}

.2hc e Z

— &n)(Optn [tim ) (tim | Oy i)

m;m#n
_ ; By _ xﬁ X7
2FLC m;n 5” nm<rmn
_ a nm mn Al4
Zth Z En — Em ( )

Let us compare these expressions to the gauge-dependent
moment corresponding to the Berry term in the effective



Hamiltonian, i.e., we express HP = —M - B with
Nk = - e, = Menzg o,
hic nn hc
= = e [0, (Ken) — 10y )]
. %eam [~ 03X nen) + 1(Dstn|0ttn )] -

(A15)

The total derivative (i.e., the first term in brackets in
the above equation) cannot be ignored: it makes this
quantity independent of the zero of energy. The sum of
the two moments is then

. € A
— z%ea67<8gun‘Ho(k) + 5n|87un>

|e| afy Y
+ hCG 8;3(36%5”).

[M + M](k)y =
(A16)

For insulators with vanishing Chern number (C1) in the
Brillouin two-torus (7.) perpendicular to the field, a
first-order-differentiable basis for u,x may be found over
T,. This implies that X,, is continuous over T| (&,
clearly also satisfies this property), and therefore inte-
grating the total moment over 7T :

| el e e

2
il oo [ g o) + 2oy, (A1)
T

2he L (2m)?

The right hand side seems at first sight to depend on the
zero of energy, but note that the effect of such a shift is
proportional to C7, which vanishes by assumption. Eq.
(A17) is identical to the zero-temperature expression ob-
tained for the orbital magnetization using various meth-
ods: (a) a Wannier representation for bands was used in
Ref. 164 and 165, (b) quantum-mechanical perturbation
theory in Ref. 166, and (c) a Green’s function approach
in Ref. 167.

J
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b.  Orbital magnetic moment for any number of bands

Let us derive equivalent expressions for the single- and
multi-band orbital magnetic moments, which manifest
how they transform under basis changes of the form Eq.
(22). The basis transformations we consider preserve
both P and @ [recall Eq. (18) and Eq. (19)], i.e., the
unitary V' in Eq. (22) is block-diagonal with respect to
the decomposition into P and Q). From the simple iden-
tities,

0P = 37 1) (Ot + 0 (.

(0aP)Q = D [ttn)(Dectin 1t ) (] (A18)
we derive, 7
[(HB - ’Uﬁ)xa]mn = ZZ Hil—<u;’8aun>
]
= i[PII°Q0aPlmn  (A19)
[%Q(Hﬁ - U’B)]mn = ZZ <um‘8aul->l'[?n
T
= i[P(0aQ)11” Plyy. (A20)

For the single-band orbital moment for band n, the last
equality reduces to i<un|(8aQ)1'If6|un>7 which leads di-
rectly to Eq. (62).

Appendix B: Appendix to ‘Quantization conditions
for orbits without breakdown’

1. Identities for Weyl-symmetrized operators

The following identities may be generalized to nonperiodic functions of k by replacing the Fourier sum with a

Fourier integral.

Let A;(k) be the Fourier transform of A;(k) = O(1=%7), and applying the definition of a Weyl-symmetrized operator

[cf. Eq. (50)],

D Aj(R)eE Remvh) =N AR
R R

)eiszme—(Rm/F)Oy-ﬁ—ikyRy e (ky)

(B1)

Applying the Baker-Campbell-Hausdorff identity for a central commutator,

A+B _ _A_B _(1/2)[B,A]

e =e"e’e = e

(R /1?)0y+iky R

y _ ikyRy —(Ry/1?)8, ,—iRy R, /21?
v = ey e ( / )"6 .// ,
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and a identity valid for any function f(k,):

e el fly) = f(Jey — R /12)e™ 10/, (B3)
we derive that Eq. (B1) equals
Z “j<R>eiK~Re—i¢(ky)
R
_ ZAj(R)eikam—&-ikyRy—iRmRy/2l2e—iw(ky—Rz/lz)e—(Rz/l2)6y (B4)
R
= 37 Ay (R)eiks Betiky By=ifte By /2% ity ) 4{07 (hy) 4355 ()} R /2= 6/ 20071 () R 1O o= (e /1900, (B5)
R
— e it(ky) ZAj(R)ei(kz+¢L1/12)Rx+¢kyRy—inRy/212engm/ﬁ—(i/z)wllRg/z4+0(r4)e—(Rm/12)ay (B6)
R
= T N7 A (R)e! Bt Rty Ry iR Ry 2 R 12— (3/2)0 B2 I+ O fe (R0 (BT)
R

If ¢» = O(1), the above equation particularizes to

ZAJ (R)eiK~Refiw(lcy) _ e*iw(ky) ZAj(R)eik.RfiRwRy/Ql?{l + “%)Rm/lz + 0(174)}67(1%1”2)8% (BS)
R

Letting the operator Eq. (B7) act on the identity function:

> Aj(R)e T Rem k) (BY)

= e~k Z Aj(R)e! ket v [B) Rt ik, Ry{l +i(iRa)(iRy) /21> + ¢ (iR2) /1* + (i/2)0" (i) /1* + 0(1—4)}

i PA oA W, 8°A
2% Ok, Ok, | 12 Ok, 2% 0%k,

_ eiwky){Aj(k) n + o(z“i)} . (B10)

k—k+@p /12

By similar manipulations, we may derive an identity that is closely analogous to Eq. (B7):

flky)=0(1), Y Aj(R)eERf(k, ZA R)eM B R L f () — e f' () + O Jem (F=/10% - (B11)
R

If we let the operator in Eq. (B11) act on e™%,

ZAj(R)eiK-Rf(ky)efiw(ky) - ZAj(R)eikaiRzRy/Zl?{f(ky) _ %f (k,) + O( }efnp(k —R./1?)

_ f(ky)Aj(K) i (ky) il 2f ZA 7iRzRy/2l267iw(ky7Rw/l2) + 0(174723‘)

:f(ky)AJ(K) —ip(ky) il Qf e~ ,,)ZA Y gilkatyl 1/ Ry +iky Ry +0(I~ 14— 23)
—ip(ky) | 272 ¢f —inh(k )BA —4-2j
= f(ky)A;(K)e vl (ky)e v —— +0( 7). (B12)
Ok k—k+@y’ /12
[
2. Appendix to subsection ‘Turning points’ ter reviewing the solution of the Peierls-Onsager Hamil-

tonian at the turning point in App. B2a, we derive the

first-order-corrected effective Hamiltonian and its solu-

Here we derive the Maslov correction to the single-  tion in App. B2b. By wavefunction matching with the
band quantization conditions from a WKB approach. Af- Zilberman-Fischbeck functions, we may determine the



‘reflection phase’ (¢,) at each turning point — the sum
of all reflection phases is the desired Maslov correction.
We pay careful attention to assigning a sense of circula-
tion to each turning point in App. B 2 a — this determines
the sign of each ¢,, which is important to keep track of
when we perform the sum ) ¢,. Finally, in App. B2c,
we estimate the size of the turning region where quan-
tum fluctuations render the Zilberman-Fischbeck wave-
functions invalid.

a. Review of solution to the Peierls-Onsager Hamiltonian
at the turning point

Let us review the Peierls-Onsager solution at the
turning point, which was first derived by Zilberman."!
We assume that the reader has some familiarity with
the WKB theory of turning points, and shall keep the
review brief. We will go one small step beyond Ref. 51
by defining a sense of circulation for each turning point,
which determines the sign of the relative phase between
incoming and outgoing WKB solutions.

We assume that the field-free Hamiltonian may be ap-
proximated by

2
Hy(k) = E 4 uyk, + —=, B13
o ) +uyky + 2m, ( )
with momentum coordinates originating from the turning
point at energy E. The constant-energy band contour in
the vicinity of the turning point may be split into two
sections that touch at the same point; we use v = + (—)
to denote the section to the right (left) of the point:
kE(ky, E) = £1/—2mgu,k,. (B14)
The sign of mzu, determines whether the classical region

lies at positive or negative k,, as illustrated in Fig. 2(a-d).

Hy(k) is in Weyl correspondence with the Peierls-
Onsager Hamiltonian Ho(K) := [Ho(k)]; we shall as-
sume the Landau gauge K, =k, +il"*(9/0k,) and K,=k,.
Hy(K) becomes independent of k, after the the basis

transformation e?f«kul”
1 02
o ikakyl? ik byl
o Ho(K)e*b — B 4 uyky — —— 2
(K)e +uyhky 2m 4 3/{5
(B15)

We shall separately tackle the two cases corresponding
to different signs of myu,.

(1) mguy > 0; band contour is an inverted parabola —~,
i.e., ky ~ —k2

Eq. (B15) is an Airy differential equation with the di-
mensionless variable z = (2mgu,l*)"/?k,. In the limit
z < 0 (i.e., within the classical region, and sufficiently
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far from the turning point), and assuming a hard-wall
boundary condition, the Airy function has the asymp-
totic form!68

| |11/4 (ei(2/3)|z|3/2+i”/4
z

iR/ iy

zh<r<no Ai(z) =
(B16)

which is then matched with the Zilberman functions [Eq.
(79) without the H; correction]; some assumption must
be made on the band parameters and the field for this
matching region to exist.?! The prefactor \z|‘1/ 4 is pro-
portional to [vZ["1/2 for both v = + . The phase factor
in the Zilberman function is

i Iy RL( Bt (B17)
with k, negative in the classical region; we remind the
reader that this sign is determined by the sign of m,u,,.
From Eq. (B14), k; <0 and k] > 0, so we identify

. 1 o rky g4
1 - —~ =il K
oy Ai(z) o< o ey 172 (cpe™ Jo
fe e k),

271'/4’ = ez37r/4.

g =e (B18)

From Hamilton’s equation [Eq. (41)], hk, = [2u¥;
(uy > 0,m; > 0) thus corresponds to a wavepacket
circulating in the clockwise sense: ~ [illustrated in Fig.
2(a)], and (uy, < 0,m,; < 0) to v [Fig. 2(b)]. For the
locally-clockwise [resp. locally-anticlockwise] trajectory,
the relative phase factor between outgoing and incoming
WKB wave is then ¢ /cZ = —i [resp. ¢_ /¢ = +i;
this may be interpreted as the phase acquired by a
wavepacket as it is reflected (in k,) from the turning
point.

