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We study Kondo physics of a spin—% impurity in electronic matter with strong spin-orbit interac-
tion, which can be realized by depositing magnetic adatoms on the surface of a three-dimensional
topological insulator. We show that magnetic properties of topological surface states, and the very
existence of Kondo screening, strongly depend on details of the bulk material and surface prepa-
ration whose details are encoded in time-reversal preserving boundary conditions for electronic
wavefunctions. When this tunable Kondo effect occurs, the impurity spin is screened by purely
orbital motion of surface electrons. This mechanism gives rise to a transverse magnetic response
of the surface metal, and spin textures that can be used to experimentally probe signatures of a
Kondo resonance. Our predictions are particularly relevant for STM measurements in PbTe-class
crystalline topological insulators, but we also discuss implications for other classes of topological

materials.

PACS numbers: 73.20.At, 75.20.Hr, 75.70.Tj

I. INTRODUCTION

Recent explosion of interest in topological insulators
(TIs)' 3 is due in large part to the fact that they sup-
port metallic states on their surfaces. The existence of
these states (and hence the metallicity) results from the
non-trivial topological nature of the Bloch wavefunctions
in the conduction and valence bands of the bulk material,
and is a robust feature. In contrast, the quantum num-
bers associated with those surface states are not deter-
mined by topology alone. Therefore they may vary from
material to material, and depend on the surface prepara-
tion. Understanding physical consequences of this non-
universal behavior is one of the foci of our paper.

A typical cartoon picture of surface states in a TI
consists of spin-momentum-locked energy branches of a
massless Dirac spectrum. This description cannot be uni-
versally accurate. A crystal boundary breaks the inver-
sion symmetry and gives rise to strong, rapidly varying
in space, electric fields that define an effective surface
potential for the electrons. Interplay between these field
gradients and the bulk inter-atomic spin-orbit interac-
tion (SOI), responsible for the non-trivial topological as-
pects of these materials, renders this potential momen-
tum and spin dependent. As we show below, this en-
sures that measurable properties of the surface states
cannot be determined by topological arguments alone.
Details associated with a crystal surface can be accounted
for via effective boundary conditions (BCs) for the elec-
tron wavefunctions®®, and are completely excluded from
the topological arguments involving only the bulk band
structure. In this context, Ref. 6 argued that appro-
priate BCs are essential for a sensible formulation of a
bulk-boundary correspondence in TIs. Moreover, Ref.
7 pointed out a dependence of the spin texture of sur-
face Dirac cones on the crystallographic orientation of
the surface, even for simple BCs.

Below we show that the spin behavior of surface states
in three-dimensional (3D) T1Is is highly sensitive to both
the bulk band structure and surface properties. We con-
sider semiconductors with different crystal symmetry:
cubic lead chalcogenides (PbTe or PbSe) and tetragonal
BisSes-like TIs, and demonstrate that magnetic probes
(such as an external field or quantum impurities) can be
used to efficiently differentiate between these two classes.
Crucially, the sensitivity of TI surface states to the sur-
face manipulation allows one to use TIs as a controllable
environment for studying spin-dependent correlated phe-
nomena in the presence of strong SOI.

While some of the unusual magnetic phenomena that
we argue for can be probed by measuring the response
to a uniform magnetic field, in this paper we focus on
the physics of a spin—% impurity deposited on the surface
of a 3D TI. Kondo screening, whereby the impurity spin
at low temperatures forms a singlet state with the Fermi
sea, is one of the earliest and lucid examples of correlated
many-body physics® that remains relevant in contexts
ranging from heavy fermion systems®'? to nanoscience!!.
Advances in scanning tunneling microscopy (STM) al-
lowed observation of this phenomenon on the atomic
scale'? 14, and granted access to manipulation of individ-
ual Kondo resonances'®. Testing surface states of TIs via
STM!® complements spin-polarized angle-resolved pho-
toemission (ARPES) measurements!™ ! and gives a di-
rect probe of the Kondo effect.

In its simplest form, Kondo screening involves only
spin degrees of freedom of the conduction electrons.
Hence it is sensitive to the spin-SU(2) symmetry break-
ing, provided in our case by the SOI. Previous works
have shown that the Kondo effect survives in the pres-
ence of spin-orbit scattering!® 2!, and weak (compared
to the bandwidth) Rashba or Dresselhaus band SOI?2-27,
In some cases, the latter can actually enhance the Kondo
resonance®®2?, The strong SOI regime is even more in-



triguing. Indeed, the SOI can be viewed as a momentum-
space magnetic “field” that aligns electron spins along a
particular direction (e.g. perpendicular to its momen-
tum). When this field is large enough the spin degree
of freedom of conduction electrons is effectively lost and
cannot participate in the spin-flip scattering leading to
the Kondo effect. Nevertheless there is substantial the-
oretical evidence?6:30-34 indicating that a magnetic im-
purity on a TI surface is screened by the surface metal.
Remarkably the physical nature of this effect and spatial
structure of the screening states have never been elu-
cidated in the context of TIs. Understanding this phe-
nomenon is also important from an experimental perspec-
tive because magnetic probes (e.g. impurities or mag-
netic field) coupled to surface electrons can be used to
differentiate trivial and topologically non-trivial matter,
providing an alternative to ARPES-based techniques.

We demonstrate that the strong SOI leads to an un-
conventional Kondo effect with an impurity spin screened
by purely orbital motion of surface electrons. Specifically,
we consider a simple band model of a 3D TI, and derive
an effective Kondo Hamiltonian that governs the dynam-
ics of the impurity spin at the TT boundary (that does
not break time-reversal symmetry), taking into account
the full 3D spatial dependence of surface-state wavefunc-
tions. Because of the SOI this Kondo exchange has an
X XZ structure and, in general, is strongly anisotropic.
At low energies, the impurity spin forms a singlet state
with the total electron angular momentum, and the sys-
tem exhibits an emergent SU(2) symmetry, which is re-
sponsible for the Kondo resonance. The SOI also gives
rise to a transverse magnetic response when an external
magnetic field applied normal to the surface results in
an in-plane electron spin polarization, which may lead
to interesting magneto-electric phenomena under driv-
ing fields. This response is significantly stronger than

an analogous effect on metallic surfaces with Rashba
SOI35:36,

In the next Sec. II, we describe our minimal model
of a 3D TI and calculate its surface spectrum. Here we
consider a continuum version of a lattice model studied
in Ref. 6. Emphasis is put on the physical meaning of
the quantum numbers involved in the effective descrip-
tion of electronic states. In Sec. III we explain how
both, surface and bulk, states play a role in determining
the specific mathematical form of the relevant operators
involved in the effective coupling between surface elec-
trons of the TI and the magnetic impurity. Here, we
contrast BizSez and PbTe-class materials. Section IV
establishes the effective X XZ Kondo Hamiltonian that
governs coupling of these surface states to magnetic im-
purities, and explains why this is a single-channel Kondo
Hamiltonian despite its apparent two-channel form. In
our approach we control the surface properties through
BCs for electronic wavefunctions® and show that surface
manipulation provides an effective way of tuning param-
eters in the effective low-energy Kondo model and can be
used to completely suppress the spin-flip terms and desta-

bilize the Kondo effect. We study the physical proper-
ties of the effective model and its unconventional Kondo
physics in Sec. V. In particular, we investigate the trans-
verse magnetic response to an external magnetic field and
point to the resulting transverse spin textures as a dis-
tinctive characteristic of the Kondo screening cloud in
strong SOI materials. We also show how one can tune
the Kondo effect and the characteristic temperature Tk
via surface manipulation. Our results can be directly
verified in STM measurements in crystalline T1s like the
lead-tin solid alloys Pb;_,Sn,Te, but the above uncon-
ventional Kondo physics can also be observed in well-
studied BisSez and BiSb. Finally, Sec. VI provides a
summary and an outlook with questions that still re-
main open. Two appendices with technical derivations
complete the paper: Appendix A addresses the very im-
portant problem of self-adjoint extensions of unbounded
Hermitian operators, of key relevance to the analysis of
bound surface states. Appendix B exploits the axial sym-
metry of the problem to construct surface states with
well-defined total angular momentum.

II. SIMPLE CONTINUUM MODEL FOR
TOPOLOGICAL INSULATORS
A. Model Hamiltonian

To describe electronic states in a TI we use Dimmock’s
model?738  defined by the modified Dirac Hamiltonian

2

p
Hp =v(a-p)+ 8| A+ . 1
o =vlap)+5(a+ L) )
This effective Hamiltonian involves two spinful bands
(conduction and valence) of opposite parity separated by
an energy gap 2A and is written in terms of the 4 x 4

Dirac matrices

a:(awm):(g g), ﬁ:(az®1)=<(1) _01),

with o = (67, 0Y,0%) denoting the usual Pauli matrices,
and 1 — the unit 2x2 matrix. In Eq. (1) the effective mass
m* accounts for contribution from remote bands, and the
velocity scale v is proportional to the momentum matrix
element between conduction and valence Bloch states. In
the following we shall adopt units with 4z = 1.

