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Recently, models with long-range interactions—known as Hatsugai-Kohmoto (HK) models—have
emerged as a promising tool to study the emergence of superconductivity and topology in strongly
correlated systems. Two obstacles, however, have made it difficult to understand the applicability
of these models, especially to topological features: they have thermodynamically large ground state
degeneracies, and they tacitly assume spin conservation. We show that neither are essential to HK
models and that both can be avoided by introducing interactions between tight-binding states in the
orbital basis, rather than between energy eigenstates. To solve these “orbital” models, we introduce a
general technique for solving HK models and show that previous models appear as special cases. We
illustrate our method by exactly solving graphene and the Kane-Mele model with HK interactions.
Both realize Mott insulating phases with finite magnetic susceptibility; the graphene model has a
fourfold degenerate ground state while the Kane-Mele model has a nondegenerate ground state in
the presence of interactions. Our technique then allows us to study the effect of strong interactions
on symmetry-enforced degeneracy in spin-orbit coupled double-Dirac semimetals. We show that
adding HK interactions to a double Dirac semi-metal leads to a Mott insulating, spin liquid phase.
We then use a Schrieffer-Wolff transformation to express the low-energy Hamiltonian in terms of
the spin degrees of freedom, making the spin-charge separation explicit. Finally, we enumerate a
broader class of symmetry-preserving HK interactions and show how they can violate insulating
filling constraints derived from space group symmetries. This suggests that new approaches are

needed to study topological order in the presence of long-range interactions of the HK type.

I. INTRODUCTION

The interplay between interactions and topology is one
of the major frontiers in condensed matter physics. On
the one hand, strongly correlated topological systems
are predicted to host robust ground state degeneracies
and quasiparticles with fractional quantum numbers and
exotic statistics [1-5]. Several classification schemes and
exactly-solvable models for such “topologically ordered”
phases have been proposed [6-12], and many properties
of topologically ordered phases have been experimentally
verified in fractional quantum Hall systems [13-15].
Furthermore, several strongly-correlated materials such
as a-RuCls that do not magnetically order at low
temperatures are predicted to host topologically-ordered
spin liquid ground states [16-19].

On the other hand, outside of the fractional quantum
Hall effect, the connection between the microscopic
Hamiltonian for interacting electrons and the topological
order of the ground state remains elusive. Topological
order is characterized by the absence of a local order
parameter and by the lack of adiabatic continuity to the
noninteracting ground state. Most analytical tools for
treating the interacting electron problem, however rely
on perturbation theory around a known non-interacting
or mean field ground state [20, 21], or else introduce field-
theoretic techniques that can obscure the connection to
microscopic degrees of freedom [22]. While parton-based
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mean field approximations for topologically ordered
systems exist [23-26], they are generally uncontrolled and
must be justified a posteriori. It is thus desirable to find
a class of analytically tractable models for interacting
electrons that could be applied to search for topologically
ordered phases.

Recently, a class of exactly-solvable models for
interacting electrons proposed by Hatsugai and Komohto
(HK) in Ref. [27] has gained renewed attention. These
models include a long-range ring exchange interaction
between electrons that is diagonal in momentum space,
such that crystal momentum remains a good quantum
number and the ground state factorizes as a tensor
product over states at different crystal momentum. This
renders these HK models exactly solvable. Up to this
point, the HK interaction has been considered only for
Hamiltonians with a conserved component of spin, with
the HK interaction taken to be diagonal in the energy
eigenbasis of the non-interacting part of the Hamiltonian.
Concretely, this “band-HK” Hamiltonian takes the form

HbandeK = Z 6mcr(k)ﬁkrncr + Ul Z ﬁkaﬁkmiv (1)

kmo km

where m is a band index, o =71,] indexes the
z-component of the electron spin, €no(k) is the
noninteracting band dispersion, U; is the HK interaction
strength, and

Nkmo = ELmaékma (2)

counts the number of electrons in band m with crystal
momentum k and spin o (throughout this work, we will
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use an overbar to emphasize operators that are diagonal
in the band basis).