(i) mgu, < 0; band contour is an upright parabola —,
i.e., ky ~ +k2

Eq. (B15) is an Airy differential equation with the di-
mensionless variable z = —(2|myu,|l*)'/*k,, which dif-
fers from the previous case in the sign of z/k,. The Airy
solution in the classical region (k, > 0,z < 0) has the
same asymptotic form as in Eq. (B16). However, now
that k, is positive in the classical region (with k&, and
kF retaining their original signs), we switch the identifi-
cation of v = + Zilberman functions in the Airy function:

2220 Ai(2)

( i(2/3)|2)?/ 2 +inj4 _ e—i(2/3)\z\3/2—iﬂ-/4>

\z|1/4

—il? - —zl Yt
7‘7}I( y)‘1/4 (C e fO 1 _|_c fO ) s
¢ = e, cy = et /4 (B19)

A wavepacket that circulates the turning point in the
locally-clockwise sense (u, < 0,m; > 0) thus picks up a



phase factor ¢~ /cy = —i [illustrated in Fig. 2(d)]; the
locally-anticlockwise wavepacket (u, > 0,m, < 0) picks
up +i [Fig. 2(c)].

b. First-order-corrected wavefunction at the turning point

To account for H; in the above matching procedure, we
first need to derive a first-order-corrected effective Hamil-

tonian (H = Hy + Hp) in the turning region. Let us
expand H; around the turning point as
Hi(k) = H1(0) + Hizky + Hiyhky + Higk2 + . ...
(B20)

We argue that only the terms which are written ex-
plicitly above are relevant to H in the limit of small
field. Indeed, the neglected terms (0H;) are bounded
by their values at the boundary of the turning region:
§H1(Ak) = O(I'*), with our estimates of Ak in the above
paragraph. One may verify that the explicit terms in Eq.
(B20), when evaluated on the boundary, are greater than
O(I'*). When these explicit terms are added to Hy, the
result is an effective Hamiltonian that is identical in form
to Eq. (B13):

QQ

[H(@)] =H(Q) = E+uyQy + (=, (B21)
but is shifted in velocity 4, = wu, + Hp,, mass m; =

My — 2m§H 12z, and the momentum variables

4z = kz + mHl:va
Qr = Ky + mHyy,,

qy =ky + H1(0)/u, <

Qy = Qy + H1(0)/uy.  (B22)
We assume mgu, > 0 in this derivation, which is sim-
ply generalized for the other sign. H may be solved with
the same techniques; the Airy eigenfunction may be ex-
pressed as a sum of Zilberman functions:

2 rdy v
B = equk 12 —~ 711 Jo? 4k (=, E)dz (B23)
2. W‘
with ¢ /¢= = —i, and ¢ describes a section of H at
energy E:
0=H(¢/ (g, E),qy) —E = ¢ = £/ —2m.0yq,.
(B24)

This function is related to the zero-field band contour
kf = £(—2myuyk,)"/? by

Hlyky + Hlm(k;)Q

v

4 (2, E) = ki(z, E) = — +0(™).

(B25)

Inserting this, as well as the left-hand-side of Eq. (B22),
into Eq. (B23), we express f in terms of the original k
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coordinates and the zero-field band contour:

ezk: ky 12 zmzle

Jre = yl? Z
V |U"“
ky ky
X exp {—il2 krdz + ilQ/ (H1yz + Higs (KY) 2ydz
0 0

=
UV

— il H1(0)k% (ky, E) Juy, + 0(1—2)} . (B26)

This complicated expression may be simplified with the

identification
ky v ky g i V)2
/ —;dz = mgkyHy; + 1?2 ¥ wlm( 2)
vy 0 vy

— ki (ky, BYH1(0)u, ' +O(™");

dz

(B27)

here, our estimation of O(I"*) was made by evaluating the
neglected terms at the boundary of the turning region.
Therefore, we arrive at

fee =Y ¢
v==%

o2 fo YV dz (kY —ko—HY /03 ) +O(1 2)

(B28)

which implies that the incoming and reflected Zilberman-
Fischbeck functions are related by the reflection phase
factor e’ = ¢ /= = —i+O(l"?). For an analogous re-
sult in the coupled-channel equations in nuclear physics,
we refer the reader to Ref. 101.

c. FEstimation of size of the turning region

It is useful to estimate the size of the region in k-space
(AkzAky), in the vicinity of the turning point, where the
Zilberman-Fischbeck wavefunctions are invalid; equiva-
lently, this is where the asympotic limits of the Airy func-
tions would not apply — we have called this the turning
region. From z = O(1), we obtain Ak, = O(I7*/?). The
two sections s+ of the band contour that meet at the
turning point are described by ki = +(—2mgu,k,) /2.
Combining this with our estimate of Ak,, we obtain
Ak, = O(I*?); note that Ak, Ak, = O(I'?). We may
further estimate the length of the semiclassical orbit that
lies within the turning region as

Ak,
9 / 1+ (dky /dky)2dky

Ak,
2
/ ————dky
uymw)2

3. Quantization condition for the simplest closed
orbit, from conventional means

=0(7%%.  (B29)

We review the conventional determination® of the
quantization conditions without breakdown, through the



simplest case study of the closed orbit o in Fig. 2(e); it
is composed of two edges (labelled ¥ = %) that touch at
two turning points. Let us define the wavefunction in the
(K3, ky)-representation as frg; the quantization condi-
tion is the condition of continuity of fi with respect to k.

For the interval of k, within the classical region and
sufficient far from the two turning points, f is the sum
of two Zilberman-Fischbeck (ZF) functions which corre-
spond to the two edges: fi.g = ,_, cvgip, with g de-
fined in Eq. (79). To impose continuity, it is convenient
to introduce the gauge-transformed wavefunction

. , 2
Sy B = e~ ekl frp = Z e V2 (k)| Y ?a, (ky),
v=+

where a, are scalar amplitudes which we define for each
edge v as
212 v v xy\-1
a(ky) 1= o710 S (e 00 diy (B30)
As mentioned in Eq. (V C1), the phase k,k,[? is trivially
continuous over a closed orbit.

fky g may be analytically continued into the turning
region, such that its domain extends up to but excludes
the turning point — here, the velocity prefactor diverges.
The function that facilitates this continuation is the
leading asymptotic term of the modified Airy wavefunc-
tion at the turning point, which we derive in Eq. (B28).

By analytic continuation to the top turning point (at
wavevector k1), we arrive at the following expression for

c a+(ky)
* |Ufr(ky)|1/2 ay(ky1) ’

(B31)

- - 1 a—(ky) - 1
= C_ +
Ty = 1 T2 ()

cr

-

C

By analytic continuation to the bottom turning point (at
wavevector ky2), we obtain a different expression

1 aky) 1 ay(ky)
Jr,g=cZ — S te = )
02 (ky)[V2 a—(ky2) |05 (ky)[V/2 @ (ky2)

(B32)

The continuity condition is then equivalent to the iden-
tity of Eq. (B31) and (B32). Equating the right-hand-
side of these two equations and eliminating ¢, , we derive

a+ (ky2) a—(ky1) -
a+ (ky1) a—(ky2)
By reparametrizing a by the time-like parameters t1 [cf.

Eq. (98)-(99)], the above condition may be identified with
Eq. (101).

1= (B33)
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Appendix C: Appendix to ‘Symmetry in the
first-order effective Hamiltonian theory’

1. Symmetry in Bloch Hamiltonians

The aim of this section is to expand on the review
of symmetries in Sec. IIIC and further derive some
identities which will be useful in deriving symmetry con-
straints on the effective Hamiltonian. These identities
all involve cell-periodic functions and their symmetry
constraints [cf. Eq. (C19), Eq. (C20) and Eq. (C23)].

To begin, let us recall some notation from Sec. III. A
cell-periodic function may be expanded as

<O‘|“nk> = unp(a),  |unk) = Zunk(a)|a>,
<u”k’|a> = unk ()", <unk| = Zunk(a)*<a|, (C1)

where « is a shorthand for (7,s), with s a spin index,
and 7 the cell-periodic position coordinate that is defined
with the equivalence 7 ~ 74+ R (R being a Bravais-lattice
vector). > should be interpreted as an integration of
T over the unit cell, in addition to a sum over the spin
index o. The overlap of bra with ket is defined as

(ulv) =" w(a)v(a), (a]B) = dap, (C2)

where 0,4 is a shorthand for the product of a Dirac delta
function in real space and a Kronecker delta function
in spin space. We remark that the final results of this
section, and the way they are derived, are essentially
unchanged if we interpret « as a discrete label for a basis
of Loéwdin orbitals[Lowdin,Slater,AA] in tight-binding
methods.

Let a symmetry operation g act on the cell-periodic
variable as

a) = |8)[Ug)a K9,

with s(g) defined in Eq. (25), repeated indices are
summed, K is the complex-conjugation operation that
leaves the basis vector invariant:

A -1
g vt =U),(C3)

KzK =2", K|a)K =|a), K*=1I (C4)
To clarify, Eq. (C3) is shorthand for

. B Uql e, ¢ unitary,

g a> — | >[ 9]5 (05)

|ﬁ>[Ug]BQK, g antiunitary .

For example, consider g = M, as a reflection that maps
r — —x, in which case

(C6)

M% T:chvazaS> = _Z| - TxaTvaz>_5>-



Here, s labels the eigenvalue of spin component
S., we have used that M, is a product of a spa-
tial inversion with a two-fold rotation about
M, =iCy, = ie~ "™ =ie~L=T(—jg,). If g is the spatial
translation by R, then U, is the identity operation, due
to the just-mentioned equivalence 7 ~ 7 + R. The triv-
iality of spatial translations imply that {U,K*¥)|g € G}
forms a representation of the point group of the crystal,
i.e., the quotient of the full space group G (or magnetic
space group) over the subgroup of discrete real-space
translations.

Bear in mind that § acts on complex numbers as
gz = K*92K*9g, (C7)

We further define §* by

a) = |B)[Uy] o K (C8)
such that
KgK =g*. (C9)
The inverse operation is
§7 ey = K29 |B) U, (C10)
from which one may verify G4~ = ¢~'§ = I. From Eq.
(24),
getk gl = Pl P ik (g7 (#=8)] _ ,ilgok]-(7—8) (C11)

Consequently, a Bloch function at wavevector k, when
operated upon by g, transforms with a possibly distinct
wavevector

Ok

K :=gok, —%=(-1)°9g 12
9ok ok, (=17 gagp (C12)

as may be ascertained from
g ik- r‘unk> zk 'r |unk:> (C].?))

Here, we have combined g and the nonsymmorphic phase
factor in Eq. (C11) as

g(k) = e7i(9°k) 35 (C14)
Combining Eq. (C1) with Eq. (C3),
‘g}u> ‘ Z K"‘(g) KS(g) |5> 56Ks(g)
VKDV, Js K", (C15)

— Z Ks(g)u
B
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If g is a symmetry of the Hamiltonian, then, applying
Eq. (C11),

—ik- 7' —1

(k) Ho(k)g(k) ™" = ge

= e*i[gok]-(**d)goei[gok]-(f‘*é) — Ho( gok ) (C16)
This implies that if |u,k) is an eigenstate of Hy(k)
k) |umk>K5(g) belongs to the

eigenspace of ﬁo( g o k) with the same energy &,,x; the
ambiguity in how we pick basis vectors within each en-
ergy eigenspace is expressed as

“Hyge™* g

with eigenvalue €,,x, then g(

’u k>KS(g) ‘un gok:>g(k)nma (017)
where ¢ is a ‘sewing matrix’ that is block-diagonal with
respect to the energy eigenspaces, such that each distinct
block corresponds to a distinct energy. Eq. (C17) is a

shorthand for

o—i(gok)-8 Z KS(g)umk(ﬁ)KS(g) Uglas

= tn,gok ()G (K)nm (C18)
Eq. (C17) implies
k)|umk>K5(9)§-1(k)mn = |un7gok>, (C19)

from which one obtains,

_ Okp
Ok,

Vit k) V2 (§0k) [wmp ) K57 (k) mn)

k—gok
:( 1 gaﬂ<|vkumk>Ks (k)mn

+ |umk>K8v£g-1(kz)mn> — i6%G(k) [ttmre ) K57 () s
(C20)

In the last equality we substituted (0kg/0k.,) with Eq.
(C12). Taking the complex conjugate of Eq. (C18),

oi(gok)-8 Z Ks(g)umk(ﬁ)*[(s(g) [Ug];’a
B

= ()} tin gor ()" (C21)
This may be shortened, with Eq. (C10), as
K* (11|97 (k) = Gk (ngor] . (C22)
which implies
3(R) i K9 (win| = (wm,gor| (k) (C23)

This identity, with Eq. (C19), will be used to derive how
the current operator transforms under symmetry in the
next subsection.
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2. Symmetry constraint on the orbital moment

We detail the derivation of the symmetry constraint of the multi-band orbital moment in Eq. (126); we assume
the reader is familiar with the outline of the proof sketched in Sec. VIB. As an intermediate step, let us derive Eq.
(125), which describes the symmetry constraint on the current operator.