The Dimmock Hamiltonian (1) provides a standard de-
scription of electronic spectra in lead chalcogenides near
one of the 8 equivalent L-points in the Brillouin zone.
Note that despite the presence of SOI Eq. (1), is written
in the basis of direct-product states®® |LE) @ |o), where
Lgt denote spinor one-dimensional representations of D3zq
corresponding to the conduction (Lg ) and valence (L)
bands and ¢ = 1, | is the electron spin quantum number.



Eigenstates of Hp are 4-component envelope functions

wc,l(m)
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which define the full electron wavefunction in the
caystal: — (x|¥) = > [tei(®){®|uci(ko)) +
Yui(®)(@|u,i(ko))leo®  where  (z|u(c)i(ko))e*o®
are Bloch states corresponding to band extrema at the
point ko in the Brillouin zone (k - p method). The
state |¥) does not need to have a definite spin quantum
number due to the SOI usually present in TIs. In
general, the indices i = 1,2 describe pseudospin states
whose relation to the true spin will depend on the
material. For instance, in PbSe-like systems the gap at
the L-point is formed by non-degenerate representations
of the single group Dsq. The SOI does not affect these
states besides shifting their energy, so the pseudospin
states ¢ = 1,2 can be identified with the eigenstates of
0% [i.e. |o) = [1) or |1)]*®. The (periodic part of the)
Bloch basis functions can be taken as direct products of
orbital and spin parts |u. (ko)) = |uc(ko)) ® |o).

The Hamiltonian (1) has a number of conserved “ten-
sor” spin operators®®. For us the important one is

T = B[ x p] = diag{lo x p], ~[o xp]},  (2)

with ¥ = (1®0). One can easily check that [Hp, T| = 0.
Here we will only need 7% = ia*(a’ - p, ), where “1”
denotes xy vector components. The Dimmock Hamilto-
nian (1) can be rewritten as

2
Hp =v(a’p. +iBa”T?) + ﬁ(A + 221*)' (3)

Note, that T% is a block-diagonal matrix whose elements
are proportional to a “Rashba” SOI term [ X p_]..

Effective mass models similar to (1) emerge in many
narrow-gap semiconductors with strong SOI*°, such as
BisSes. The relevant point in the Brillouin zone and the
interpretation of the quantum numbers may differ de-
pending on the material. For example, in BisSes (sym-
metry Dsq at the T-point) the SOI is essential in deter-
mining gap-forming states', hence the basis states are no
longer direct products. Even though there are still four
states in the vicinity of the gap and the effective mass
description is given by Eq. (1), the identification of the
pseudospin with real spin (as for PbSe) is no longer pos-
sible. These considerations are important for deriving
an effective mass interaction Hamiltonian between the
surface electrons and external probes such as magnetic
field or magnetic impurities. Naturally, this interaction
will depend on details of the bulk band structure of a
material. Below we are going to illustrate this point by
comparing the coupling of surface states and localized
magnetic moments in lead and bismuth selenide com-
pounds.
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FIG. 1. Panel (a) Geometry of the problem. The TI occu-
pies half-space z > 0. The unit vector n is an outer normal
to the surface. The red arrow represents the impurity spin.
(b) Schematic z-dependence of the surface state wavefunction
(6), characterized by two length scales: small 1/X\ ~ 1/m*v
(shaded region) and large 1/g ~ v/A. The Dirac model (7) is
valid at distances > 1/q. The impurity is located under the
surface where the Dirac theory is applicable. The inset shows
the dispersion of surface modes. (c) Stability diagram of sur-
face states (10). Thick lines correspond to critical momenta
pT = £(A/v) ctg¥. In the white region no surface states can
exist. In the (light) dark gray area, there are surface modes
with (only one, 7 = —1) both helicites. (d) Dispersion rela-
tion (10) for several values of ¥. The upper (lower) branches
(relative to the point p; = 0) correspond to 7 = F1. The
Fermi energy is e = 0.

B. Quasiparticle states in a half-space

We are particularly interested in the localized surface
states that form as a result of breaking translational in-
variance. Consider a TI bounded by the surface z = 0
whose bulk states are described by Hp, see Fig. 1(a). It
follows that p, is conserved and, together with 7%, can
be used to classify quasiparticles states. An eigenfunc-
tion ¢p, » of T?, Ty + = TD1Yp  +, has the form

,(/JPLT(w) = (bc(lg)zl)][z{i’LTT) eipL'mL.

with

1 1
Up,r = NG (_iTei%L) , (4)

where p, = |py| and €7+ = (p, +ip,)/p.1. The ampli-
tudes a(z) and b(z) are determined by solving the remain-
ing 2x 2 boundary value problem. In Eq. (3) one can now
replace T with 7p, , hence reducing the number of inde-
pendent Dirac matrices to two: S and «®. Their action
on the z-dependent spinor part of ¢p, () is equivalent



to the action of ¢* and ¢® on a two-component wave-
function (a* b*)T

(5t = (Str) = ().
(i) = (G, ) = (i

which allows us to replace the Hamiltonian (3) with a
2 x 2 operator

2
H](32X2) = v(axpz — O'y’TpJ_) +o* <A + p > (5)
2mx*
acting on two-component z-dependent wavefunctions.
This reduction of dimension (from 4 to 2) is a direct
consequence of conservation of 1.

An important insight can be obtained by studying the
simplest case of a hard boundary at z = 0 where the
wavefunction vanishes, ¢|,—g = 0. Surface states with
energy €p, » = Tup, exist? when —m*v?/2 < A < 0.
The surface-state (unnormalized) wavefunction is a co-
herent superposition of the conduction and valence bands

Up,+ —qz —Az\ Pl @y
R O i [ GRS BT
and is  characterized by two  momentum-
dependent inverse length scales: <()]\> = m*v F

\/m*(m*v2 +2A)+p 2. This surface state is stable
only when ¢ > 0, ie. for p; < y/2m*|A| and merges
into the scattering continuum for larger p,. For more
complicated BCs, the problem of determining the sur-
face spectrum from microscopic considerations is rather
cumbersome (see Ref. 6 and Appendix A for details).

It is possible to simplify matters by considering the
limit when m*v > |A|/v, pL. In this case vg ~ |A]
and A =~ 2m*v > q. These lengths are illustrated in Fig.
1(b). One can build a theory?? valid on the scale ~ 1/q by
neglecting 1/A. This small-p, perturbative approach is
similar to that used in hydrodynamics of weakly viscous
fluids*3. In the bulk we can simply omit the p?/2m* term
in Eq. (1), so the Hamiltonian takes the Dirac form:

Hy =v(a-p) + BA. (7)

Notice that in Dimmock’s model surface states develop
only when A < 0. Since the sign of A is no longer relevant
for the Dirac Hamiltonian, we assume A > 0. Near the
surface (at distances ~ 1/)) the situation is more com-
plicated because the term p?/2m* ~ )\ and cannot be
neglected. Within this layer [shown in gray in Fig. 1(b)]
the electronic wavefunction varies rapidly in accordance
with the BCs supplementing the Dimmock Hamiltonian
(1). However, this complexity can be absorbed into the
BC for the Dirac Hamiltonian (7). This BC has to be
consistent with the particle conservation, time-reversal

FIG. 2. Panel (a) Helical structure of the surface state (10).
Blue arrows indicate the expectation value of the electron
spin %2 which points perpendicular to the momentum and
has a magnitude ~ sin?). For ¢ = m, surface states carry no
spin. (b) Schematic illustration of the Kondo interaction Hx
in Eq. (12). At weak coupling one can ignore bulk-surface
mixing induced by the impurity and assume that Hx =~ Hz’ .
The impurity only couples to surface states (blue Dirac cone).

and inversion (parity) symmetries, and can be written

as*™® By|.—o = 0 with
B =1+ fsind +if(a-n)cosd, (8)

and m — the outer normal to the surface. The bound-
ary operator B includes one free parameter 9 which ac-
counts for microscopic properties of a realistic TI sur-
face, and the behavior of the electronic wavefunction at
the length scale ~ 1/m*v. An exact connection between
¥ and the boundary conditions of the original fully mi-
croscopic Hamiltonian is not unique in the effective long
wavelength Dirac model. However, we show in Appendix
A that to be self-adjoint in a half-space, the Hamilto-
nian (7) must have a single-parameter family of BCs.
Consequently, variation of the parameter ¢ allows us to
consider entire sets of possible surface properties real-
ized in experiments. Physically, 9 controls the amount
of particle-hole (p-h) asymmetry at the surface: The p-h
symmetric case is recovered only when ¢ = 0 or w. The
Dirac model (7) is clearly less complete than the Dim-
mock theory (1), but it is much easier to work with.