Although band-HK Hamiltonians are easily solvable,
they still capture several key features of strongly-
correlated electron systems [28-30]. First, much like
the Hubbard model, the ground state of Equation (1) is
a correlated insulator at half-filling for large U; (large
compared to the bandwidth W of the noninteracting
dispersion). Away from half filling, the system
exhibits spectral weight transfer. Second, the single-
particle self energy at generic filling exhibits divergences,
indicating that the system cannot be obtained from
perturbation theory around a noninteracting limit.
Third, it was recently argued that the Mott insulator
transition in the HK model is in the same universality
class as the metal-insulator transition in the Hubbard
model, and that the only instabilities of the ground
state are towards either superconductivity or magnetic
ordering [31, 32]. Finally, since HK interactions preserve
translational symmetry, they can in principle be realized
experimentally in momentum space lattices. Recently
there has been progress in realizing these lattices in cold
atom systems [33].

The utility of the HK model in understanding the
correlated electron problem more generally raises the
question of whether it can be applied to study topology
in interacting electron systems. Indeed, prior work in this
direction has been quite promising. Ref. [34] introduced
an exactly-solvable model of a quantum anomalous Hall
Mott insulator based on the HK interaction. This was
extended in Ref. [35] to a model of a quantum spin
Hall Mott insulator. Additionally, Ref. [36] initiated
the application of tools from non-interacting topological
band theory to the study of poles in the single-particle
self energy, as part of a larger program to study topology
in correlated electron systems via single-particle Green
functions [37].

Despite this progress, the band-HK models present
several obstacles to extending these lines of inquiry.
First, due to the spin degeneracy in the band-
HK model, the zero-temperature ground state is
extensively degenerate at any filling for sufficiently strong
interactions; there is a twofold degeneracy at every k in
the Brillouin zone (BZ) in the Mott insulating phase.
This means that care must be taken when topological
invariants (which are ground state properties) are to be
calculated [38, 39]. Additionally, a consequence of this
extensive ground state degeneracy is a strong instability
towards ferromagnetic ordering: the zero-temperature
magnetic susceptibility of the HK model diverges, and an
infinitesimal Zeeman field leads to magnetic ordering [40].
In many interesting cases, the ferromagnetically ordered
state is adiabatically connected to a band insulator.
This raises questions as to what aspects of Mottness
are essential features of the HK model, and which are
accidental features of the ground state degeneracy.

Second, it is important to remember that the
HK interaction 1is infinitely long-ranged. This

poses a conceptual difficulty because topological order
is conventionally defined in terms of short-ranged
Hamiltonians. One defining feature of a topologically
ordered state is that no short-ranged Hamiltonian can
connect or distinguish topologically degenerate ground
states. Long-ranged Hamiltonians can of course have
nonvanishing matrix elements between topologically
degenerate states, and hence can lift the topological
ground state degeneracy. Viewed from a different
perspective, we can say that the characteristic feature
of topological order is long-range entanglement in the
ground state.  While this is exotic and robust for
ground states of short-ranged Hamiltonians, long-range
entanglement is rather pedestrian when the Hamiltonian
itself has infinite range.

To see this concretely, let us consider symmetry-
enriched Lieb-Schultz-Mattis (LSM) type theorems
applied to electronic systems with both time-reversal and
crystal symmetries. As shown in Refs. [41-45], these
theorems give us (mostly) tight bounds on what fillings
can host gapped, symmetric, topologically trivial ground
states in a given space group. These filling constraints
provide a powerful tool for identifying topologically
nontrivial systems that do not rely on computing a
complicated invariant: if a system has an energy gap, a
symmetric ground state, and violates a filling constraint
then it must be topologically nontrivial. However, proofs
of the LSM theorems (beyond Kramers’s theorem and
the requirement of integer filling per unit cell) all rely on
the short-rangedness of the Hamiltonian in an essential
way. For instance, the geometric proof in Ref. [41] applies
Kramers’s theorem to the system placed on nontrivial flat
manifolds. Crucial to the proof is the fact that, since all
flat manifold are locally indistinguishable from Euclidean
space, deep in the bulk the system is unaffected by
“twists” in the manifold. This assumption breaks down
if the Hamiltonian is—like the HK model—infinitely long
ranged. In concert with earlier questions on the ground
state degeneracy of HK models, this raises the question
as to what degree LSM theorems can be used as a tool
in these systems.