Proof of Eq. (125): The current operator transforms as

gy~ = g(=)[#, H]g~ = (1)@ (=)[g~" (7 — §), H] = (-1)*Wg 'L (C24)

Combining this with Eq. (26), we see that the operator, defined by

H(k)) _ efik:»'i-ﬂeikwi', (C25)

transforms as
Gk)TI(R)g (k) = <—1>8<9>g—1ﬂ(g o k) (C26)

The matrix elements of the velocity operator thus satisfies the following symmetry constraint:

H(g o k) (19t oo (R TLR)G™ () 1 o) (c2r)

Inserting Eq. (C19) and Eq. (C23) into this expression,

M(gok), = (=1)*9g5(k)mK*9 (kg (k)g(k) (k)5 (k)3 (k)| uak ) KOG (k) an

mn

= (_1)5(9)gK8(9) [g*ﬂgt]mnKS(g)

] (C28)
k

In the degenerate subspace projected by P, let us define ¢ = &, for m € {1,..., D}; k-dependence is implicit in
this and the following notations. Combining Eq. (C28) with Eq. (67),

Ks(g) [g*HdgT]mﬁ [é*HeéT]mKs(g)

I, 115, k
—1 abc R =(—1 abc J Vce . 029
(l>€b2575ﬁ o (—=)€abcvad Z (C29)
n g n (5 — eﬁ)
gok
Applying the levi-cevita identity (for an orthogonal matrix satisfying RT = R™!)
det[R"] €pmn = €ape R RE, RY = R det[R] €1mn = €abe Rom Ren, (C30)
and the reality of g, we derive that the left-hand-side of Eq. (C29) equals
[ 119" ] |97 119"
(—1)*9) det[g]gas K*9 (—i)pac ko0, (C31)
n (e —en)
gok

Let us introduce new labels 71 := (a’, a’’), such that a’ labels the distinct energy eigenvalues, and a” labels an arbitrarily
chosen basis in the finite-dimensional subspace corresponding to energy €,/. We see that in this labelling that €, does
not depend on a”, so we may shorten ez — €4/x. Moreover, since the symmetry commutes with the Hamiltonian,
€a'k = €q’,gok- Therefore, Eq. (C31) simplifies to

(—=1)*9) det[g)gas K9 (—i)epae Y

a’;e 1 F#e

1 N CxTTe ™ s
(E — e ) Z[g HdgT]m,(a’,a”)[g II gT](a’,a”),l K (g) (C?’Q)
a’ a’ k
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Since ¢ is block-diagonal in the index a’, the above equation may be expressed as

1

(=1)°9 det[§)gas K9 (=i)epae Y o)

a’se 1 F#€ a’ b,

ok 11d T ok T
[g II ]’m,(a’,b”)g(a’7[;”)’(a/’a//)g(a/’au),(a/’cu)[Heg ](a’,c”),l

K59
k

Since each block diagonal of g, corresponding to an energy subspace, is unitary, the above equation reduces to

(—1)*@ det[g]gap K> (=i)epae Y ﬁ S5 T 0,y O e (11657 (a’,c”),l’ K59
a’se e @ e k
= (—1)*9) det[g]gan K *9 (—i)€pae /.Z;é (a%aa) Z;[E*Hd]m,(a',a")[HeéT](af,a"),z kKS(g)- (C33)
Restoring the usual labelling, we conclude that the left-hand-side of Eq. (C29) equals
(—1)°9) det[g]gap K *9 (i) €pca Z % kKS( 9, (C34)

from which follows Eq. (126).

3. Appendix to symmetry of the first-order
effective Hamiltonian

Let us analyze the symmetry constraints on the (a)
Roth, (b) Zeeman and (c) Berry terms in the first-order
effective Hamiltonian [recall their definitions in Eq.
(64)], in that order. The final goal is to derive Eq. (128).

(a) For Bloch electrons immersed in a field parallel to Z,
HE = —B*M?#. For symmetries of semiclassical orbits
[defined precisely in Sec. VIA], Eq. (116) and (117) in-
form us that [M]* = (=1)!@M?* = (=1)“9)det[g]M?,
and therefore Eq. (126) particularizes to

M* = (_1)S(g)+u(9) G K9 M7 K9 g1
gok k

(C35)

with u(g) € Zsy defined in Eq. (117).

(b) For symmetries in spin-orbit-coupled systems, we
would like to demonstrate that H{ o« Bo* is constrained
similarly to Eq. (C35):

o? - (_1)5(9)+U(g) GK°9) g% K59 g1
gok k

(C36)

where (h/2)07,,, (k) = (7/2){tmk|6 |unk) is the spin-half
matrix defined in Eq. (17). We already know how the
cell-periodic functions transform under symmetry [cf. Eq.
(29)], so what remains is to determine how &, transforms
under a symmetry of the orbit. For this purpose, the
decomposition in Eq. (121) is useful in deriving

_1AZA

G767 g = (—1)3@rul)gz,

(C37)

Indeed, among the factors written on the right-hand-side
of Eq. (121), only time reversal (if present) and v, (if

(

present) flips the z-component of spin. Combining Eq.
(C37) with Eq. (29), we then obtain Eq. (C36).

(c) The Berry term Hf = I"%¢,5XPv®. Combining Eq.
(130) with the constraint on the band velocity in Eq.
(118),

eaﬁx%“ — eagéﬁva

gok

= (*1)5604357(1“!?[3;/ <§KSxUK8§_1 + i(*l)s EVZ§'1> vk

gok

k

= (~1)* " eqp (g-lexﬁng'l +i(=1)* §Vpg )

k

The net result of (a-c) is Eq. (128).

4. Topological obstruction to symmetry covariance
of H1

Supposing Hy is g¢-symmetric, does a basis (for
the cell-periodic functions) exist where H; transforms
covariantly under g, for all k in the Brillouin torus? This
section is a self-constained exposition on the possible
obstructions to symmetry covariance in topologically-
nontrivial band subspaces. The existence of a topological
obstruction is suggested by the observation in paragraph
(ii) of in Sec. VIC: the source of non-covariance is the
Berry term. The Berry curvature is a measure of the
‘twisting’ of the filled-band wavefunctions in k-space;
it is known that topologically-nontrivial band struc-
tures exist whose curvature cannot be made to vanish.¢?

We support this claim with a few case studies in the
following subsections; a recurrent theme in these case



studies is that the effective Hamiltonian of a symmetry-
protected topological phase transforms anomalously (i.e.,
non-covariantly) under the symmetry in question. Our
last case study has only the U(1) symmetry of charge
conservation, and we would show that the effective
Hamiltonian for a nontrivial Chern band transforms
anomalously under a gauge transformation.

Before beginning properly, let us introduce a termi-
nology. Supposing the second and third terms in Eq.
(128) were absent, we say that H; transforms covari-
antly under the symmetry (resp. antisymmetry) g if
(—)*@+u9) = 41 (resp. —1). In simple words, g is re-
ferred to as an antisymmetry of H; if it inverts the sign
of Hl.

a. Wigner-Dyson class AIl

Let us exemplify this claim with gapped band sub-
spaces in the symmetry class AIl in two®" 1707173 or
three!™ 177 spatial dimensions — spin-orbit-coupled,
with the time-reversal symmetry satisfying 72 = —I;
no assumption is made presently about the spatial
symmetries, however we will elaborate on their roles in
the next two sections [Sec. C4b and Sec. C4c]. We
have used the word ‘gapped’ liberally to describe band
subspaces which are energetically separated from all
other bands at each wavevector in the Brillouin torus;
this would include indirect-gap systems with nonvanish-
ing Fermi lines or surfaces. It is well-known that gapped
band subspaces, in either 2D or 3D, are classified by
a strong Zp invariant;'™® we shall refer to the nontriv-
ial phase (in both 2D and 3D) as the Zs-topological band.

In this context, we would like to define the effective
Hamiltonian Hq (k) over the entire torus — it is minimally
a two-band Hamiltonian due to Kramers degeneracy at
k(™. Let us ask if H; may transform covariantly under
the antisymmetry T'; the non-covariant term on the right-
hand-side of Eq. (128) vanishes if either (i) v(k) can be
made to vanish everywhere, i.e., the band(s) in P have
a flat dispersion, or (ii) the sewing matrix corresponding
to T, as defined by

T(k)mn = (tm,— 1| T |unk) K, (C38)
can be made to be independent of k. We disregard the
implausibly fine-tuned scenario where the non-covariant
term vanishes without satisfaction of (i) or (ii). For
a trivial band subspace, we argue that an adiabatic
continuation exists to a lattice of inert atoms, where
both v(k) = 0, and T reduces to a k-independent
matrix which represents time reversal in the basis of
Lowdin orbitals. Let us then consider (i) and (ii) in the
context of a topological band subspace.

(i) For an Zs-topological band, v(k) cannot everywhere
be zero if the associated tight-binding Hamiltonian
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has local (strictly short-ranged) hoppings.'™ In fact,
the impossibility of a strictly short-ranged, flat-band
Hamiltonian is more generally true for all of the strong
topological band subspaces in larger-than-one spatial
dimensions; this was first proven for class A in 2D,'80
and then extended to the tenfold symmetry classes.!™
This rigorous result suggests that if a strictly-flat-band
Hamiltonian exists for an Zs-topological band, it is
likely to be a highly-optimized scenario'8! which is chal-
lenging to realize in both theoretical and experimental
laboratories. We know only of one model*®? (of a strong
2D topological insulator) with exactly flat bands;!83
the hopping elements here decay as a Gaussian. We
henceforth assume that v(k) is a non-constant function,
which is the case of interest in almost all applications.