From now on we will focus on the problem defined by
Egs. (7) and (8). Since ¥ can be chosen arbitrarily, we
confine our analysis to the case A > 0 (direct gap) and
¥ € [0, 7]. Results for ¢ > 7 can be obtained using charge
conjugation ¥ — a¥4*. The energy and wavefunction of
surface states are given by

€p,r = TUpL cosV¥ — Asind, (9)

and

(1—sind)Up, +

’IZJPLT(:B) = (1 cos '(9Upl7_7_> e(iPL-mL*QpLTz). (10)

Here N = \/qp, - /A(1 — sin¥) and
gp.+ = —Tpysind — (A/v) cos?d (11)

is the localization wavevector and A — the area of the
TI surface [zy-plane, see Fig. 1(a)]. The stability region



of the state (10) is determined by the condition gp, , >
0. For ¥ > /2 the 7 = —1 state exists for any value
of p,, while the state with 7 = +1 is stable only for
vpy < —Actgdy. For ¢ < w/2 the 7 = +1 mode is
always unstable and the one with 7 = —1 exists for vp | >
Actgd. These regions are shown in Fig. 1(c). The
surface state enters the single-particle continuum at p; =
p7 = £(A/v)ctg?y. The function €, , is presented in
Fig. 1(d) for several values of .

Surface states (10) are characterized by a helical
spin distribution, shown in Fig. 2(a), that depends
on the BC, as one can see by computing an ex-
pectation value of the spin %E. This average is
(33) = IN?U] L [(1—sin9)? o +cos? ) 0°00%|Up, » =

—qp, 78NV (sin¢p, e, — cos ¢p, €,) ~ sindd, hence at a
p-h symmetric point ¢ = 7, surface states (10) [and (6)]
carry no spin. This situation is quite different from the
usual case of boundary-independent surface states?3

The single-particle scattering continua are defined by
€pip. = £/02(p2 + p12) + A? with p, > 0. Note that
€p, p, is doubly degenerate w.r.t. 7. The corresponding
(unnormalized) wavefunction is

(A+6PLpz)SinH UpL'r ipL @)
Up, p.r (@) (—iy [pz cos K + Tpy sin "‘@] Upy,—~ ‘ 7
where k = p,z 4+ ¢ and

vp, cos
(1+sind)(A+ep,p.)

Finally, we make two general remarks. First, ford =7
the Dirac surface state (10) has a structure similar to
its Dimmock counterpart (6). An additional negative
sign in the lower component of the spinor in Eq. (10)
appears because in the Dimmock theory (1) we used A <
0, while in the Dirac Hamiltonian (7) A > 0. In the latter
case the sign of A can be flipped by a unitary rotation
Ho — ATHgA and B — ATBA with A = (0® ® 1). After
this transformation the Dirac surface state wavefunction
(10) at ¥ = 7 becomes identical to Eq. (6). Hence,
conclusions obtained using the Hamiltonian (7) should
also be applicable to the Dimmock model.

Second, one has to prove that the Hamiltonian (7) is
self-adjoint in the space of wavefunctions satisfying the
BC (8), which is necessary to guarantee that the Dirac
model isphysical and our conclusions can be linked to
experimentally observable quantities. In Appendix A we
show that this is indeed the case and the BC (8) defines
a self-adjoint extension of the Dirac Hamiltonian (7).

tg( = .
g6 — Tup,y cost

III. COUPLING THE TOPOLOGICAL
INSULATOR TO SURFACE MAGNETIC
IMPURITIES

The Kondo Hamiltonian that describes the interaction
of the two electronic bands with an impurity on the sur-
face at € = g = (0,0, 0) has the form:

HK = JKS . 8((130), (12)

where S is the impurity spin and s(xg) is the electron
spin density at @, the coupling constant Jg is positive
(and has units of energy x volume). Based on contribu-
tions from different parts of the electron spectrum, the
operator Hy can be decomposed as

Hg = PsHgPs + PyHiPy + (P<Hi Py + h.c.).

Here P (Pp) is the projector on the surface (bulk) sub-
space with Ps; + P, = 1. The first two terms have matrix
elements only between surface and bulk states respec-
tively, the last term describes surface-bulk mixing in-
duced by the impurity. Since bulk states are gapped, the
pure bulk contribution cannot support Kondo screening
(due to a vanishing density of states at the Fermi surface)
and can be omitted. For Jx /I3, < A, with the “Comp-
ton” length scale o = v/A, the off-diagonal surface-bulk
mixing term is perturbative, and can be neglected in a
zeroth order approximation [see Fig. 2(b)]. In the follow-
ing we will focus on the surface term, H3® = P HkPs.

As already mentioned in Sec. II A, the relation be-
tween real electron spin and the pseudospin index in the
Dirac Hamiltonian is material-dependent. We will con-
sider the simplest case of PbSe-class materials where the
electron spin operator coincides with the pseudospin and
has the form

s(xg) = %CT((BQ) Ye(xg) = %CT(iL'()) (g 2) c(xp),

where c¢(x) is the annihilation operator that corre-
sponds to the quasiparticle eigenstates (10), c(x) =

> op. 7 ¥pir(®)cp, + + bulk modes.
The surface part Hj’ is obtained by computing matrix

elements of 3 between states (10):

\/qu "dp, T %
2A(1 — sin9)

L [(1=sinv)?e + cos* Vo7 a0 | Up, » =

A,/qu dp, v U

1

1
51&:&7 (20)% ¢p, +(@0) =
X UT,

[—sindot +o%e.|Up, -,

where o~ = o%e, + oYe, and we used the identity
Up,.—+ =0*Up, +. The full effective Hamiltonian is:

J
Hy =Ho+ HE = Z EpLTCI)iTCpLT + IKS * Se, (13)

pPLT
with s, = Pys(zo)Ps:
Z ng: Cpl ! e sind ot + o*e;|Up, +Cp, +
PLT

PLT

and Qiii = /T ~Tp. 7 For ¥ = 7 (hard wall BCs in
the Dimmock model) the coupling of electrons to the im-
purity spin is purely Ising-type. Since the impurity spin
cannot be dynamically flipped, there is no Kondo effect



in this p-h symmetric case. This offers the possibility
to control the Kondo screening by surface manipulation
via the boundary parameter ¥. Even though the bulk
Kondo coupling (12) is SU(2)-symmetric, Eq. (13) de-
scribes a Kondo impurity model with an X X Z exchange
anisotropy, which is a direct consequence of the inversion
symmetry breaking at the surface.

Due to factors Q5+7 the Hamiltonian (13) is equiva-
lent to a Kondo model with spatially non-local exchange
couplings. This can be seen by rewriting s. in terms of

J

A 159
8o~ Z [U(—al(sﬁ te.o?) + e (p),

5 —piL)-o+

(69)°

3

with 2Fp », =1+ (i)Q(p’l +p1)% The first term in
this expression will give rise to the usual (local) Kondo
interaction. The third term describes a purely orbital
mechanism to flip the impurity spin via a non-local p-
wave coupling with the conduction electrons. Finally, the
longitudinal terms (proportional to e, ) reflect an effective

Zeeman field originating from electron in-plane motion.

Because U,p,, are eigenstates of [ X p.]., Her in Eq.
(13) describes a two-dimensional system of electrons sub-
jected to a Rashba SOI and interacting with a magnetic
impurity. From Fig. 1(d) it follows that by tuning ¥ we
can make one chirality 7 almost completely disappear,
which is equivalent to having a strong SOI dominating
single-electron kinetic energy.

The effective model (13) seems to be incompatible
with recent results3?:32:33 arguing that there is always
Kondo screening at the surface of a TI. The root of
this discrepancy is the common assumption that TI sur-
face states can be considered as helical Dirac (or Weyl)
fermions. From Eq. (9), the effective single-particle sur-
face Hamiltonian has the form H§® = Up, €, US . =
veosVo xp,],—Asind, and the ubual case encountered
in the literature, H3°' = fv[a' X P )., is recovered when
¥ = w. The above assumption is not universal: While
the free particle dispersion relation is captured correctly
by HEe, it is non-trivial to couple these surface electrons
to external probes, e.g. impurities or an external mag-
netic field. Interaction terms involving TT surface states
have to be derived carefully taking into account bulk and
surface properties, and are material dependent.

Indeed, our results will be completely different for
BisSes. The tetragonal band structure of this material
dictates that an effective mass expression for the elec-

{l(p", +p1) xe]+i(p’, —p1L)o”} -

the fermions ¢p, o = > (Up, r)aCp,+ With o =1, |:

=" M (p)[-sinvot+

P PL

+ 0% exlssMpa(PL)Cly, 0 Cpias

where Mag(pr) = >, \/q;tuT( pﬂ')a( pLT)ﬁ =
QO(SQB + Qz[aaﬁ X pJ_] /pJ_ with QO = 3 Z-,— VAap.T
and Q. = 1> 7./Gp. ;. When ¢ = 7 — 69 for small
|09 < m and X9 < 1, to the lowest order we have

9~ w60 and Qo ~ /2 [1- (%2)° (1+ 524)], and

A(69)? iv(819)2
: ) S ELA) [P, pL]] CLLa' pLa>
[
44

trons spin is

S () = 1! (wo) De(ay) = Sl ao) (g 02302) (o).

The cancellation in the spin matrix element which led
to the factor sin? in Eq. (13) does not occur and we
recover an isotropic (XX X) Kondo Hamiltonian whose
structure is essentially independent of J:

s — 75 ZQgiZ Cp U 7/0Up wCp =

In the particular case of ¥ = 7 (when @ = const) it
is indeed admissible to use the Dirac-Weyl description
of surface states with the Pauli matrices in the effective
Hamiltonian being the true electron spin, as described
for example in Ref. 1. However, as indicated above, for
PbSe-class materials this is not the case.