To address these questions, we will in this work
introduced a generalized class of HK-like models which
we call orbital HK models. Orbital-HK models have
interactions that are diagonal in momentum space, but
crucially are not diagonal in the band basis. Instead, we
will formulate HK-like interactions in terms of creation
and annihilation operators for tight-binding basis states.
This allows us to formulate exactly-solvable models for
interacting electron systems with spin-orbit coupling,
even when no component of spin is conserved. We show
that the orbital HK model maps to an N-site Hubbard
model at each crystal momentum, where NN is the number
of orbitals (per spin) in the unit cell; the band-HK models
are a limiting case where the Hubbard Hamiltonian is
diagonal.

We will show through several examples that orbital
HK models do not suffer from the extensive ground



state degeneracy that has plagued the band-HK
model. Instead, our orbital-HK models have order-
one ground state degeneracies, and can even have
nondegenerate ground states for certain choices of
interaction. We show that this removes the tendency
towards magnetic ordering, rendering the ground state
stable to infinitesimal Zeeman fields. Crucially, we show
that even when the ground state degeneracy is removed
by the orbital HK interaction, signatures of Mottness
remain: the self-energy diverges signifying that the
orbital HK ground state is distinct from a band insulator.
The ground state degeneracy of the band-HK model
is thus reminiscent of Ref. [46], where an extensively
degenerate toy model was introduced to demonstrate the
failure of Luttinger’s theorem in Mott insulators; as in
Ref. [46], the extensive degeneracy of the band HK model
is not essential to the formation of a Mott insulator.

Finally, to address the role that LSM theorems can
play in the study of HK-like models, we will focus on spin-
orbit coupled and interacting double-Dirac semimetals
in space group P4s/mbcl’ (# 135) [47]. Space group
P45 /mbcl’ (# 135) is a particularly interesting case for
two reasons. First, it allows, although it does not require,
a different insulating filling constraint in the interacting
and non-interacting cases. As shown in Refs. [48, 49], all
single-particle electronic states at the high-symmetry A
point of the BZ come in eightfold-degenerate multiplets
in this space group, with linear double-Dirac dispersion
away from this point. This means that non-interacting
band insulators in space group P4s/mbcl’ (# 135)
must have filling v = 8n electrons per unit cell [50].
With interactions, however, the situation is less clear:
P45 /mbcl’ (# 135) is one of a handful of space groups
where the LSM bound of Ref. [41] is less tight than the
non-interacting filling bound, admitting the possibility
of a gapped, symmetric, topologically trivial insulator in
space group Pdo/mbel’ (# 135) with v = 4 electrons
per unit cell in the presence of interactions. Space group
P45 /mbcl’ (# 135) is thus a candidate for a unique kind
of symmetric, insulating ground state, which does not
have a non-interacting analogue.

Second, there are a number of experimental
candidates for realizing such a material.  Layered
ternary borocarbide compounds are invariant under
P45 /mbcl’ (# 135) and can have significant interactions
strengths [51]. No model Hamiltonians, however, for
nonmagnetic interacting insulators in this space group
have been put forward.

In this work, we explore the phases accessible from a
double Dirac semimetal in space group P4ds/mbel’ ( #
135) at half-filling (v = 4) in the presence of orbital-
HK interactions. We show that the simplest orbital
HK interaction leads to a Mott insulator with gapless
spin excitations and no magnetic order, i.e. a gapless
spin liquid. Next, we show that there exist orbital
HK interactions which respect the symmetries of the
space group and lead to the emergence of a gapped,

nondegenerate ground state at half-filling, seemingly
realizing the LSM lower bound in this space group. We
compare this model to similar orbital HK models in
space groups P4/nccl’ (# 130) and P2;/cl’ (# 14)
where the LSM bound is realized by a band insulator, we
provide evidence that the gapped, nondegenerate ground
states realized by orbital HK models have long-range
entanglement due to the infinite-ranged interaction,
calling into question the utility of LSM theorems for
these systems. Furthermore, our model in space group
P4/nccl” (# 130) may be useful for shedding light on
low temperature phases of the antiferromagnetic Mott
insulator BipCuOy4 [49, 52].