(ii) Given that the band is not flat, we are led to inves-
tigate the momentum-dependence of the sewing matrix
for a topological band. One expression for the strong
Zo invariant, in both 2D and 3D, involves the even-
dimensional sewing matrix 7 defined in Eq. (C38). Since
this matrix is skew-symmetric at any inversion-invariant
wavevector k()| we might evaluate the quantity

6; = \/det[T (kM) /PHT (k)] = +1, (C39)
with Pf]] denoting the Pfaffian of [-]. The product of
§; over all k) (numbering four in 2D, and eight in 3D)
is the strong Zs invariant, which equals +1 (—1) in cor-
respondence with the trivial (topological) phase;'™ this
definition implicitly assumes the continuity of the cell-
periodic functions over the Brillouin torus. If the sewing
matrix were constant over this torus, an immediate im-
plication is [ [, &; = +1; alternatively stated, for the Zo-
topological band, there is an obstruction to defining a
constant sewing matrix; consequently, a non-flatband H;
must transform non-covariantly under the antisymmetry

T.

b. Class AII with spatial inversion symmetry

Even for Zs-topological band subspaces, it is generi-
cally not true that a topological obstruction exists for
all symmetries of the system. To exemplify this claim,
let us consider a Zs-topological band (in 2D or 3D) with
spatial inversion symmetry i. The space-time inversion
Ti (s = 1,u = 0) acts as an antisymmetry on the first-
order effective Hamiltonian. For simplicity, we assume
that bands are two-fold degenerate everywhere on the
Brillouin torus, and hence H; is a two-band Hamilto-
nian. We then ask if H; transforms covariantly under
the antisymmetry T4, or equivalently, if the correspond-
ing sewing matrix (denoted as 7}) can be made constant
over the torus. An algorithm for this has been proposed
in Ref. 175, which is plausibly valid in the Zs-nontrivial
phase (i.e., with [, 6; = —1). Assuming such a gauge is



found, Ti-symmetry then imposes the covariant antisym-
metry condition:

Hy(k) = ~TiH; (K)T;";  ViTi =0, (C40)
which follows from Eq. (128) for a constant sewing ma-
trix. Evaluating the trace on both sides of Eq. (C40), we
further deduce that H; is traceless:

Te[Hi(k)] =0 = Hi(k) = —pp7iB;&;(k);  (C41)
7; here are Pauli matrices describing an effective spin,
that is generally distinct from the free spin due to spin-
orbit coupling. A heuristic argument for the tracelessless
of Hy in Eq. (C41) already exists in the literature.?%31:74
Here, we have clarified that H; is traceless only in a
special basis where the sewing matrix for T is constant
— consequently, the unitary generated by H; [cf. Eq.
(74)] has unit determimant, and the eigen-phases of this
unitary satisfy \; = —A2 mod 27. We remind the reader
that A, enter the multi-band quantization conditions in
Eq. (73), and also the condition for dHvA oscillations in
Eq. (115).

The reader may be unsatisfied that the above conclu-
sions relied on the existence of a special gauge. A more
general proof of Ay = —Ag is provided in Sec. VID [see
the paragraph surrounding Eq. (146)].

c.  Topological band subspaces protected by crystalline
symmetries

One next case study demonstrates that a topolog-
ical obstruction may exist for band subspaces, where
the obstruction is protected solely by crystalline sym-
metries. 3D insulators having an improper spatial sym-
metry (i.e., det[g] = —1) have a quantized magneto-
electric response,” i.e., the @ angle occurring in the axion
Lagrangian'®* is symmetry-fixed to 0 or 7. For inversion-
symmetric (i) bands, 6/27 may be expressed as half the

winding number of i (the sewing matrix for i):68:185

0 1 Y, - e Y- Y, Y-
5 = "I /d?’keam”_[‘r[(tvat DAV AV, |.
(C42)

0 = 7 thus implies a topological obstruction against Hy
transforming covariantly under i.

d.  Wigner-Dyson Class A

Having described the anomalous symmetry trans-
formation of H; for symmetry-protected topological
phases, we might ask if there is an analogous topological
obstruction for charge-conserving band subspaces having
no other symmetries — they fall into Wigner-Dyson class
A. Even though the Bloch Hamiltonian is completely
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unconstrained, one always has, at the basic level, a
‘gauge symmetry’, which reflects the ambiguity in how
we label our bands in P; a gauge transformation such as
in Eq. (22) might be viewed as a ‘do-nothing’ symmetry
operation.

Class-A band subspaces in 2D are classified by the
TKNN invariant,''® or, equivalently, the first Chern
number (Cy). We would like to show that a nonzero
C1 neccesarily implies that H; is not gauge-covariant.
Indeed, it was already noted in Eq. (61) that the Berry
term ["2e,5XPv® generally results in a loss of covariance
for any band subspace, trivial or nontrivial; the Roth
and Zeeman terms are gauge-invariant (resp. -covariant)
in the one-band (resp. multi-band) case. We are led to
ask if HP can be made to vanish by basis transforma-
tions within P. For a band with a generic dispersion, this
amounts to asking if there exists a gauge where X(k) = 0
at each k; this gauge does not exist if the Berry curvature
F#(k) := Vi xTr[X] # 0. Since the net Berry curvature
for a Chern band is nonzero, we conclude that Hy (for a
generically-dispersing Chern band) must transform non-
covariantly.'86

Appendix D: Appendix to ‘Intraband breakdown’
1. Derivation of the intraband scattering matrix
a. Review of connection formula in the lowest order

Let us pedagogically review the derivation of the
connection formula in the lowest order in [2, with the
eventual goal of generalizing the formula to the next
order [to be carried out in the next subsection]. The
lowest-order problem was first studied by Azbel'l:110
and has reappeared in similar contexts, 3113218735 more
generally reviewed in Ref. 112.

The Hamiltonian in the breakdown region is approx-
imated by the Peierls-Onsager Hamiltonian, which is in
Weyl correspondence with Eq. (171):

2
Ky Ky

Hy(K) =

= — , (Ho(K)—-F =0. (D1
oy 2ms (Ho(K) — E) fee (D1)
We have further defined fxr as the eigenfunction corre-
sponding to eigenvalue E. Working in the Landau elec-
tromagnetic gauge [recall Eq. (77)], we perform a gauge
transformation

f=ehlF, (D2)
the resultant differential equation for f becomes inde-
pendent of k., and is equivalent to the time-independent
Schrodinger equation for a particle in an inverted
parabolic potential, with coordinate k,, as was first stud-



ied by Kemble.!33 Introducing the dimensionless variable

} A, 1/4
sm e () (D3)

we obtain a Weber differential equation!8®
(92 — 222 +ip) f =0, (D4)

with p defined in Eq. (174). From section 12.2.2 in Ref.
188, the solutions are linear combinations of two inde-
pendent parabolic cylinder functions (PCF’s):

f(Z) = E/EU(_iMaZ) +E/EU<_i/~L7_Z)7 (D5)
with newly-introduced coefficients ¢, that are to be de-
termined. In the limit z > 1, the PCF’s may be matched
with the Zilberman functions [Eq. (179) without the H;
correction]. We will assume some conditions on the zero-
field band parameters, such that beyond-quadratic terms
in Ho(K) can still be neglected in this matching region.
Employing the asymptotic expansion in 12.9.1 and 12.9.3
of Ref. 188,

(i) ky = +o0, f— [c(/o)Ee”“/2 —ic'%, 677”‘/2}

% ei,ulog [pl—ip F(1/2 — ZM)
V2

(i) ky — —o0, f— {fz' Qe mH/2 %y e“‘/ﬂ

(0) *
wtcC W

: I(1/2 —1
x etloglul—in 7( / o i) w + C(/O’)E w*

(D6)
where we have introduced the coefficients {c{'y} which

differ from {¢,g} only by a v-independent proportional-
ity constant; we have additionally defined

ST kL) K
’W(k:lhE) =e€ [A+in/2 |: b’ll :| )
] 2|k —ip—1/2
w*(k’lja E) = 622/4_1#/2 |:|by|:| ) (D7)

which may be identified with the Zilberman functions in
the limit |k, | > |b| [recall the definition of b in Eq. (173)):
gei Mz ek, E),
g v e ok, B),
gig vz eth ok, B,

s M eRRCor(k F) (DS)

We emphasize that these identifications are made for
uniquely-defined Zilberman functions, for which the

lower limits of the classical action integrals are specified
as in Eq. (179) (with H; = 0). Following the discussion
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surrounding Eq. (175)-(180), we may then identify

0y = {c(/‘)’E ™2 i, e*’r“/z]
« it log|ul—ip w
V2T
0 _ |0 —mwp/2 (0 ,mu/2
C\E—|: 1C g€ / +c pe }
% em log |p|—ip F(1/2 — l:u)
)
V2T

which can be expressed as a matrix equation relating
incoming to outgoing states

CS\O)E (0) C(/O)E
_ 0

o | = SO(E, k) o |
NE v E

with the lowest-order scattering matrix defined in Eq.
(182). To summarize the results of this review, the eigen-
functions of Eq. (D1) in the limit k, — +oo are

(D9)

(D10)

1 =i f,j;yo(E) kY (2,E)dz

» Vv

(D11)

where the superscript on f* corresponds to the sign in
ky — +00; ky is the coordinate of closest approach to

the saddlepoint for the edge v; Zf runs over N\ and
for fT (the two edges above the breakdown interval), and
over / and \, for f~; the various c,(jog are related as in
Eq. (D9)-(D10) and (182).

b. Derivation of first-order-corrected connection formula

It is useful to estimate the size of the region in k-space
(AkzAky), in the vicinity of the saddlepoint, where the
Zilberman-Fischbeck wavefunctions are invalid; equiva-
lently, this is where the asympotic limits of the PCF’s
would not apply — we have called this the breakdown
region. This is the region where z, the dimensionless
variable entering the Weber differential equation [cf. Eq.
(D3)], is of order one. Further assuming m,/ms = O(1),
we obtain Ak, = O(I''). Utilizing the hyperbolic
asymptotes k, = £(b/a)k, and assuming (b/a) = O(1),
we estimate Ak, = O(I"!); note that Ak, Ak, = O(I'%).

Let us derive a first-order-corrected effective Hamilto-
nian (H = Hy + H;) in the breakdown region. We first
expand the symbol H; around the saddlepoint as in Eq.
(194). The terms (6H;) which we neglect to write ex-
plicitly are bounded by their values at the boundary of
the breakdown region as § Hy (Ak) = O(I™*), with our es-
timates of Ak in the above paragraph. In other words,
the explicit terms in Eq. (194), when evaluated on the
boundary, are larger in magnitude than O(I"*) and there-
fore expected to be relevant in the limit of small field.
When these explicit terms are added to Hy, the result is



an effective Hamiltonian that is identical in form to Eq.
(D1):

H = Ho(K)+ Hi(K) = Ho(Q) + Hy1(0) + O(I™*),

(D12)

but shifted by an energy constant H; (0), and with shifted
momentum variables

Gz = kz +mi1Hig,
Q= Ky +mHy,,

qQy = ky — mngy —
Qy =K,

It is useful to know which of the Roth, Berry or Zee-
man terms contribute to the effective Hamiltonian; let
us individually expand H{, HZ and H¥ as in Eq. (194),
keeping only the linear terms, which we define by H ﬁ- kj,
etc. For example, the Berry term is expanded as

PHP (k) = XY(k)v" (k) — X7 (k)oY (k)
— 290 ):7+3ew( )k2+...

=(H{ ko + H{ ky) + . (D14)
and vanishes when evaluated at the saddlepoint, where
the band velocity v* vanishes. Therefore the shift in
the energy constant is only contributed by the gauge-
invariant Roth and Zeeman terms:

H,(0) = H{'(0) + H{(0). (D15)
We further deduce from Eq. (D14) that the shifts in the
momentum variables k. and k, are, respectively,

myHy, = U2XY(0) +my (HY, + HE),

mayHyy, = I°X%(0) + my(H{}, + HY,). (D16)
The similarity of 4 with the inverted-harmonic-oscillator
Hamiltonian implies that it may be solved with the same
techniques, with some small modifications. We assume
here the reader has some familiarity with the ‘same
techniques’, which we have reviewed in the previous
subsection [App. D1a | and will presently extend.