Another way to experimentally distinguish the above
two classes of materials is by their response to an ex-
ternal homogeneous magnetic field h applied parallel to
the surface. Without loss of generality we assume that
h = he,. The surface electrons couple to this field via a

Zeeman term Hy = —2 3 Pyl (@;)A%c(z;)Ps|,_, with
A=Yor Y. In BigSe3 like TIs with ¥ = m, the full
single-particle Hamiltonian is Hy = — Zzu pLa{v o X

pil.+ (A/v)ho® }aﬁcpﬂg. Hence, the only effect of h on

surface states is to shift the Dirac cone in the Brillouin
zone®®. On the contrary, for ¢ = 7 surface electrons in
lead chalcogenides do mot couple to the transverse field
at all, because s¥ = 0. The Zeeman coupling appears
only to the order (m — ¥)2. For ¥ # =, the Dirac-Weyl
description of surface states in terms of HE® is meaning-

less, regardless of the material.



IV. EFFECTIVE SURFACE HAMILTONIAN:
ORBITAL NATURE OF SCREENING

To gain insight into the physical properties of the
Kondo impurity model (13) we will exploit its axial sym-
metry which guarantees conservation of the z-component
of the total angular momentum j, = [, + %Zz with [, be-
ing the orbital part. The fermions cp, » can be expanded
in the angular momentum basis:

_ im . _
—§ € ¢pLCme‘ra Cp,mr =

m

E —im
(§ ¢pLCpLT,

o,

CPL T

where the integer m € (—00,00). The sum over ¢p,
has to be understood as quu — 027T d?:} We also
define a sum over the radial momentum pj : Zm —
A fOOO dpipi, so that Z;u Zm%l‘

5 / = 0p, p, 5¢P1 ¢p, - Using these relations one can

Moreover,
P, PL
show that ¢, . satisfy the fermionic anticommutation

: T —
relations {cplm,T,, Cprimr} = Op p) OmimOrir.

The fermion spin density s. in Eq. (13) becomes:
F =isind Z ngi TC OT/CzulTv
P’
pPLT

E pLT T _
QpJ_T p OT/CPLOT - T Tcp’li-,-/cpll‘l')'

PL"'
pLT

Because only m = 0 (s-wave) and m = 1 = —1 (p-wave)
angular harmonics enter these expressions, we can define
new fermionic degrees of freedom??

Ap, 71 = Cp,07r; Ap, 7| = _iTCPLIT' (14)
These operators create surface electrons with total angu-
lar momentum j, = +1/2 (see also Appendix B).

To give microscopic meaning to the operators (14), it
is instructive to compute the local electron spin density
at the surface that corresponds to a state with one a-
particle i.e. an expectation value in the state |1, ,,) =
|0) of the operator

DIR AL

PLPL
!
o

pLTH

i
)X Yp  mr () ANTACINTE

z=0

where ¥y, mr = Vp, m(u)r 18 the surface state wavefunc-
tion (10) in the angular momentum basis (cf. Appendix
B), m' = m(y'), and m(1) = 0 and m(}) = —1. In the
polar coordinates & = (r cos @, rsin ), we have

dp. T
(p,ruls(@L)1p,ru) = £ % (15)
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FIG. 3. Spin distribution (1, +,|s(x1)|1p, +u) = (s(7)), Eq.
(15) along radial direction with 7 = T and ¥ = 0.97. (s")[(s%)]
is the radial [z] component. The blue line is the “total” spin
s%% = /(s7)2 + (52)2. Blue arrows show schematic spin dis-
tributions at a fixed radius r. Thick red dots indicate the
impurity location at the origin o = (0,0, 0).

with e, = (cosp,sing), p = pir, and J,(z) is the n-
th Bessel function of the first kind. The upper (lower)
sign corresponds to p = 1 (J). The spin distribution
(15) is shown in Fig. 3. Unlike the plane-wave states
C}L,N|O>, the wavefunctions amm|0> carry no net spin,
ie. [d®zy(1p ruls(xi)|lp,ru) = 0.

Using operators (14), we can rewrite Eq. (13) as

— T
Hy = E €p. 70y 7y Op (16)
pLT
JK ’ ’
p, T T . € z
+7 E Qpir S- o (smz?o'ulﬂ + Uulﬂez)amw.
P’
pLT

Here we assumed implicit summation over pseudospin
indices p and /' = 71,], omitted all angular harmonics
m # 0,1 which do not couple to the impurity, and dis-
regarded the negative sign in the XY-term. This sign is
irrelevant and can be switched by a unitary transforma-
tion Hes — UTHoU with U = 257, Elementary spin-flip
scattering processes in Eq. (16) correspond to dynamical
mixing of the spin distributions (15) and are schemati-
cally illustrated in Fig. 4(a) [and should be contrasted
with spin-flip scattering in the usual metal without SOI
depicted in Fig. 4(b)].

The Hamiltonian (16) appears to describe a magnetic
impurity coupled to two conduction bands (channels) la-
beled by the helicity index 7 = +1. However, this is not
actually the case as can be easily demonstrated by con-
verting Her to the energy representation. We shall con-
sider only energies within the bandgap, —A < e < A and
assume that 7/2 < ¢ < 7, so cos < 0. There is a one-to-
one correspondence between 7 and energy (i.e. helicity of



the state and its energy in the upper or lower Dirac cone).
From Egs. (9) and (11) it follows that 7 = +1(—1) cor-
responds to energies € < —Asind (e > —Asind). Since
dp, ~ and ep, » depend only on the product 7p,,

A + esind
v| cos Y|

q(e) = (17)

Notice that g(e€) # 0 for all e within the gap. Next we

derive the density of states (DOS) g-(¢). For 7 = +1

one has & Yo = f__ﬁ‘sinﬂ de(e + Asin ) /2702 cos? ) =

—Asin?
ZA de g+(€)' %ZPL
J oA in o d€ g—(€) with g_(€) = (e + Asin®))/2mv? cos® V.

Hence for all energies

Similarly for 7 = —1:

le + Asin 9|
= - 1 18
9(€) 272 cos? ¥ (18)
Finally, we introduce mnew operators ae, =
ap, (rp//9(€)  with  anticommutation  relations

{aZ,H/,aW} = 0/, 0(€’ — €) which allow us to reduce He¢
to a single-channel form

ef / deeamaw—&— JKS/ de/ dex

()g(e)a()a(e)]/? al,,, (sinv o+ o%€.) ,

e
This reduction from a two-channel form (16) occurs be-
cause of the unique correspondence between energy and
helicity peculiar to surface states.

V. UNCONVENTIONAL KONDO PHYSICS

The Hamiltonian (16) describes a Kondo impurity
model with an anisotropic (X X Z) exchange coupling and
a DOS (18) that can vanish at the Fermi level, e = 0, if
the BC ¥ = 7 is satisfied. In this limit two effects si-
multaneously ensure that the Kondo screening does not
occur, and the impurity spin effectively decouples from
the surface metal. First, from numerical renormaliza-
tion group calculations, for linearly vanishing DOS and
particle-hole symmetry the critical Kondo coupling does
not exist?®. It is worth noting that this behavior is not
captured by the standard mean field theories*”. Second,
in our system the spin-flip scattering is proportional to
sin? and therefore disappears at 19 = w. This effect is
already present at the mean field level. Hence the decou-
pling of the impurity from the metallic surface states at
¥ = m is inexorably linked to the anisotropy of the spin
scattering stemming from the bulk band structure.

For § < ¥ < = there is a finite DOS (18) at the
Fermi surface, and for temperature 7' below a character-
istic Kondo scale Tk, the impurity spin is screened®'°.
This Kondo effect occurs due to the orbital motion of
conduction electrons [Fig. 4(a)] unlike the conventional
case when the impurity is screened only by itinerant spins

(@)  TI surface (b) no SOI

) i 1y

Ti

€r

FIG. 4. Panel (a) Upper plot: Spin-flip scattering processes
leading to the Kondo effect. The red [blue] arrows denote im-
purity spin at & = 0 [local spin (15) in the conduction band
at a distance |@, | = r from the origin]. The impurity spin is
screened by the orbital degrees of freedom (coupled flips of the
electron spin and orbital angular momentum [.). The lower
plot shows a spiral spin structure (15) along a radial direction
(p = pir) away from the impurity. (b) Same as in panel (a)
but for a conventional metal without SOI. Only conduction
electrons in the s-wave state couple to the impurity and the
orbital angular momentum does not participate in the Kondo
screening. The spin direction (along an arbitrary direction n)
does not depend on the radial position.

[Fig. 4(b)]. More precisely, the impurity spin forms a sin-
glet with the total angular momentum j of the surface
states. This unconventional mechanism for the Kondo
screening originates from the strong SOI that couples
spin and orbital momentum of electrons in TIs.