Guide to the Results

The structure of the paper is as follows: First, in
Sec. 1I, we review the HK model in the band basis,
and introduce the orbital HK model in general. In
Sec. IT A we show through the example of graphene that
the simplest orbital HK interaction results in a ground
state at half filling that is only fourfold degenerate, as
opposed to the thermodynamically large degeneracy of
graphene with the band-HK interaction. We show that
the zero-temperature ground state is a Mott insulator
with finite magnetic susceptibility. Next, in Sec. IIB we
extend our results to models with spin-orbit coupling
and analyze the Kane-Mele (KM) model with orbital
HK interaction. We show that at half filling the ground
state of the orbital HK-KM model is nondegenerate. Our
analysis shows how the orbital HK interaction allows us
to treat spin-independent and spin-orbit coupled systems
on equal footing. Furthermore, it reveals that the
extensive ground state degeneracy in band-HK models is
purely accidental, and is not germane to the underlying
Mott physics.

In Sec. IIT we move to examine a three dimensional
model of an interacting double-Dirac spin liquid. We
consider a spin-orbit coupled double Dirac semimetal at
half filling in space group P4s/mbcl’ (# 135) in the
presence of the simplest uniform orbital HK interaction.
In Sec. IIIA we review the properties of the space
group and introduce the microscopic model. Next,
in Sec. IIIB we compute the ground state, neutral
excitation spectrum, and single-particle Green function
for the model. We show that the ground state is a Mott
insulator with a sixteen-fold degenerate ground state.
The neutral excitation spectrum is gapless, consisting
of spinon excitations near the A point in the BZ. To
make this precise, we show in Sec. III C how to apply
a Schrieffer-Wolff transformation to orbital HK models.
For our particular case of a double-Dirac semimetal
at half filling, this gives an effective long-range spin
Hamiltonian that approximates the neutral excitation
spectrum of our model.

Next, in Sec. IV we consider more general orbital HK
interactions consistent with the space group symmetries.



To begin, we show that the sixteen degenerate ground
states can be labelled by irreducible representations of
the space group. By identifying copies of the trivial
representation, we are able in Sec. IV A to construct
generalized orbital HK interactions that project onto
the trivial representation which yields a nondegenerate,
symmetric ground state. We compute the single-particle
Green function in the nondegenerate ground state to
verify that this represents a symmetric Mott insulating
ground state that is not adiabatically connected to a band
insulator. Thus, our system is a candidate for a gapped,
symmetric, topologically trivial insulator at v = 4 in
this space group, as allowed for by the LSM theorem
of Ref. [41].

To further understand the nature of this insulator
and its relation to LSM theorems, we construct for
comparison an orbital HK model in space group P4/nccl’
(# 130). At v = 4, the LSM theorem forbids
the existence of a gapped, nondegenerate, short-range
entangled ground state. Nevertheless, using a similar
procedure as in space group P4s/mbcl’ (# 135), we are
able to construct a generalized orbital HK model with a
gapped, symmetric, nondegenerate ground state. Taken
together, this suggests that the nondegenerate ground
states of orbital HK models are long-range entangled, due
to the long-ranged interaction in position space. Thus,
these models evade generalized LSM theorems that rely
on locality of the Hamiltonian. The ground states take
the form of cat states, which are stabilized by the long-
ranged interactions.

We conclude in Sec. VI by discussing the implications
of our results for the use of HK models to understand
correlated topological phases. We additionally include
several appendices with details of derivations and
additional supporting results.

II. ORBITAL HATSUGAI-KOHMOTO
INTERACTIONS

We consider tight binding models defined on a parent
lattice with additional degrees of freedom within the
parent unit cell. We denote these “orbital” degrees
of freedom with the Greek letters pu,7,... and index a
collection of them with Latin letters as ¢ = (u, 7,...). We
let ¢ = 41 index the z component of the electron spin,
and we denote the chemical potential by .