Let us then define the eigenfunction of H, with the
O(I*) correction henceforth truncated, as

0= (H(K) — E) fxe = (Ho(Q) + H1(0) — E) fxr
= (Hy(Q) - E)fxp; E:=E—H(0). (D17
Performing a gauge transformation:
f =ty (D18)

we see that f satisfies the Weber differential equation in
the modified varlable ¢, and with modified eigenvalue E.
Let us define ka to be the asymptotic limits of f in
the limit k, — £oo. Utilizing results from our review in

App. D 1a, especially Eq. (D11), we obtain
efiqzkryl(‘) f:i:

et

l/

(ky,E)—>(qy,E)
(D19)

—il2 [ (2, E)dz }
y0

with {c{’,} related as in Eq. (D9)-(D10) and (182); k¥
is the wavevector of closest approach to the saddlepoint
for the edge v; Zf runs over N\_and  for f* (the two
edges above the breakdown interval), and over , and \
for f~. Upon substituting k, — ¢, = ky, — moH1y in the
curly brackets of Eq. (D19), Eq. (D19) is expressible as

+ ) _etkakyl?
f’;tE — Z @, ezm1l2H11k”0(E)+zm2l Hiy k%o (E) €
co Vivzl
_ v_ HY—H,(0)
e i (1 L o, o)

E—E

as we prove at the end of this subsection. We may identify
the last line of Eq. (D20) as the Zilberman-Fischbeck
function defined in Eq. (177). Further defining

(0)
CvE ‘= C EUDE

Vg =€ zmll Hizko(E)+imal® Hiyk O(E), (D21)
we cast Eq. (D20) in the simple form
+ + ~U
fep = Z CvEJRE (D22)

which may be identified with Eq. (175)-(180). We are fi-
nally ready to derive the scattering matrix defined in Eq.
(181) and expressed in Eq. (187) and (190). Combining
Eq. (D21) with (D10) and (182),

s = (2 e (2 )
NE v E

— T(ﬂ)U\EU*/E R(ﬂ)U\EU/E . (D23)
R(ﬂ)U\EU*/E T(ﬂ)U\EU,/E

Inserting the integral expression for v [from Eq. (D21)],
and further applying the definition of kj, we obtain Eq.
(190). If we neglect the Roth and Zeeman corrections,
we find that the Berry term is sufficient to restore gauge
covariance:

S(E,1?) m=n

iXY(0)2b(E) —iX"*(0)2a(E)
T(/J e . R(M)e . 0(1—2)
R(,u iX"”(0)2a(E) T(M)e—zx (0)2b(E)

(T(M) sz XY(0,ky)dky

R(p)e "/ a xz(km,O)dkw>
R(p i [0, X7 (ky,0)dk,

T(M)e—iffb XY(0,ky)dky
+0(I%, (&),

(&)%) (D24)



In the first equality, we have made use of the expansion
of HP in Eq. (D14); the second equality follows from

/b XY(0,k,)dk, = 2XY(0)b+ O((b/G)?),  (D25)
—b

where the correction is of order (b/G)?, with G a typical
reciprocal period.

Up to O(I2, (b/G)?, (a/G)?), the O(1) phases in Eq.
(190) may be creatively interpreted as the Roth-Berry-
Zeeman phase averaged over all possible tunneling tra-
jectories in the classically-forbidden region. For example,
the phase acquired for the tunneling trajectory in the
direction may be expressed as

. e b (H
e 2m b (B exp | / {} dky|,  (D26)
—b v k

Yy

where {-}x, denotes the k,-average of the quantity - over
a fixed-k, cross-section of the forbidden region:

(2, -4/ 2

5/ Bkt Hky gy,

D27
2 —1/1 k.L ( )

In the last equality, we have used the Cauchy principal
value for the integral [ dk,/k,.

Proof of identification of Eq. (D19) with Eq. (D20)

From the exponent in the second line of Eq. (D20),

k,
Y HV_Hl(O) v (T
/V T dt = muHig (ky — ey (E))
kyo(E) v

+moHyy (K% (ky, E) — kZo(E)) + O(™),

where, as a reminder, kY (ky,,E) as the k,-coordinate
of the section s, at wavevector k, and energy E. In
deriving Eq. (D28), we employed HY (k) — H1(0) =
keHig + kyHyy + ... from Eq. (193), and the identity
dky, /v* = —dk, /vY along a constant-energy contour. The
uncertainty O(I*) in Eq. (D28) is estimated by evaluat-
ing the neglected terms at the boundary of the break-
down region, where k = O(I"!). Substituting Eq. (D28)
into Eq. (D20), we obtain

(D28)

f:i: ik ky 1 * o il2mq Higky+il®>ma Hyy kY (ky, E)
=€ C -~ € x
k.E vE

v

1 Fy
exp { —il? / kydz
Vvl kYo (E)

To complete the identification of this expression with Eq.
(D19), we apply the following three observations:

+0(17?).

E—E

X

(D29)

(i) ethekol® it mi Hiok iaskyl® (D30)

vy —¢
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from the fundamental theorem of calculus,
ky

(i1) moHyy kY (ky, E) + / kY (z, E)dz

ko (E)

qy
:/ k(2 E)dz 4+ O(), (D31)
kyo(B)

and finally, (iii) bearing in mind that the expressions are
to be identified with an uncertainty of O(I2), we might
directly replace [v%(qy, E)| = [v%(k,, E)| in the square-
root prefactor.

c.  FEquivalence of two Zilberman-Fischbeck functions

We would like to prove in the semiclassical region (sm)
that

For k€ sm, gygp=0.z+ o). (D32)

We need the following three identities: (i) in the semi-

classical region where the Zilberman-Fischbeck functions
are valid, we may assume k% = O(1) and therefore

2y Hy (0)/,(ky, E)? = O%);  (D33)
combining this assumption with Eq. (80), we derive
Ky, B) = K (ky B) — Hy(0)/vf +O(Y).  (D34)

(ii) The same assumption in Eq. (D33) implies, with v% =
kY /m, that

v (ky, E) = v%(ky,, E) — H1(0)/mv® + O(™*). (D35)

(iii) Lastly, applying the fundamental theorem of calcu-

lus,
ky HY
/ <k:;(z, E) - ;) dz
kY (E) vy

0
kz/ HY
= / (k;(z,E) - 1) dz
ko (B) Uy
+ (kyo(E) = kyo(E) ko (B) + O

ky v
— / (k;(z,E) _ Hi > dz + O((a/G)I2,T7H).
ko (B) vy

v

In the last equality, we applied that the coordinate of
closest approach k.o = +a(FE) (the hyperbolic parame-
ter) for E > 0 and is otherwise zero. Substituting (i-iii)
into Eq. (177), we derive Eq. (D32) as desired.

Appendix E: Appendix to ‘Effective Hamiltonian for
general band touchings’

1. Calculus with Weyl-symmetrized operators

Here we collect several identities which are useful in
the calculus of Weyl-symmetrized operators.



We are interested in kinetic quasimomentum operators
with the noncommutative relation:

(K., K] =il ™. (E1)
It immediately follows that
[f(Kz)v ky} = zl_2f/(K£L’)7 (E2)

with f/ denoting a derivative with respect to K.

We are very often interested in symmetrized functions
of K. Beside our definition of symmetrization with the
Fourier formula in Eq. (50), a more elementary defini-
tion exists for polynomials:? given a monomial ky'ky, its
symmetrized form is obtained from extracting all terms

with m powers of K, and n powers of K, in the noncom-
mutative binomial expansion

mln!

T e Ky ymtn, (E3)

One may verify that this symmetrization preserves the

structure of products:

[(sky + thy +u)"] = (sKy +tK, +u)",
s,t,ueC, velZ, (E4)

which implies that the exponential structure is also pre-
served:

This identify underlies the Fourier definition of sym-
metrization in Eq. (50).

For any function of K,:

[y, f(Ke)] = (1/2)(ky f(K2) + f(Ka)ky)

as may be proven by Taylor-expanding f and sym-
metrizing individual terms (e.g., [k, K7]) with the rule
in Eq. (E3).

Symmetrization of a symbol commutes with addition:

[f(R)] + [g(k)] = [f (k) + g(K)]. (E7)

Like many basic identities, it may be proven by Fourier
analysis:

/ dRf(R)e®F + / AR G(R )™ F

= / dR( f(R)e™® T 4 g(R)eiK'R)
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The product rule for two symmetrized operators is de-
scribed in Eq. (229); its nontriviality originates from the
noncommutivity of Eq. (E1). We review the proof of the
multiplication rule by Roth,2* which combines Fourier

analysis, and the Baker-Campbell-Hausdorff identity
A B _ oA+B[AB)/2,

e‘e
/dr/dr’A

= /d'r/dr’A

{/dr/dr'A

_ {e@/ﬂlewmm / dr / dr' A(r) B(r')

7ik~’r‘87ik/~’r‘/ :| . (ES)
k=k’

71K Te —iK-r
e K (r+r')efil'26(,ﬁrar;i/2

—zk: (r+r) —il ea57a7ﬁ/2

X e

An application of this product rule to a commutator of
two symmetrized operators leads to

[A(K%B(K)] = [[A(k), B(k)]

212 Sz [{ViRA, ka}] +0(I™), (E9)

where [[a,b]] = [ab — ba] and [{a,b}] = [ab + ba].

a. Symmetrized operators which are independent of ky

A particularization of the Roth product rule [cf. Eq.
(229)] for functions independent of k, is
A(Kz)B(Ky) = [A(k2) B(kz )k, - k., (E10)
An operator acting in r-space (or more generally, an op-
erator acting in both r- and k,-space) commutes with
the operation [|x, K, , i-€.,

B(r, V) A, ) = [P, V) Ak, )]

ke— K, ’
(E11)

(K. #, V) A(K 1) = |Gl #. V) Al )]

ko Ky
(E12)

which may also be proven from Fourier analysis.