In the following we would like to address the physi-
cal manifestations of this unconventional Kondo effect.
We first demonstrate the appearance of a transverse spin
linear response to a longitudinal external magnetic field.
We next consider the effect of temperature and study the
dependence of the Kondo temperature on the electronic
surface properties parameterized by . Although we fo-
cus on the model (16) obtained in the context of TIs,
results of the present section are applicable to Kondo
physics in any two-dimensional metal with SOI.

A. Transverse local magnetic response

The simplest manifestation of the spin-orbital nature
of the Kondo effect on a TI surface can be found in
the zero temperature (T' = 0) linear response to a weak
magnetic field h acting on the impurity. Assuming that
h = he, points perpendicular to the surface, the field
correction to the model (16) is

Hypog = —hS”.



According to Eq. (15), surface states with p = 1 and
1 correspond to different (opposite) radial spin distribu-
tions. In the Kondo singlet state both configurations are
equally probable and the total spin in the xy-plane van-
ishes. However, in an applied magnetic field the impurity
spin is weakly polarized creating a population imbalance
of electrons with different p’s. This imbalance results in
a transverse local (i.e. at a fixed distance from the im-
purity) spin polarization in the conduction band, see Fig.
5(a).

To calculate the field-induced transverse magnetiza-
tion we use the standard variational approach®4® for the
Kondo problem, and assume that 9 < 7 so that all
7 = 41 states are filled and the Fermi level lies in the
7 = —1 cone in Fig. 1(d). At weak coupling !
one needs to keep only 7 = —1 terms in Eq. (16) hence
in the rest of this Subsection we will omit 7 in the sub-
scripts. The variational wavefunction has the form*°

|w0> = Z [APLXfLO& + BpLXfLa]a;L[L|FS> ® |a>’ (19)

pLz2kr
where kp = 28879 45 the Fermi momentum, and |FS)
F v| cos V| ’

and |a) are the Fermi sea and impurity spin states
(o = 1,]) respectively. There is an implicit summa-
tion over spin indices. The two terms in (19) cor-
respond to singlet (x*) and triplet (x!) components

with x5 = %(5}3‘% F 5;’1) The latter satisfy the re-
lations X Xjia = XpaXpa = L XjaXja = 0, and
SapXus = QX#Q The state (19) is normalized accord-

ing t0 (oldo) = X, s (M. 2+ 1By, 2) =

The amplitudes A,, and B,, are variational param-
eters determined by minimizing the functional F =
(Yo|Het + Hmag|t0) — (Ers — A)(o|tho), where A is the
Lagrange multiplier that plays the role of an energy shift
due to the Kondo screening. To the first order in A, a
straightforward calculation yields

‘APL _JK(1+QSiH19) Cy/Qp | epL—i—)\
o 4A (€p, +A)2 —h/2 )

BPL

with pi > kp and ¢ = > -, /Gy, Ap, . The eigen-
value )\ is determined from the non-linear equation

Jr (1 + 2sind) dp.
S el ekt . T 2
44 Z €p, +A (20)

p12kr

At weak coupling the sum can be computed as
A € €

IS =[5 de 299~ g(0)g(0)In g [g(e)

is given in Eq.  (17)] which means that In% =~

—87mv3| cos? 9|/ A2 J sin¥(1+2sin ). Then, the normal-

ization constant c is given by ¢ =

AN [ 4 ]2.
g(0)q(0) L Jx (142 sin¥¥)

If, as is commonly done, one identifies the energy
shift A with the Kondo temperature T, we find that,
as ¢ — w, Tk vanishes exponentially as Tk ~
Aexp[—8mv®/A%Jk (7 —1)|. Note, however, that in this

(a) (b)

transverse S, no transverse
h * 5 response h f response
TI
_ z no SOI
H mag — — hS

FIG. 5. Panel (a) Schematic plot of the transverse magnetic
response on a TI surface. A magnetic field h applied normal
to the surface causes a radial electron spin polarization. (b)
Same as panel (a), but for the Kondo effect in a usual two-
dimensional metal without SOI. There is only longitudinal
magnetic response.

approach for a finite DOS at the Fermi level the vari-
ational energy shift does not vanish when spin-flip pro-
cesses are suppressed. Consequently, in next subsection
we take this effect into account and define the Kondo
temperature using the slave-boson method.

The field-induced transverse spin distribution in the
ground state |1)g) is straightforwardly obtained using Eq.
(B2) and the discussion in Sec. IV:

in
(Wols"(2.1) o) === 0%, %
X S o A, By, Jn (@) T (pir),

P p1L2kF

with n,m = 0 and 1. With the aid of the above expres-

sions for A, ¢, A, and B, , we finally arrive at

4h sin 9

Wols"(@L)1Y0) = ~ A5 am o)

Jo(kpr)Ji(kpr),

where we also employed a weak-coupling approxima-
tion for the energy integrals fOA def(e)/(e + )" =

0) fOA de/(e+AN)™ (f is a smooth function and n > 0 is
an integer). Due to the structure of the variational state
(19) the spin distribution is identical up to a prefactor to
Eq. (15) with p; = kp [see also Fig. 3].

The transverse magnetic response, i.e. nonzero (s") ~
h, can be viewed as a variation of the Edelstein effect®%:°!:
an applied magnetic field creates an imbalance of differ-
ent orbital angular momentum states that couple to the
impurity, which in turn induces a radial spin polariza-
tion. This phenomenon exists only due to the SOI and is
absent in metals without SOI [see Fig. 5(b)]. Therefore,
by studying the spatial structure of the Kondo resonance,
for example by STM, one can differentiate between topo-
logically non-trivial and trivial states of matter. Field-
induced radial spin spirals similar to Figs. 4(a) and 5(a)
were reported in Ref. 36 in connection to Kondo screen-
ing of magnetic impurities on gold surfaces with a weak
Rashba SOI ag. In that work, the transverse susceptibil-
ity K, = (s")/h ~ ag. Our results deal with an opposite
limit of strong SOI and hence x; depends only on Jg
and the boundary parameter .



In the absence of an external field A, the ground state
wavefunction (19) is an SU(2)-singlet, despite the X X Z
anisotropy of the Kondo model (16). This is an exam-
ple of the general irrelevance of exchange anisotropies for
the Kondo physics'®. However, in our case this emergent
SU(2) symmetry is quite non-trivial because the impu-
rity spin forms a singlet with the total angular momentum
of the surface electrons [see Fig. 4(a)]. Coupling to the
orbital motion ensures that this singlet-formation is the
physical mechanism responsible for the Kondo resonance
even when electron spins are quenched by the strong SOI.

B. Slave-boson mean-field approach

In the previous Subsection we assumed that for any
¥ < 7 the impurity is screened by surface electrons with
only one helicity 7 = —1. Here we verify this conjec-
ture by studying the model (16) within the slave boson
mean-field approach?33. This analysis also provides an
extension of our previous results to finite temperature.

First we introduce a pseudofermion representation
of the local spin § = % fﬂ:aw f, with the constraint
> u f); fu = 1. In this language the interaction term in
Hg¢ can be written in a compact form

1 —sind AT

TXJ_
28111’(9 -

—Jk Z ngr ap/ P (21)

pLT
pLT

Hep = — Jg sin 19)25)50 + JK XL~

The slave bosons are defined as®?: X1 =
\/ﬂzmr Vi fol,a, L, with I = 0,1,2,3 and
o), = Ou [see Fig. 6]. Notice, that the zero energy
in Eq. (21) is chosen such that it eliminates Y., which
is necessary since energies of the states with condensed
Xo and X, bosons (see below) are only different when
spin-flip scattering is present. This procedure adds a
potential scattering term that preserves the impurity
spin and is therefore irrelevant for the Kondo physics [cf
Ref. 33].

The mean-field appoximation amounts to treating the
pseudofermion constraint on the average via a chemical
potential E¢, and assuming that the ground state corre-
sponds to condensation of the xo boson, i.e. (x,.) =0

but (xo) = xo # 0. The mean-field Hamiltonian,
Hur = Z epua;hmapﬂu - Ef Zflf/t*
pPLTH "
JK sin ¢
Z Vip.r Xoammfu +h.c.),
PLTH
can be diagonalized using the equations of mo-

tion method for retarted Green functions®®®* which,
for fermions, are defined as ((4;B)) = —if(t —
t"Y({A(¥),B(t")}), with 6(x) is the Heaviside step func-
tion. We will need three types of Green functions:
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FIG. 6. Kondo temperature, computed from the Nagaoka-
Suhl equation (22), as a function of the BC angle ¥ [see Eq
(8)]. The arrow shows increasing values of the dimensionless
Kondo coupling ax = JxA?/27v® = 0.05, 0.1, 0.2, 0.4, 0.7,
1.0. Inset: Energies involved in the Hamiltonian (21). The
blue color indicates the condensed slave boson xo.