In the simplest case of a non-interacting, spin-
independent, tight binding model with no orbital degrees
of freedom, we can straightforwardly diagonalize the non-
interacting Hamiltonian to obtain the dispersion £(k).
The original Hatsugai-Kohmoto model, first introduced
in Ref. [27], is the simplest example of what we earlier
called a ‘band” HK model in eq. (1). It adds to the
non-interacting model an energy cost U; for doubly
occupying each momentum state through the interaction

Hamiltonian

Hyg = Zf(k)ﬁka +U; Zﬁkrﬁu . (3)
ko k

Hatsugai and Kohmoto showed that the model undergoes
a metal-insulator transition when the interaction energy
U, exceeds the bandwidth W, and that the energy gap
in Equation (3) at half-filling corresponds to the energy
gap of the 1D Hubbard model in the large U; limit. This
raises the hope that there may be other features of the
Hubbard model that can be learned from the HK model.

This program is complicated by two consequences of
the original HK model, which are shared by band HK
models generally. In the insulating phase U > W, all
possible configuration of spins in the lower band have
the same energy. This means that in an N particle
system, there is an exponentially large 2%V ground state
degeneracy. This makes it difficult to define properties
of the HK model that depend on the ground state
wavefunction, which is especially important for analyzing
the topology of the ground state.

Second, it is implicitly assumed in Equation (1)
that the spin projection S, commutes with the
Hamiltonian. For a generic, spin-orbit coupled single-
particle Hamiltonian, it is no longer clear how to
write down such a band HK interaction. To deal
with this problem, [36] introduced spin-dependent terms
perturbatively to a non-spin dependent HK ground state.

Neither the ground state degeneracy nor the presence
of spin conservation are necessary consequences of an HK
model. In this paper, we will instead consider HK-type
interactions which impose an energy penalty on doubly-
occupied orbital degrees of freedom i. In momentum
space, the simplest such interaction is:

Hp e =U; anianki—o . (4)

kio

We note that a similar interaction emerged in Ref. [53],
where a translation-symmetry-breaking potential was
added to the one-band HK model Equation (3). To
warm-up, we show in the next section, IIA, that
adding the orbital HK interaction Equation (4) to a tight
binding model of graphene leads to a ground state that
is no longer thermodynamically degenerate. Instead, the
ground state is only twofold degenerate at the K and K’
high symmetry points. This order one degeneracy comes
from the fact that we can map an orbital HK model to
a finite site Hubbard model at every k point. From the
perspective of the equivalent finite-site Hubbard models,
band HK models correspond to the special case where the
equivalent Hubbard model has zero hopping, and hence
has a ground state degeneracy at each k-point.

We then show in Section II B that we can easily extend
orbital HK models to non-interacting Hamiltonians
which depend on spin. To illustrate this, we consider
adding H};, to a Kane-Mele model and solve for the
resulting spectrum.



A. Lifting the thermodynamic degeneracy:
Graphene

1. Band and Orbital HK models

To analyze the ground state of an orbital HK model,
we start with the standard non-interacting tight-binding
model for graphene with nearest neighbor hopping
between different sublattice sites [54]. The second-
quantized single-particle Hamiltonian is given by

_tzg

CkBUCkAU + h.c. —Moznkuoa (5)
kuo

where the hoppings g(k) are:
=) e, (6)

with a; vectors to the nearest neighbor sites, as shown in
Figure 1.

FIG. 1. Sublattices, and next-nearest

nearest neighbor,
neighbor vectors for the graphene and Kane-Mele tight

binding models on the honeycomb lattice. The red arrows
represent the a; nearest neighbor lattice vectors. For lattice
spacing a the nearest neighbor vectors are given by a; =
a(1,0),a2 = a(—1, ?) az = a(f%,fg). The blue arrows
the next-nearest neighbor lattice vectors b;, given by b; =

a(0,v3),b2 = a(2, —2),bs = a(~2, - L)

27 2

We then add orbital HK interactions H};, to obtain
an orbital HK model of graphene Hy:

Hy = H) + Hpg (7)