2. Relating our ansatz to Slutskin’s function

To lowest order in I"2, our ansatz for the wavefunction
takes the form

U(r) = \/% Z alk,r),

Zezk’ runK () fnkv (E]-?’)



with ), shorthand for a continuous integral over the
Brillouin torus. We would like our ansatz to be indepen-
dent of the choice of unit cell in k-space, i.e.,

alk,r) =alk+ G,r), (E14)

for any reciprocal vector G. This is ensured if we impose
the following boundary conditions on the wavefunction
in the (K, 0)-representation:

fnk: = fnk+Gm7 (E15)
gmn(K,;,O;G) = /dT[ufnka(T)]eiG"’uano(T).
(E17)

Here, S is formally an infinite-dimensional matrix, [ dr
denotes an integration over the real-space unit cell, and
G, and G, are the primitive reciprocal vectors of a rect-
angular lattice:

G, :=27n%/a,,
G, = 27y/ay,

G, :=27/a,,
Gy = 27m/ay; (E18)
the choice of a rectangular lattice is merely for notational
simplicity. a(k,r) = a(k + G, r) follows from the pe-
riodicity in k; of both (i) the wavefunction [Eq. (E15)],
and (ii) the operator that acts on the wavefunction:

ik

e ei(k+Gm)-r

TUnK,0 = (E19)

[cf. Eq. (213)]. The same operator is, however, not pe-
riodic in k,, and therefore the corresponding boundary
condition on the wavefunction is more complicated. To
verify that this boundary condition produces the desired
periodicity: a(k,r) = a(k + Gy, r), apply the operation
>, e u, i o(r) on both sides of Eq. (E16) and apply
the completeness relation in Eq. (216).

un7Km+Gwvo;

Our discussion about boundary conditions may seem
more formal than practical, since in many applications we
would only be interested in f,x for k in the vicinity of a
point — the area of interest is typically much smaller than
the Brillouin torus. On the other hand, assuming such
formalities, we would show that our ansatz is equivalent
to an expansion in Slutskin’s basis functions'? [denoted

Xnk):

1 ) 1
U(r) = — €zk.7‘un 0Jnk = —F/— n nk;
(r) W% K,0fnk \/N%kak
(E20)
Xnk(T) := un’kz+y/lzyo(r)eik"". (E21)

While e?* 7, k0 is a differential operator acting on fyk,
Xnk acts on fpr by multiplication, and therefore has a
more intuitive interpretation as a wavefunction over real
space.
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The first step to proving Eq. (E20) is to equivalently
express Slutskin’s function as

Un ey /12,0(T)E™ T

1 . L2 )
e —ilke—(i/1°)(8/0ky)](rs—Rz) ik-r
= g e v W.(r — R)e

VN I

- i 0
= ’U,n’K;’OBZkr; K; = kx

with help from the identity Eq. (213). What remains is
to prove

U(r) = Z fnkunK;«oeik'T = Zeik'TunKmofnk, (E23)
nk nk

which is analogous to an integration by parts; for nota-
tional simplicity, we shall no longer write out normaliza-
tion factors. As an intermediate step, we would further
identify the above quantity as equal to an expansion

Z h(x - Rx’yv ky)a

Ra ky

h({L‘ - Rwaya ky) = Z hn(m - Rz>y7 ky)fnRIkyy (E24)
n

U(r)

in the basis functions

hn(x — RI7 Y, ky) = ei{ky—(z_Rm)/F}y Z Wn(,r _ R)’
Ry
(E25)

with expansion coeflicients

; -
Faron, =Y €* e f .

ke

(E26)

We may identify these expansion coefficients as the
Fourier coefficients of the periodic function f,x [cf. Eq.
(E15)]. h, may be viewed as the magnetic analog of a
‘hybrid’ function, which is spatially extended in ¥ (as a
Luttinger-Kohn function) but exponentially localized in
¥ (as a Wannier function). Indeed, setting I"? = 0 in Eq.
(E25),

ho(2 = Ra,y ky) 7220 ™Y W, (r — R)
R

Yy
- S, )
ke
with the Luttinger-Kohn function defined as
X (1) = €* T o(r). (E28)

It is known that the Luttinger-Kohn functions form a
complete orthonormal basis in which any function can be
expanded™ — we thus expect for small fields that {h,}
forms a linearly-independent basis, though we avoid as-
suming orthogonality. Furthermore, we insist that the
expansion Eq. (E24) is independent of the choice of unit



cell in the Brillouin circle parametrized by k,, i.e., for
each R,,

Ma — Ra,y, ky) = h(x — Rg,y, ky + Gy); (E29)

this imposes a boundary condition on the wavefunction

JanIky, in close analogy with Eq. (E14)-(E16). We may
exploit this periodicity to express Eq. (E24) as

Zzh Ry,y, ky)

:Zzhm z,y7ky+($_Rr)/12)
Ry ky

— Z etkvy Z W.(r — R) Z etheRe Jrkoky+(a—Ry)/12-
Roky nk, ke

This quantity is equal to the RHS of Eq. (E23), as we
now demonstrate:

> ¢* unk,0fak
— % e* TN Wa(r-R
= Zel’“yyZW r—R)Y e f i omr

nky
(E30)

Je HKalemRa) g

7i(kx+il_26y)(a:7Rw)fnk

The LHS of Eq. (E23) may be expressed as
Z fnkunK; eik»'r‘
nk
= fak > Wa(r - R)e
nk R
=Y ford Walr—R
nk R
= 3 itk @R S g (e

kyRy nRy

7i(k17il726y)(x7Rz)eik-r

)e—ikx(m—RT,)e—iy(m—Rm)/lzeik:'r

R) Z ei]% e fnk:a
kz

which may be identified with Eq. (E24).

3. Alternative derivation of the infinite-band
effective Hamiltonian

We offer a derivation of Eq. (226) and its equivalent,
symmetrized form in Eq. (245); these are effective-
Hamiltonian equations which formally act on the
wavefunctions over all bands. Eq. (245) was previously
derived in Eq. (VIIT C) utilizing the Roth product rule of
two symmetrized operators [cf. Eq. (229)]; the following,
alternative derivation does not rely on this rule.
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From Eq. (240),

= /dTZUmKIO(T)-HO(K)unKIO(T)fnk

N R k2
- /dTZuInKIO(T) {[Ho(kz,())] + Ky 11, + 251}

X unKzo(T)fnk. (E?)l)

To derive the last equality in Eq. (E31), we need the
following idenity:

Aoa0) = 4] = | ot )+ 0, + 33

2

. . k
- [Ho(k;x, o)} + 11k, + 2. (E32)

The second equality follows from Eq. (11), and the
last equality assumed the Landau gauge for the kinetic
quasimomentum operators: K, =k, + il‘Qay, Ky =ky.

We separately consider each of the three terms in the
last line of Eq. (E31). The first term is simply evaluated
as

/dTUInKTO(T)Ho(Kx,O)UnKzo(T)
= [ / dTufnkIO(T)Ho(kmO)unkzo(‘r)] = Ho(Kz,0)mn.
(E33)

Here we have made use of the basic identities Eq. (E10)
and

Ho(Ky, 0)unr.o(T) = [ﬁo(kx, O)UH,%O(T)} . (E34)

the latter follows from Eq. (E12). It should be empha-
sized that the right-hand-side of Eq. (E33) corresponds
to the symbol <umkzo}fl@(km,0)‘unkzo>, with cell-
periodic functions which are smooth with respect to k,;
this assumption of smoothness is justified in Sec. VIIT A.

For the second and third terms, a few basic identities
for noncommuting operators [cf. Eq. (E2)] are helpful:

[u InK ooyl = 02 [ O, Whio | (E35)
[ Up, K, kai] = 2l Qk [akwumkmO] -t [3k Uk, o]
(E36)

We remind the reader that [,
[[] is a Weyl symmetrization of
identity

i/dT [&%u:nkzo(T) ] Unk,o(T)

- [ [ 0t oo | =~ (0),

/] is a commutator, while
-. We would also need the



with X defined in Eq. (15). Employing the above identity,
Eq. (E11) and (E35), the second term is evaluated as

KD SUNRCICS DI

= 3 (Fubmo = 172250 (K2,0)) 118, (K, 0) fok.
’ (E37)

Here, it was also necessary to insert a complete set of
cell-periodic operators [cf. Eq. (216)].

The third term in Eq. (E31) is evaluated with aid from
Eq. (E36) and the orthonormality condition in Eq. (217):

k2 k2
Y _ Yy
/dTumK 02 UnK, 0( )— Qmémn
ky 1

x _ 2
C mi2 xm"( 0) 2ml4 [<8k”
We remind the reader of our Dirac notation:

(02, s oftot.) = [ @ [ {08, 7,0} o) .

0| (E38)

(E39)
Applying the identity
<um|un> =0mn =
<82um|un> + 2<8um’8un> + <um|32un> =0, (E40)

we may express the symbol of the last term in Eq. (E38)
as proportional to

(O} Wik |tnk,0) = 10, X2, — Zoiﬁwiﬁn
A
(E41)

Inserting Eq. (E33), (E37),
(E31), we finally obtain

1 A
N / dru;(nKmo(r)e_Zk'TH\I'(fr)

(E38) and (E41) into Eq.
. . k2 ky
= {Ho+ k1Y — PRIV 4+ L - LX),
a {{ o+ ky X + 5 mZQ:{ }

1 (. s
_W(Zakmae - XX n)}

from which we may identify the effective Hamiltonian
acting on f, as that of Eq. (226).

K0

We may symmetrize the above Hamiltonian with re-
spect to K to obtain Eq. (245). The identity in Eq. (E6)
is useful for this purpose. Let us tackle Eq. (E42) term
by term:

kyﬁy _

{ky,Hy} —8;( 1Y

= Sl T} b o[ T (R43)

7

Therefore, the sum of following two terms is symmetric:

k, TV — I2X°T1Y = %{ky,ﬁy} - #{iz,ﬁy}. (E44)
Consider another term in Eq. (E42):
ky YT _ 1 o YT
*Wx = - W<{kyax b [ky, X ])
1 S 1 . oz

The last term here cancels a term in Eq. (E42). Finally,
note that the (X%)? is already symmetric, trivially.

4. Comparison with the effective Hamiltonian in
the representation of field-modified Bloch functions

We have claimed that the effective Hamiltonian of Eq.
(230) validly describes any band dispersion; when partic-
ularized to the case of (i) a single nondegenerate band,
or (ii) a subspace of degenerate bands, we may make
an instructive comparison with the effective Hamilto-
nians derived by Roth?* [reviewed in Sec. IV A and IV BJ.

In both cases (i-ii), the full velocity matrix IT and its
diagonal component ¥ [recall their definitions in Eq. (13)
and (16)] satisfy (IT — @), = 0, or equivalently IT = v;
this follows from Eq. (14) and Eq. (16). This property
and the diagonality of v imply that

%51'[“ Z:{B H;J;L Zxﬁ Na _ ~a) -
236 ~a z = (xﬁ( f’a) )mn’
(Tvilr) = (Tv(i — o)) (E46)

Furthermore, the assumption of nondegeneracy in the
band energies (for at least a local region in k) imply
the existence of energy functions (e,) and cell-periodic
functions (ung) which are both smooth with respect to
k. In such a smooth energy basis, X¥(k) is well-defined,
and its off-block-diagonal component XV (k) satisfies

113, (k)

XY (k) = ——mni E47
! mn( ) Emk — a’ﬁk7 ( )
which is, for k = (kz,0), also the defining relation for
T(k;) [cf. Eq. (235)]. When this identification is made

in Eq. (232), as well as those in Eq. (E46), we obtain

M = IR ([0 o))

(E48)
212 o0

which is almost identical to the original Roth term [cf.
Eq. (59) and Hf in Eq. (64)]; the sole difference is
that H1* is independent of k,. This difference originates



from the different representations for the wavefunctions:
v =75 . e* Ui, 0fake in the basis of field-modified
Luttinger-Kohn functions, and ¥ = Y . e®Tu, i frr
for field-modified Bloch functions. Finally, IT = v also
implies that

1
B __ x
Hy = —ﬁ{% a”y}KI,Oa (E49)

which may be compared to the original Berry term [cf.
Eq. (58) and HE in Eq. (64)]. Since the cell-periodic
function is independent [resp. dependent| of k, in the
(K4, 0)-representation [resp. (K, ky)-representation],
the Berry term proportional to X¥ is absent in Eq. (E48),
but present in Eq. (58) and (64).