(g rialy ) (i £ and (Fia), ). A direct
calculation yields:

T'T
<a -a > _ 6PLPL
T ) w — -
PLTH " p’, T 1 w— GPLT
Jr sind X0+/qp. T

<fl“ a’;l-,—/u>w

_ JK SlnﬁXS V quT
V2A(w — €y, 1) [w+ Ef — Qw)]

where we introduced the Fourier transform ((4;B)) =

\/214. w_epJ_T

<fu;a1uw>w

)

= [ dw e (=) (A: B),, and the impurity self-
energy
|JKSin19XO|2 p.
Qw) = it
(w) oA Z P

pLiT

The mixed Green function (f,;a], ). allows us to con-

struct the self-consistency equation for xq:

XS —\/7 Z quLT ])J_Tﬂf,ll,> -

PLTH
\/7 Z VqPLT/dePLTH )
PLTH

with the spectral function

L <f/L;a;‘7J_T/L>W+iO <fu7 pJ_T/L>W_iO

Ap.rulw) = 2m ew/T 41

At the Kondo temperature Tk, defined by E;(Tx) =
Q(Tk) = 0, the above self-consistency condition reduces



to the Nagaoka-Suhl equation

1=

JK sin ¢ dp,
——— P.V. PL , (22)
A ZMZT GPLT(eEpJ‘T/TK + 1)

where P.V. indicates the Cauchy principal value. This
expression generalizes the Yosida equation (20) for the
case where both helicities 7 are allowed to participate in
the Kondo screening.

For ¢ sufficiently distinct from 7 and weak coupling
we only need to consider conduction band states near
the Fermi energy. All of them have the same helicity
due to the one-to-one correspondence between 7 = +1
and energy leading to the helicity-independent DOS (18).
This fact justifies our assumptions made in the previous
Subsection.

Beyond weak coupling, the sum in (22) can be com-
puted numerically using Eqgs. (17) and (18) for g(e) and
g(€). The dependence of the Kondo temperature on ¥ is
shown in Fig. 6. Asymptotically, for ¢ — 7, the Kondo
temperature Tx ~ Aexp[—2mv3/A2Jg (1 — 9)?] is ex-
ponentially suppressed, albeit its functional behavior is
different from that obtained using variational approach.
Since at ¥ = m, the XY term in (16) vanishes, there is
no critical Kondo coupling that would yield a finite Tk
at this point [cf. Ref. 47].

VI. DISCUSSION

In the present work we advocated the use of magnetic
probes to test and tune the unconventional phenomena
at topological insulator surfaces. We showed that phys-
ical characteristics and quantum numbers of the surface
states are quite sensitive to surface properties encoded
in boundary conditions for electron wavefunctions, as
well as the structure of bulk Bloch bands. Moreover,
we demonstrated how the combination of spin-orbit in-
teraction and non-trivial boundary conditions leads to
an unconventional Kondo screening of dilute magnetic
impurities on the surface of a 3D topological insulator.

We considered a localized spin S = 1 (magnetic) im-
purity atom deposited on the (111) surface of a PbTe-
class narrow-band semiconductor, and derived a low-
energy effective theory that governs the coupling of this
local spin to surface electrons taking into account the
full 3D structure of surface-state wavefunctions. The re-
sulting Kondo impurity model is spatially non-local and
anisotropic [X X Z-like, see Eq. (16)]. Interestingly, both
of these features are controlled by parameters defined
by the boundary conditions, in our case 1, that deter-
mine the magnitude of the particle-hole asymmetry at
the surface [see Fig. 1(d)]. Specifically, at the particle-
hole symmetric point ¥ = 7 the XY component of the
Kondo exchange interaction vanishes, signalling an insta-
bility of the Kondo screened ground state (for any amount
of surface gating) due to the lack of spin-flip processes.

When the particle-hole symmetry is broken by the BCs,
we find that the impurity spin is fully screened by the sur-
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face electrons, in agreement with earlier works??:26-30-33,

However, unlike the conventional Kondo effect?, here the
local spin forms a singlet with the total angular momen-
tum of itinerant electrons (as opposed to only their spin)
and is screened mainly by the orbital electronic degrees
of freedom. This effect originates in the strong spin-orbit
interaction that underpins the helical structure of the
surface states, and manifests itself in a transverse spin
response: A weak, normal to the surface, magnetic field
induces an in-plane electron spin polarization [see Fig.
5(a)] which locally resembles a ¢ = 1 magnetic vortex
(see Ref. 55) with itinerant spins aligning along the ra-
dial direction.

The sensitivity of the Kondo screening to specific sur-
face properties shows that it is impossible to provide a
universal theory of T1I surface states based solely on topo-
logical arguments®? without involving knowledge of the
BCs for the Bloch states (see Sec. II and Ref. 6), and,
as elaborated in the present work, the specific bulk band
structure. Most importantly, the latter defines the set
of relevant effective operators that parameterize the sur-
face theory. Indeed, in Sec. III we demonstrated that for
a BiySes-type tetragonal material the form of the sur-
face Kondo interaction is completely different (XX X-
like) than in cubic PbTe-like systems (X X Z-like).

This physical non-universality of topological surface
states can be exploited in experimental studies of TIs, for
instance to control the surface spin polarization with ex-
ternal electric and magnetic fields. Although we focused
on magnetic impurities, our analysis can be generalized
to any magnetic interaction, e.g. the Zeeman coupling of
surface electrons to external fields. For BisSes-like T1Is,
the only effect of an in-plane magnetic field is to shift (ne-
glecting the Fermi surface warping) the Dirac cone in the
Brillouin zone*>. However, in PbTe-like materials with
a p-h symmetric boundary (¥ = 7) such field does not
couple to surface states at all. In general, this coupling
can be tuned by surface manipulation. The above result
shows a convenient way of discriminating between differ-
ent types of TIs by using interactions of surface states
with external magnetic probes.

The transverse spin structures in Fig. 5(a) can be ob-
served in STM measurements of the local spin-polarized
density of states around the impurity, or NMR experi-
ments. This predicted effect is not peculiar to TIs and
should in fact exist in any strong spin-orbit coupled
metallic host. A similar idea of probing the local spin
polarization around magnetic impurities in a metal with-
out SOI, i.e. the analysis of the Kondo screening cloud,
was discussed before®®. Unlike our analysis, in that work
the magnetic field induced only a longitudinal (and no
transverse) spin polarization [Fig. 5(b)].

Finally, we comment on the role of impurity charge
fluctuations in multiband Dirac-like materials with
strong SOI. The standard Kondo impurity Hamiltonian
is typically derived from the Anderson impurity model
via a Schrieffer-Wolff (SW) transformation assuming that
charge fluctuations at the impurity get suppressed®. In



the absence of SOI, the virtual transitions included in the
SW transformation preserve the electron spin quantum
number. The effective Kondo exchange then depends on
momentum only via energy, and near the Fermi level can
be approximated by a constant value. This situation may
change in a spin-orbit coupled system when the electron
transitions between local and itinerant states are accom-
panied by a spin-flip. For a PbTe-like host these processes
can be captured with a modified 3D Anderson impurity
model

1
Hamn=Ho+—= <. (p)cl  ds+V2s(p)hi ds+h.c.],
\/N;[ B pap B paB ]

written in terms of the fermion operators df,, c;a and h;a
that create electrons in the impurity orbital, conduction
and valence band, respectively. Hy = Hp + Hy, with Hp
from Eq. (1) and Hy representing the self-energy of the
localized electrons. The matrix amplitudes Vi; and Vg
describe hybridizations of the local impurity level with
electrons in the conduction and valence bands.

A phenomenological form of these amplitudes can be
obtained from general symmetry considerations. We re-
quire that Hayv has the same symmetries as the non-
interacting Dimmock model Hp, in particular, time-
reversal invariance and symmetry w.r.t. spatial inver-
sion P. The former demands that V¢ and V" con-
tain spin (via the Pauli matrices) and momentum in
even power combinations, e.g. p* or o - p. The inver-
sion symmetry dictates which of these terms actually
occur in each hybridization amplitude. Under P, local

. . . P . .
fermions are invariant d, — d,, while conduction and

57

P
valence band electrons transform as’’ cpo — c—po and
P

hpa — —h_pa. This means that V¢ (V¥) is an even
(odd) function of p: V¢(p) = Vi + Vap? + -+ and
V¥(p) = Viyr(o - p) +---. To lowest order in momen-
tum, V¢ can be taken p-independent: Vz(p) = Veodag-
On the other hand, V,3(p) = Vy1(0ap - p) has a p-wave
structure and is spatially non-local. This result differs
from the calculations of Refs. 58 and 59 which used con-
stant values for both amplitudes V¢ and V.

Applying the SW transformation to Hap yields a
modified effective Kondo model: apart from the local ex-
change coupling Jg, there are essentially non-local cor-
rections that include p-wave couplings between conduc-
tion electrons and the local impurity spin. We considered
the simplest version in this paper and leave the more
complex situation for a future investigation.
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Appendix A: Self-adjoint extensions of the Dirac
and Dimmock Hamiltonians in the half-space

Given a linear bounded operator O, its adjoint OF is
defined as (1)|Ot¢) = (O|¢) for all vectors |¢) and |¢)
in the Hilbert space H. Moreover, O is symmetric (or
Hermitian) if ()|O¢) = (Ov|¢) or OT = O for all vectors
|} and |¢). The set of all vectors |¢) for which O|¢) is
defined is called the domain of the operator O. For a
bounded symmetric operator O its domain covers the
entire space: D(0) = D(0O") = H.