= tZg ckBJckAg + h.c. +U; anuTnkui

kp
— Mo § Nkuo,

kuo

where ;4 = =41 indexes the sublattice sites A and B
respectively. Since H, is diagonal in momentum space,

we can consider a block at given k, H,(k)

_tzg

CkBackAU + h.c. + Uy an,mnk,w

I
(8)
— Ho Z Nkpo -
no

The key observation for our technique is that the block
H,(k) is equivalent to a two-site Hubbard model with
complex hopping coefficients. We can see this explicitly
by constructing a representation of this Hamiltonian on
a basis and solving it by the same exact diagonalization
procedure as is used in the Hubbard model [55]. First we
note that Hy(k) commutes with the number operator at
a given k and o, summed over the sublattice indices u :

[Z Nk uos Hy (k)] =0, 9)

which in turns allows us to further block-diagonalize
Hy(k) into blocks of fixed particle number at each k
point. At half-filling (here two electrons per unit cell),
we can construct the matrix elements of H,(k) in the
two-particle sector. We first choose an ordermg for the
six two-particle basis states at each k, defined in Table I.
The matrix elements Hg2(k) of Hy(k) in this basis are

TABLE I. The six basis states for the two particle sector for
our model of graphene with orbital-HK interactions, used to
form the matrix H4 (k).

Index State Label
1 CkATCkBT [0) [AT;BT)
2 CkATCkAJ, 0) [At;AL)
3 CkAickBT [0) [Al;BT)
4 CkATCkBL [0) [AT;BJ)
5 ckBTCkBL 0) |[BNB)
6 CkA¢CkB¢ 0) |[AL;B)

then given by

0 0 0 0
Uy —tg* tg* 0O
—tg O 0 —tg*
tg O 0 tg*

0 —tg tg U1

0 0 0 0

— 2p0ls, (10)

SO OO OO
SO OO OO

where Ig is the 6 X 6 identity matrix. Equation (10) is the
same Hamiltonian as a two-site Hubbard model in the
two-electron sector, with a complex hopping coefficient



t =tg(k)
HH:tZ Z cagcba—f—hc +U1Zna7na¢
o <a,b=0>
*ﬂozzmm (11)
o 1=0

where a, b are labels that run over the sites 0 and 1.
Since we can solve the two site Hubbard model

analytically, we can immediately write down the energy

eigenvalues at half-filling for a given k point:

1
B o) = 5 (014 /U7 + 160910 ) - 240,
E3(k, to) = —2po, (12)
B3 (k, po) = Ur — 2p0,

with the ground state energy in the two-particle sector
given by E5 (k,po) in the first line. In the left three
panels of Figure 2 we plot the spectrum of Hy(k) in the
two-particle sector at each k point, ES(k, uo), along the
High Symmetry Points (HSPs) of the graphene Brillouin
Zone for the non-interacting (U; = 0), intermediate
interaction (U; ~ t), and strongly interacting (U; > t)
regimes.

To find the ground state of the entire N particle
system, we then need to find the number of particles
at each k point, ny, that minimizes the total energy.
In general, this requires solving the corresponding
optimization problem.

For particle-hole symmetric systems at half-filling,
however, the solution is straightforward. Since adding a
particle at half-filling necessitates double occupying an
orbital state, it results in a higher energy. Since the
system is particle-hole symmetric, this energy penalty
cannot be made up by creating a hole elsewhere. This
means that at half-filling the ground state of the particle-
hole symmetric, N particle system half fills the unit cell
at every k-point. In our graphene example, this means
the ground state of the particle block with two electrons
per unit cell at any k point is the lowest energy state.