Appendix F: Appendix to ‘Interband Breakdown’

1. Connection to Weber’s differential equation and
Landau-Zener dynamics

Our aim is to derive Weber’s differential equation from
the effective Hamiltonian equation [Eq. (275)]. To begin,
let us elaborate on the basis of field-modified Luttinger-
Kohn functions in which Eq. (275) is represented. We
have presupposed a basis where %, o are energy bands
along k, = 0; this fixes the basis up to U(1) x U(1)
gauge transformations, i.e., each energy band may be
multiplied by a k,-dependent phase. This arbitrariness
is partially removed by insisting that the diagonal ele-
ments of X*(k,,0) (a two-by-two matrix) vanish — this is
the parallel-transport condition within each band. The
off-diagonal elements of X*(k,,0) vanish because they
represent a coupling between distinct representations of
go [cf. Eq. (270)].126 The vanishing of X*(0) (as a two-
by-two matrix) justifies the neglect of the third O(I-2)
term in Eq. (237), from which we have derived Eq. (275).

We remove the k,-dependence of Eq. (275) by the
transformation

Foke = €=l (F1)
0 = e~ tkakyl® (Ho(K) — E) * fi,
— (o= Bl I+ k1) x 6+ 2170 6. (F2)
2 o,

Here, we introduce ¢¢ as the energy at the II-Dirac point
[eo = 0 in the main text], II” is a diagonal matrix with
elements II{; := w + v and II§, := w — v. Assuming
that u? > v2, one can find a non-unitary transforma-
tion to a two-component wavefunction f which satisfies
a differential equation that has been well-studied in the
Landau-Zener scattering problem. Each component of f
satisfies Weber’s differential equation, which is solved by
parabolic cylinder functions (PCFs). The transformation
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has the form

Fore = a(k, B) B(ky) D Tom fn(ky) (F3)

B

1

3
Il

a(k, E) = exp |:Z <kx - %sgn[l’[”fl} Tr[(11%) 7Y E> kylz}
= exp [i (ky — kye) kyl?]
Biky) = exp [igseallTh] ()~ ok

1 Y K4
+ —sgn[II7 ]< il + iQ >k212]
4 | Ig,] )

T = (")~ Y2V, with 1% := sgn[II,]I1*,  (F4)

and V € SU(2). Note that k,. in the second line is the
coordinate of the hyperbolic center, II* (defined above)
is positive-definite, and T is independent of {k,, ky, E}.
This transformation was first derived in Ref. 12, with the
assumption that IIY is real owing to spacetime-inversion
symmetry.'®® The more general proof that is presented
here demonstrates that solubility by PCFs does not
require this symmetry.

Proof of transformation to Weber’s differential equation
(0) In the non-unitarily transformed basis

¢ =15,%9, (F5)
the eigenvalue equation [Eq. (F2)] takes the form

0= ([ex — B (%)~ + &, (I) /211, (%) 72) 4 6

i 0 -

Y

(i) We can remove the terms proportional to identity by

= exp { sl 32(ei — EYTIAT)

) I I ES -
T l2< 11 4 22 )k2:| }(Hm)l/2¢ (F?)
47 \ [, (Mg, )Y

In our model,

“Tr[(1%) 71 = = = kye. (F
9 [( ) ] 21—[51511—1%’2 U2 _ ’U2 ( 8)
The operator on ¢~) has the generic form
.14 0
moy + kyv - o + sgn[Hu]ﬁa—ky. (F9)

In the next steps, we would find a basis where the coeffi-
cient of oy is linear in k,, and that of o, is independent of
k. Indeed, given any two three-vectors a and v [in our
context a = (0,0,m)], we can always find a basis where

a-o+kuv-o (F10)



is transformed to

ayo, + a0, + kylv|os. (F11)
This follows from the homomorphism between SU(2)
and SO(3).!'5 From a geometrical perspective, we are
looking for a plane in R? that is spanned by two vectors
a and v; we parametrize this plane by (z, z), such that
Z =w/|v|. Let us show this explicitly:

(ii) We rotate to a basis where the matrix multiplying k,
is diagonal:
i 0

m - o+ ky|v|os + sgn[Hfl]l—Q%.
Y

(F12)

(iii) Shifting the origin of k, to absorb the mg term,

i 0
mi0o, + mao, + kylv|os + sgn[H‘/fl]ﬁ%. (F13)
y
(iii) Performing a rotation with expio;6,
2 2 T i 0
m3 + m3o, + kylv|os + Sgn[HH}l—QaT. (F14)
Y

Henceforth assuming II{; > 0, we obtain the first-order
matrix differential equation in Eq. (277), which is ex-
pressed with the hyperbolic parameters @ and b defined
in Eq. (268).

The general procedure outlined above, when applied
to our minimal model, leads to the particular forms:
V =e /45, and T of Eq. (276).

The case of @ = 0 was previously discussed in Sec.
IX C2. Henceforth assuming a # 0, and changing vari-
ables as

2= 2\/—1'%/% (F15)
with fi defined in Eq. (271), each component of f now
satisfies a second-order differential equation:

22 1 =
[83—4+2+w]f1=0,

2

[a§—Z+1+(m—1)}f§:0.

5 (F16)

The above equations may be identified with Weber’s dif-
ferential equation:

-+ 3 (F17)

21
{8§—Z++v]w=0,
which is solved generally by parabolic cylinder functions
(or Weber-Hermite functions)

Y =p1D,(2) + paD,(z), where D,(z) = D,(—z).

79

D, (z) is an entire function of both v and 2,'8% and sat-
isfies the recurrence relation

oD, (F19)

+ gD,,(z) = uD,_1(2).

z

Note that Ref. 188 employs a different notation for the
PCF: D,(z) =U(-1/2 —v,2). f; and f; are related as

Vi

_ Z\ -
fz——ﬁ (3"‘ 5) I1s (F20)
which implies, via the recurrence relation, that
fi(2) = p1Dig(2) + p2Dip(2),
fa(z) = @[plDiﬁ—l(Z) —peDip-1(2)].  (F21)

Vi

Combining these equations with the asymptotic limits
of the PCFs [Eq. (12.9.1) and (12.9.3) of Ref. 188], we
obtain the leading-order terms for f in the limits k, —
+00 (denoted by + in the argument):

for b>0, fi(+) = @(|ky/b]) [p1Z +p2 Z7%],
fi(=) = o(ky /b)) [p1 272 +p2 Z]
5(+) ~ —p2*([ky /b)) G Z7,
s(-) et (ky/BNGZ7,  (F22)
where we have introduced the variables
_ ks 2ky | 1
llky /b)) := expip | 75+ | = 4+ Slnp), o (F23)

Z :=¢e™* and

G .= YTW2TE o g e D (i) —im /4
T(1—if)
(F24)

2. Derivation of connection formula for |E| >0

The goal of this section is to derive the connection
formula [cf. Eq. (284)] for interband breakdown at finite
energy away from the II-Dirac point.

Let us assume that the semiclassical interval [where
we apply the (K, ky,)-representation] overlaps with the
breakdown interval [the (K,0)-representation]; this
overlap region is an interval in k, satisfying

_ b
|ky| > 17, |b,l‘1\/; and |k,| < Gy, (F25)
with k, originating from the II-Dirac point, and G, the
reciprocal period. In this overlap region, will apply the
general transformation [Eq. (273)] that relates wavefunc-
tions in the two representations. Combining Eq. (273)



with the WKB-form of the (K, k) )-wavefunction in Eq.
(283), we obtain that

2
For ky, >0, fix= Z C:wnlen(ky) +0(172, gly)v
n=1
_ 2
For k?y <0, flk; = Z C;wnlen(ky) + 0(1727 %)’
n=1

(F26)

with w,x a Zilberman-Fischbeck function defined in Eqs.
(281)-(282), and the overlap matrix defined as

Min (ky) = (G (k)0 tn,er (e, ) ey ) - (F27)
Here, 1, 0 and wup k, k, are classical symbols of opera-
tors occurring in the basis functions of the (K,,0) and
(K3, k) representations [cf. Eq. (A3) and Eq. (272)].
Take care in defining M that the band index n appears
in both bra and ket.

To make progress, we would need the asymptotic forms
of the quantities w, M, f as k, — Fo0:

E)7 flk}
(F28)

{w;lz:kﬂ Mi( )s flk:} =k irioo {wnk, M (k,

We consider them in turn:

1 B _1m
wh, = ——a(k, B) (o(lky /B)A2) T Wk (),

|0 |

(F29)

)= eiﬁ(lnﬂfl)’ )\:tl/Q — eiiﬁ/Q(lnﬁfl)’ (F30>

J
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with « defined in Eq. (F4) and ¢ in Eq. (F23); W, is the
single-band Wilson line defined in Eq. (282). For both
n € {1,2}, |v?| approaches the same value (denoted as
|Uz]) as ky, — £oo. This asymptotic form of the overlap
matrix M is derived in App. F 3 to be

For E >0,
MY =e Wil Ty, Mb=—e "Wyl Tp,
My = e Wi Ts, My, = e W, g,
For F <0,

MlJlr = e_lelj_lTlL Ml; = e_i92W27_~_1Tl§,
My =—e "W Ty, My =e W5 ' Ty,
(F31)

with T a k-independent, non-unitary transformation ma-
trix defined in Eq. (276); 6,, are band-dependent phases
that should be present on principle [see discussion in App.
F 3] but does not ultimately affect the quantization con-
dition.

Inserting Eqs. (F29)-(F31) to the right-hand-side of Eq. (F26), the cancellation of the Wilson lines lead to

k
For E >0, ch{wIkMJ“ = 04(_)
n V ‘Ux|
k
o o
k
For FE <0, Zc wnk a( )

RV
ZC wnk ln*

{cne”lm)(w% i c;<—ei92Tl2><A%*>}
i (67N Tr)(N20%) + ¢y (e Ty ) (A2
)(

)}
{et @m0 20 + o e T 0020 |

a(k - —i01 * — [, —i0s -
H{ (e M TN ) 4 T 0 b
x
From Eq. (F3), and applying that S = 0 in our minimal model (since ITY is off-diagonal and €¢ = 0),
i — 7
flk =of Z Tim f (ky), (F33)

where 7 labels the diadactic basis vectors, and f satisfies the matrix differential equation in Eq. (277). Let us relate
f above and below the Dirac point. Both a and b change sign across £ = 0, but a/ b does not. We will exploit a

symmetry of Eq. (277): if f is a solution for @ > 0, r(ky)

forms above and below the Dirac point are related by 772, (k

f(—k y) is a solutlon for @ < 0. Therefore, the asymptotic

y) = f¢(

). Further employing that f only depends on



k, through @(\ky/a),

7= (Iky /b))

= f" (Iky /0.
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(F34)

Utilizing the asymptotic forms of f in Eqs. (F22)-(F24) for E > 0 (recall that the sign of E and b are identical with
our assumption that u,v,w > 0), in combination with Eq. (F34), we derive

For E>0, [ =oa(k){Tiie(mZ+pZ7?) + Tpp*

fl;:a
For F <0,

b\
> |
Il
Q

(
(
(
(

Comparing this with Eq. (F32), we identify

) (—p26271)}
k) {Tirp(p1Z7% + p2Z) + Tine* (1GZ7) },
k) {Tio(pZ +p2Z73) + Tiap™ (— p2GZ 1))
Ik =ak) {Tnp(mZ 73 +p2Z) + Tae™ (11GZ71)} (F35)
1 Cfe_iel — /\_1/2gZ_1 0 U(l—sign[E])/Q p1
Vel \ez e AN2z=s N z) p2
L [cefe™ NP2Z o NPZ7 N signim /e [Py
o= ign : F36
\/@ <03-6192> ( 0 A—1/2 ng> g . ( )

with o] := o7 a Pauli matrix, and 0¥ := I the two-by-two identity. Since the expressions for positive and negative
energy differ only in the relabelling of dummy variables p; <> po, the scattering matrix is independent of the sign of

the energy. Removing the p; and ps from our equations, we finally relate ¢~

(284).