On the other hand, if a linear operator H is unbounded
its domain does not necessarily coincide with that of its
adjoint. One can make these two domains coincide by
defining them appropriately. If D(HT) contains D(H),
and in D(H) the two operators are the same, then we
say that HT is an extension of H. A symmetric operator
H with a dense domain is self-adjoint whenever D(H) =
D(H1)50.

In this section we prove that the Dirac Hamiltonian (7)
in the half-space z > 0 is self-adjoint in the domain of
wavefunctions satisfying the BC (8) (the following anal-
ysis can also be seen as another derivation of this BC).
We also determine self-adjoint extensions (SAEs) of the
Dimmock Hamiltonian (1) in the half-space. This consti-
tutes a crucial step to discussing and analyzing surface
or interface phenomena that is physically observable.

The general theory of self-adjoint extensions can be
found, for instance, in Ref. 61. Its practical application
to an operator H, however, is rather straightforward%2:63
and was made systematic by von Neumann’s method of
deficiency indices. First, one constructs deficiency sub-
spaces of the adjoint operator, i.e. determines eigen-
functions 14 of HT corresponding to eigenvalues =in
with arbitrary n > 0. Dimensions of these subspaces,
the deficiency indices n4, give the number of parame-
ters needed to construct families of possible SAEs: if
ny = n_ = n = 0 the operator is already self-adjoint,
otherwise (n > 0) its extensions need to be built. When
ny # n_ the operator cannot be made self-adjoint.

Provided ny = n_, the next step is to demand that
the positive and negative deficiency subspaces be unitar-
ily related by a n x n matrix U. This matrix is arbitrary
and therefore the number of possible SAEs is n?. Finally,
we require that the combination ¢4 + U1 _ belong to the
domain of the original operator H. This yields BC for
the wavefunctions that define the domain in which H is
self-adjoint. The arbitrary unitary matrix U represents
all possible BCs compatible with H being self-adjoint.
One can then consider SAEs that are constrained by ad-
ditional symmetry conditions, such as time-reversal in-
variance or parity.

1. Dirac Hamiltonian in the half-space z > 0

For purely imaginary eigenvalues +in of the Hamilto-
nian (7) it follows that p, = &i\/(n2 + A2)/v2 +p2 =




+ik. To find the corresponding eigenfunctions ¥y, it is
convenient to reduce Eq. (7) to a 2 x 2 form similar to

Eq. (5):
H(x2) — v(0%p. — o¥TpL) + 07 A,

and make a unitary transformation generated by

502

so that (To¢ = (6¥,0%,0%). In this representation:

_ :tin_UTpJ_ — Kz
wi_( A — vk )e ’

where we dropped the unimportant, for the analysis be-
low, dependence on x| as well as the normalization con-
stant (which is the same for ¢, and ¢_). Clearly, this
solution exists for any sign of +in, hence the deficiency
indices are ny = n_ = 1. By the von Neumann theorem,
the Hamiltonian (7) has a single-parameter, n = 1, fam-
ily of SAEs. The unitary matrix, connecting vy and 1_
is just e'* with an arbitrary .

Possible SAEs are found in the form of BC for a general
wavefunction ¢ = (¢}, ¢3)" from the domain of H. The
condition that H is self-adjoint if

(WlHp) — (Hplp) = —ipTap| _ =0
[¢ € D(H') and we are interested in functions such that

D(H) = D(HT)]. Substituting ¢ = 1, + e*)_, we ob-
tain (note that o* is equivalent to o¥):

_wTppcos\/2—nsin\/2

1 -
(A —vK)cos A/2 P

P2

z=0

where p is an arbitrary real constant.

As a final step, we would like to recast this BC in a
form B'p|,—o = 0 (det B’ = 0). The matrix B’ can be
written as

b b b .
B' =iy (12 ;p) = 51[(52 +p) + (ba — p)o*+
+ (14 b2p)o” —i(1 — bap)a?],
with arbitrary real by (notice that by is irrelevant). This
BC preserves time-reversal and parity invariance of the
Dirac Hamiltonian. The BC of Eq. (8) is recovered af-
ter inverting the (-transformation, i.e. replacing o with
(B8,a*, —iBa?), and taking by = 2p/(1+p?) and by = 1/p.
Then sind = 2p/(1 + p?) and cos? = (1 — p?)/(1 + p?).

2. Dimmock Hamiltonian in the half-space z > 0

Similarly to the previous subsection, for the Dimmock
model (1), we have:

A—&-pi/Qm*}i\/l_'_ 2A — n2/m*v?

m*v? m*v?

2
D>
_ P 4
2(m*v)? { +
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It is straightforward to check that for any values of the
parameters A and p,, there are two normalizable solu-
tions that decay with z — oco. Therefore, the deficiency
indices are n,. = n_ = 2, and the self-adjoint extension
of Eq. (1) is realized by a four-parametric family of BCs.

Appendix B: Surface states in the total angular
momentum basis

The eigenvalue problem defined by the Dirac Hamilto-
nian (7) and its BC (8) has an axial symmetry around the
z-axis which leads to conservation of the z-component of
the total angular momentum j, =1, + %EZ (1, is the or-
bital angular momentum). Here we will employ this sym-
metry to construct surface states with a definite value of
j=, and derive their spin structure (15) and coupling to
the impurity [see Eq. (16)].

We will work in cylindrical coordinates (r,y,z) with
0<r<ooand0< ¢ < 2m, related to the Cartesian
basis in Fig. 1(a) via & = rcosp and y = rsing. The
vector product [oXp |, entering the tensor spin operator
T, [see Eq. (2)] has the form

0 ee(2 k)
o xpile= (o gy T
(=g + %) 0 ’
with [, = —i%. The eigenstates of this operator are

UmeT =

1 T (pLr)el™?
V2A \TImi1(por)eimtie -

Here p; = |p1| and J,,(z) is the Bessel function of the
first kind, of order m. This wavefunction is analogous

to Eq. (4) with p, replaced by a pair (p,,m). It is
normalized to the total surface area A:
270 0 (p'L — p1)
2z, U e Up mr = mom AL 1+7'7)—
/ Py P 2A VP pL

27y A
7T5m = ( 67”7’7

24 %6plm> (2077) = 5171174 Om/m

where we used the relation between discrete and contin-

uous (Dirac) d-functions, 6, ,, — 25 (p' p1)"Y25(py —

p) and g, ¢, ~— 2m6(dp, — ¢p,) that follow
L

from the vector relation &y p, 5PLPL5%'L¢M —

ER0(ps — 1) = B30, — 00 ) (0p2) 200,
A 1 A D'\ p1)\P1PL py
p1) (see also the discussion at the beginning of
Sec. IV). There is also a completeness relation
ZmeT[U;LMT (r, (pl)]a[UmeT (r, (p)]ﬂ = 5%@5(.’1}3_ —x.)
Using well-known properties of the Bessel functions®*, we
can relate Uy, |, and plane-wave spinors of Eq. (4):

o0

ime” Moy Up,mr(1,0).  (B1)

\/Z UPLT: Z



The surface-state wavefunction (10) can be written as
Pp, (@) =3, ime PLey e with

P = _Gpir (1 - Slnﬁ) pJ_mT(T7 90) e~ p, T%
pamt 1 —sind \ —icosVUp, m,—~(r,¢) '

It is easy to show that j.¥p, mr = (M + 3)¥p, mr. Fur-

thermore, the operator s. from Eq. (13) becomes

P .
Z ij: p ol —sind](e, +iey)T (57”
me !
piLmT
. !/ /

+ (ex —iey)Tom "] +e. (07 — 7'760; 1)}Cpﬂm =
s Z Qgi: —sind ot + ezaz)u’ua;lrfp’apr’

PLT

pLT

where we used the fact that J,,,(0) = 6o and Cp, yr =
i"™cp mr. The operators ap, m, are defined via ap,, -4+ =
Cp.or and ap, 7| = 7C, 1. The latter expression differs
from the analogous definition in Eq. (14) by a pure phase
—i which can be tracked to the above relation between
fermion operators Cp y,r and ¢, mr, as well as the fac-
tor i™ in the expansion (B1). When plugged into the
Kondo Hamiltonian (13), the above expression will yield
the model (16).

To compute spatial spin distributions we will need the
matrix element

Sgim‘r(ivl, z=0)

Ay r4p. T
:pLAPL{_T sin ¢ Gm(p7 p’)e,,. + Cm(pv p/)ez“‘

1
_ T
- iwpl mT ZQJZJPJ_ mT o

+irsind F,(p, )ew}
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where p = pi7r, p' = pi1’, e, = ezcosp + e, sinp,
e, = —e,sinp + e, cos p, and
Gm

F, - 1 (Jm(pl)J7”+1(p) + Jm(P)JmH(P/))
()T (9) = T 1 (9 T2 (p) )

Importantly, G,, and (,, are symmetric w.r.t. in-
terchange of their arguments [G..(p,p") = Gun(p',p)
and Gn(p, p) = Gn(p',p)], while F,, is antisymmetric
[Fi(p,p') = =Fun(p', p)]. We will only consider the case
m = 0 and 1. By virtue of the relation J_1(p) = —J1(p),
Gy = —G1, (o = —(7 and Fy = Fi, and we get

puimr _ VIPLTIPLT qm;qpﬂ {irsind Fy(p, p')e,+ (B2)

p.omTt —
+ [—7sind Go(p, p')er + Colp, P/)ez]}a

with upper (lower) sign corresponding to m = 0 (1). This
equation reduces to (15) when p; =p/, (i.e. p’ = p and
Fo = 0).