3. Asymptotic form of overlap matrix M

The overlap matrix M defined in Eq. (F27) may be
viewed as a basis transformation between the Luttinger-
Kohn and crystal-momentum representations, as we have
reviewed in Sec. III E. M is determined, with an accuracy
of O(k,/Gy), from the following eigenvalue equation:

[—E + ki (ky, E)II7(0) + k,11¥(0)],, Min(ky, E) = 0.

(F37)

It is assumed that w,gn(k, Eyk, [occurring in Eq. (F27)]
are energy eigenfunctions of ﬁo(kz) with eigenvalue
Enkrk, = FE. The goal of this section is to derive the
asymptotic form of M [denoted by M* in Eq. (F31)] as

ky — Foo0.

Before a detailed proof of Eq. (F31), we would argue
for the form of M*:

(1) In the limit k, — %00, the adiabatic basis of energy
bands (labelled by n) coincides with the diabatic basis
(labelled by 7) up to a phase, as we have argued in
the caption of Fig. 8. Each column of M¥ is therefore
proportional to a column of the matrix T, defined
in Eq. (276), which transforms between adiabatic and
diabatic bases.

(i) What remains is to argue for the proportionality
phase factors. If we ignore W and ¢%% there remains
a —1 phase factor which reflects the m Berry phase

to ¢t by the scattering matrix in Eq.

(

acquired in the 27 rotation of pseudospin-half. Indeed,
we might view ar + %kyTg as the Hamiltonian of a
pseudospin coupled to a pseudo-magnetic field, and
label the diabatic basis | + 1> according to its eigenvalue
under 7;. The diabatic basis coincides, modulo a phase
factor, with the adiabatic basis in the two limits &, > |b|
and k, < —|b|. As k, is varied from 400 to —oo, the
adiabatic basis is parallel-transported along k% (k,, E) as
|—|—> — el | —> and | —> — eid’*+| +>. The product of
the two phases ¢/(?+-1T¢—+) = _1 independent of phase
redefinitions of the diabatic basis: | + > — | + >ewi. To
explain this independence, we may view the combined
parallel transport of ’—|—> — eiP+- |—> — ei(Pr-to—1) ‘ —|—>
as the adiabatic rotation of a pseudospin-half by 2x
within a plane. e(¢+-+9-+) = —1 may then be identified
with the Berry phase, which is half the solid angle?”
subtended by the rotation.

(iii) In the Bloch problem, there is an intrinsic ambiguity
in the definition of nondegenerate energy bands }unk>,
which may arbitrarily be redefined by a k-dependent
phase. This phase ambiguity may be separated into
two contributions: (ii-a) the single-band Berry con-
nection X, (k) encodes the phase relationship between
infinitesimally separated wavevectors k and k + Jk.
(ii-b) In addition, there remains, for each band labelled
by n = 1,2, a global phase ambiguity encoded by e*»
which explains their presence in Eq. (F31). That is,
given a fixed connection, there remains a gauge freedom
in redefining each band by a k-independent phase. The



ambiguity described in (ii-a) is expressed in Eq. (F31) as
the integral of the connection along the constant-energy
band contour in Eq. (282). We remark that there is
no sense in which W, + asympotically converges to a
unique phase factor; reassuringly, the final expression
for the quantization condition involves only closed-loop
integrals of X,,.

Proof of Eq. (F31)

Let us make the argument of (i) precise. One may verify
that

[T~ M),
ml

0= [—km +arm + k" + %kﬂg} (F38)

For large |k,/b| > 1, we may neglect ar, relative to
akyTs /b

[T_lM]ln

ml

0~ [—km + B (ky, E) + %k‘yr} (F39)

which determines the columns of M* up to a phase (de-
noted as 7 below):

Ml—"l_ - 6i71+j—‘liv Mlg = ei’hijjlﬂ
My, =" Tp, My =" Tj. (F40)
The first line follows from setting [T-'MJ;, o 1 in
Eq. (F39), which leads to 0 ~ —ky. + kI + ak /b for
ky, > |b], this corresponds to the left ‘band contour
(n =1), and for k, < —|b| to the right (n = 2).

Our next step is to derive the phases v,+. As an inter-
mediate step, we would determine v, + in a special basis
for the energy bands which we denote as:

{tnk, (ky.0).k, In € {12}, ky € R} (F41)
Up to a relabelling of band indices, @ and u are defined to
be continuous where their domains (in k-space) overlap
— at the two hyberbolic vertices. Explicitly, if we define
the two-by-two overlap matrix:

My (ky, E) = (fiy fin (1, 2,0/ o (k) 1, )

then M(0, E) = gl —sien#D/2, (F42)
The reason for this dependence on the sign of E: we
have defined %; to have a larger velocity (0¢/0k,) than
Ug, SO Uy corresponds to the left hyperbolic vertex (i) at
positive energy, and to the right hyperbolic vertex (z)
at negative energy. We further insist that @ satisfies the
parallel-transport condition, i.e., for any segment of a hy-
perbolic arm, 0 =exp(— [ <ﬁnkaﬁn> - dk). This condi-
tion, combined with the reality of the pseudospin Hamil-
tonian (a7, + ¢$k,7,), ensures the reality of M for all k,.
It is simple to find a real function that interpolates be-
tween the known values of M at k, = 0 [cf. Eq. (F42)]
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and at oo [each column of {\Z must be proportional to
a column of the real matrix T]. The result is:

For E >0, Mu(+) =T, Mp(+)=-T;,
Mn(—) =Ty, Mpp(-) = Ty,

For E <0, Mu(+)="Tg, Ma(+)="Tps,
My(=) =-Ty, Mpa(-)="Ts. (F43)

The appearance of the minus sign in Given that Eq. (F43)
holds for the special basis @, it follows that Eq. (F31)
holds for any basis

{Unfc;(ky),ky ky € R}

that is differentiable with respect to k,. Indeed, we may
define the phase mismatch between u, and u, at the
hyperbolic vertex (k7(0),0) as

(F44)

—ibn

UnFr(0),0 = € " Unkr(0),0 (F45)
Finally, the Wilson line [W,,+, as defined in Eq. (282)] ac-
counts for the additional phase mismatch between u,, and
iy, which originates from w,, not satisfying the parallel-
transport condition. To recapitulate,

y i0,
U kn ky—too = € " Wit Un gk, —£o00; (F46)

which may be substituted into Eq. (F43) to derive Eq.
(F31).

4. Perturbative treatment of quasirandom
spectrum

a. Case study of interband breakdown: single II-Dirac
graph with @~ 0

From Eq. (294), we identify
f(E,B;7) = f(E,B;0) + 67(E, B) f1(E, B)

Q1+ Q

fo(E, B) := f(E, B;0) =

f1(E,B) = — cos -

=V 17/)27 p(ﬁ)zeiﬂpﬂa

with fi o« E?/B and w defined in Eq. (271) and (285)
respectively.

57(E, B) 70 =0, (F47)

In the semiclassical limit 7 — 0, the Landau fan is
determined by Eq. (295), and the first-order correction to
the Landau fan is given in Eq. (300). Just as in Eq. (300),
we will employ the shorthand O’ = 90 /JF throughout
this appendix. Further assuming that (S7 +52) is slowly
varying on the scale of EO — EJ [i.e., (S1 + S2) = O(1)],



and restricting ourselves to n = O(1), Eq. (295) and (300)
particularize to

2nm
EXB)=E)+ 5o
n( ) 0 l2(Sl+S2)/|E8

2/m(=1)nt1 v
EYB) =
) n( ) 1(51+52)/|E3 ﬁw(u2_v2)3/4
2nm
‘ Eu}
{ O (S1+ 82) | g

12(512— Sg)]

+0(I'), (F48)

+O(m3%172,179).

X sin |w +
ER

The validity of the last expression rests on a double con-
straint on the field: it cannot be too large, as reflected
in the O(I75) uncertainty; on the other hand for any
nonzero energy, the field also cannot be too small, since
7%/212 < E31. With these caveats in mind, we observe
that the amplitude of §E} goes as B'/? at weak field; for
n # 0, this crosses over to a B%? dependence at inter-
mediate field. Eq. (300) and the second line of Eq. (F48)
are derived at the end of this section [Sec. F4Db].

b. Derivation of first-order correction Eq. (300)

As defined in Eq. (291), the domain of €2; does not
include E = 0. Due to the continuity of the quantiza-
tion condition Eq. (294) across E = 0 [as we had argued
in Sec. IXD1], we may as well extend the domain by
Q;(0) := Q;(0%), with 0" an infinitesimally-small pos-
itive quantity; our results will be unchanged if we had
instead chosen Q;(0) := Q;(07). We may then express
the extended functions concisely as

Q1 —Qy  PP(S1 -5

™ +
= — FE
5 5 5 TTOT(E),
O+ Q9 12(51 + S2) s
= — F4
5 5 + 3 (F49)
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with the step function defined by

0 for x>0,

0t (z) = (F50)
1 for 2 <O.
Inserting Eq. (F49) into Eq. (F47),
2
fo= —sin [Z(‘S’l;—‘%)] \ (F51)
6.f0 (_1)n+1 2 /
-1 i w2 (F52)
OF | po 2 B0
2 —
fi= —cos [w + M - g +7T@+(E):|
2 _
= (_1)@+(E)+1 sin [o.; 4 1(51252)} . (F53)

In the second equality, we applied that sin[Q2; /249 /2] =
(—1)" when evaluated at E?, as deducible from Eq. (295).
Inserting Eqgs. (F52)-(F53) into Eq. (299), the first-order
correction in energy is then

=0T f1 + ot
6E71L _ _ 2(71)n+1+@
7% e (51 + 82)f
12(S; —
x sin [w + M} . (F54)

Since we are in a parameter regime where [ is small, 67
[defined in Eq. (F47)] is approximated by

o1 = \/2mj+ O(*/?)

=V

where we have utilized the definition of & in Eq. (271).
Since

LE|+O(E*?),  (F55)

(-1 B = E=sign[E]|E|.  (F36)
we may just as well replace (_1)®+ in Eq. (F54) by
sign[E], and finally obtain Eq. (300) as desired. For Lan-
dau levels indexed by n = O(1), we may substitute Eq.
(F55) and (F48) into Eq. (300), and derive the second
line of Eq. (F48).
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