! H. Zhang, C.-X. Liu, X.-L. Qi, X. Dai, Z. Fang, and S.-C.
Zhang, Nat. Phys. 5, 438 (2009).

2 M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045
(2010).

3 X-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057
(2011).

4 V. A. Volkov and T. N. Pinsker, Sov. Phys. Solid State 23,
1022 (1981).

5 S.Y. Potapenko and A. M. Satanin, Sov. Phys. Solid State

26, 1067 (1984).

L. Isaev, Y. H. Moon,

075444 (2011).

F. Zhang, C. L. Kane, and E. J. Mele, Phys. Rev. B 86,

081303 (2012).

8 K. G. Wilson, Rev. Mod. Phys. 47, 773 (1975).

9 A. C. Hewson, The Kondo Problem to Heavy Fermions
(Cambridge University Press, 1997).

10D, Cox and A. Zawadowski, Ezotic Kondo Effects in Met-
als:  Magnetic Ions in a Crystalline Electric Field and

(=]

and G. Ortiz, Phys. Rev. B 84,

N

Tunelling Centres (Taylor & Francis, 1999).

1 K. Kikoin, M. Kiselev, and Y. Avishai, Dynamical Sym-
metries for Nanostructures: Implicit Symmetries in Single-
Electron Transport Through Real and Artificial Molecules,
SpringerLink : Biicher (Springer Vienna, 2011).

12y, Madhavan, W. Chen, T. Jamneala, M. F. Crommie,
and N. S. Wingreen, Science 280, 567 (1998).

13 J. Li, W.-D. Schneider, R. Berndt, and B. Delley, Phys.
Rev. Lett. 80, 2893 (1998).

14 H. Priiser, M. Wenderoth, P. E. Dargel, A. Weismann,
R. Peters, T. Pruschke, and R. G. Ulbrich, Nat. Phys. 7,
203 (2011).

15 N. Tsukahara, S. Shiraki, S. Itou, N. Ohta, N. Takagi, and
M. Kawai, Phys. Rev. Lett. 106, 187201 (2011).

16 P Roushan, J. Seo, C. V. Parker, Y. Hor, D. Hsieh,
D. Qian, A. Richardella, M. Z. Hasan, R. Cava, and
A. Yazdani, Nature 460, 1106 (2009).

17 D. Hsieh, Y. Xia, D. Qian, L. Wray, J. Dil, F. Meier, J. Os-
terwalder, L. Patthey, J. Checkelsky, N. Ong, A. V. Fe-



18

19

20

21

22

23

24

25
26

27

28

29

30
31

32

33
34

36

37

38
39

40

41

dorov, H. Lin, A. Bansil, D. Grauer, Y. S. Hor, R. J. Cava,
and M. Z. Hasan, Nature 460, 1101 (2009).

A. Herdt, L. Plucinski, G. Bihlmayer, G. Mussler,
S. Déring, J. Krumrain, D. Griitzmacher, S. Bliigel, and
C. M. Schneider, Phys. Rev. B 87, 035127 (2013).

G. Bergmann, Phys. Rev. Lett. 57, 1460 (1986).

W. Wei, R. Rosenbaum, and G. Bergmann, Phys. Rev. B
39, 4568 (1989).

Y. Meir and N. S. Wingreen, Phys. Rev. B 50, 4947 (1994).
J. Malecki, Journal of Statistical Physics 129, 741 (2007).
T. Yanagisawa, Journal of the Physical Society of Japan
81, 094713 (2012).

D. Mastrogiuseppe, A. Wong, K. Ingersent, S. E. Ulloa,
and N. Sandler, Phys. Rev. B 90, 035426 (2014).

R. Zitko and J. Bonéa, Phys. Rev. B 84, 193411 (2011).
X.-Y. Feng, W.-Q. Chen, J.-H. Gao, Q.-H. Wang, and
F.-C. Zhang, Phys. Rev. B 81, 235411 (2010).

F. M. Hu, T. O. Wehling, J. E. Gubernatis, T. Frauenheim,
and R. M. Nieminen, Phys. Rev. B 88, 045106 (2013).

L. Isaev, D. F. Agterberg, and I. Vekhter, Phys. Rev. B
85, 081107 (2012).

M. Zarea, S. E. Ulloa,
108, 046601 (2012).
R. Zitko, Phys. Rev. B 81, 241414 (2010).

M.-T. Tran and K.-S. Kim, Phys. Rev. B 82, 155142
(2010).

A. K. Mitchell, D. Schuricht, M. Vojta, and L. Fritz, Phys.
Rev. B 87, 075430 (2013).

E. Orignac and S. Burdin, Phys. Rev. B 88, 035411 (2013).
X. Xin and M.-C. Yeh, Journal of Physics: Condensed
Matter 25, 286001 (2013).

S. Lounis, A. Bringer, and S. Bliigel, Phys. Rev. Lett.
108, 207202 (2012).

R. Chirla, C. P. Moca, and I. Weymann, Phys. Rev. B 87,
245133 (2013).

D. Carter and R. Bate, The physics of semimetals
and narrow-gap semiconductors: proceedings, Journal of
physics and chemistry of solids (Pergamon Press, 1971).

I. Kang and F. Wise, J. Opt. Soc. Am. B 14, 1632 (1997).
V. Bagrov and D. Gitman, Ezact Solutions of Relativis-
tic Wave FEquations, Mathematics and its Applications
(Springer, 1990).

G. Bir and G. Pikus, Symmetry and Strain-induced Effects
in Semiconductors, A Halsted press book (Wiley, 1974).
M. V. Kisin and V. I. Petrosyan, Sov. Phys. Semicond. 21,
169 (1987).

Y. S. Joe, L. S. Isaev, and A. M. Satanin, Physics Letters

and N. Sandler, Phys. Rev. Lett.

43

44

45
46

47

48
49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

15

A 369, 140 (2007).

L. Landau and E. Lifshitz, Course of Theoretical Physics:
Vol.: 6 : Fluid Mechanics (Pergamon Press, 1963).

P. G. Silvestrov, P. W. Brouwer, and E. G. Mishchenko,
Phys. Rev. B 86, 075302 (2012).

L. Fu, Phys. Rev. Lett. 103, 266801 (2009).

C. Gonzalez-Buxton and K. Ingersent, Phys. Rev. B 57,
14254 (1998).

D. Withoff and E. Fradkin, Phys. Rev. Lett. 64, 1835
(1990).

K. Yosida, Phys. Rev. 147, 223 (1966).

H. Ishii and K. Yosida, Progress of Theoretical Physics 38,
61 (1967).

A. G. Aronov and Y. B. Lyanda-Geller, JETP Lett. 50,
431 (1989).

V. M. Edelstein, Solid State Communications 73, 233
(1990).

S. Viola Kusminskiy, K. S. D. Beach, A. H. Castro Neto,
and D. K. Campbell, Phys. Rev. B 77, 094419 (2008).

D. N. Zubarev, Soviet Physics Uspekhi 3, 320 (1960).

Y. Nagaoka, Phys. Rev. 138, A1112 (1965).

K. Nomura and N. Nagaosa, Phys. Rev. B 82, 161401
(2010).

1. Affleck, Perspectives on Mesoscopic Physics: Dedicated
to Professor Yoseph Imry’s 70" Birthday, A. Aharony and
O. Entin-Wohlman (eds.) (2010).

V. Berestetskii, E. Lifshitz, and L. Pitaevskii, Quan-
tum  FElectrodynamics, Course of theoretical physics
(Butterworth-Heinemann, 1982).

H.-F. L, H.-Z. Lu, S.-Q. Shen, and T.-K. Ng, Phys. Rev.
B 87, 195122 (2013).

I. Kuzmenko, Y. Avishai, and T. K. Ng, Phys. Rev. B 89,
035125 (2014).

M. T. Ahari, G. Ortiz, and B. Seradjeh, “On the role of
self-adjointness in the continuum formulation of topologi-
cal quantum phases,” (2015), arXiv:1508.02682.

D. Gitman, I. Tyutin, and B. Voronov, Self-adjoint Exten-
sions in Quantum Mechanics: General Theory and Appli-
cations to Schrédinger and Dirac Equations with Singular
Potentials, Progress in Mathematical Physics (Springer,
2012).

G. Bonneau, J. Faraut, and G. Valent, American Journal
of Physics 69, 322 (2001).

V. S. Araujo, F. A. B. Coutinho, and J. Fernando Perez,
American Journal of Physics 72, 203 (2004).

V. Batygin and I. Toptygin, Problems in Electrodynamics
(Academic Press, 1970).