We can see this explicitly from the graphene spectrum
in Equation (12). We first set the chemical potential
to pg = —% . This makes the spectrum manifestly
particle-hole symmetric. We introduce the particle-hole
symmetry operator P which acts on creation operators
as

Peyo Pt =m0 (13)

P maps the n-particle sector of the Hilbert space to the
2 — n particle sector (n = 0,1,2). Using the canonical
anticommutation relations, we have that when acting on
each fixed-k block of the graphene Hamiltonian given in
Equation (8)

PH, (k) P! = H, (k). (14)

Hence when poy = U;/2, the spectrum of Equation (7)
is particle-hole symmetric. Explicitly, the ground states
of the one, two, and three particle block Hamiltonians
H,(k) are given by:

Br (1, U1/2) = U1 /2 — Jtg (k) (15)
E; (.U /2) = 1 (U _Jurt 16tg<k>|2) (16)
By (k, Ur/2) = ~U4/2 — [tg(k0)]. an

From this we see that for any k, U, t and g,
E; (k,U./2) < Ey (k,U1/2) = E5 (k,Uy/2). This means
it is never energetically favorable to create a one and
three-particle state from two two-particle states. Hence,
the minimum energy N particle state at half-filling half-
fills every k point.

More generally, for the graphene Hamiltonian with
orbital interactions Hy, so long as p is in the range:

bg()] — /(42 + dltg(0)[2 < |uo — U1/2]  (18)

the ground state of H, will be at half-filling at every k. In
this range, the ground state will be the tensor product
of the ground states of the half-filled states at every k
point. Since only pg = Uy /2 is particle-hole symmetric,
this illustrates that the ground state is robust to particle-
hole symmetry breaking, within a range. Away from half-
filling, this is only true for sufficiently large values of
the interaction; in general, the ground state can have
different numbers of electrons at each k point. We also
note that since the many body ground state is a product
state in momentum space:

|GS) = \F ® k), (19)

the representation of the ground state in localized real
space orbitals is given by

IGS) = f® <Z Z""R|R>> (20)

Hence the ground state has a high degree of long-range
entanglement in real space. This follows from the long
range of the HK interaction.

Having found the ground state, we can now also see
why the ground state becomes degenerate at the K
and K’ points. At these points, g(K) = g(K’') =

0 and so both E; (K,U;/2) = EY(K,Ui/2) = —U;
and E, (K',U1/2) = EY(K',U;/2) = —U; become
degenerate.

From this perspective, we can also see that adding
band HK interactions is a limiting case of orbital
HK interactions. If we define creation operators for
eigenstates of graphene in energy band m, EI(mU, such
that the non-interacting Hamiltonian is diagonal:

=> &mlk

kmo

ck(,mckm‘7 (21)



and add HK interactions in this basis:

the possibility of a degenerate ground state by letting n
label the n-th linearly independent ground state, £, ,, the

Hy, = Z fm(k)ELngékma-i-U 1 Zﬁkaﬁknu—Mo Z Nxmo, corresponding ground state energy, and Z, the partition

kmo k kmo
(22)
then following the same procedure as above but in the
band basis leads to the two-particle matrix elements 7-_[!772:

&+ & 0 0 0 0 0
0 U;+24 0 0 0 0
He o= 0 0 & +& 0 0
92~ 0 0 0 & +6& 0 0
0 0 0 0 Ui+25 0
0 0 0 0 0 &+ &

(23)
which corresponds to the two-site Hubbard model with
zero hopping and a site-dependent chemical potential

_gm:

1 1
Hy =" (bm = 110)fime + U1 Y fimpiimy  (24)

m=0 o m=0

Unlike the two-site Hubbard model with non-zero
hopping, this Hamiltonian has a four-fold degenerate
ground state whenever & + & < Ujp, as in the orbital
graphene model at the K and K’ points. This is
why band HK models can have thermodynamically large
ground state degeneracies, whereas orbital HK models do
not.

In Figure 2 we illustrate this difference by comparing
the two particle spectra for models of graphene with
the band and with orbital HK interaction in the non-
interacting [(a) and (d)], weakly interacting [(b) and (e)]
and strongly interacting [(c) and (f)] limits. We see
that the ground state energy of the orbital HK model
is smooth as a function of k, whereas the band HK
ground state energy at intermediate interaction strength
has a kink at the momenta where the interaction energy
becomes comparable to the single-particle energy. We
can also see from the comparison of the band and orbital
HK spectra that the non-zero hopping in orbital models
changes the shape of the non-interacting bands, whereas
in band HK models the bands simply shift in overall
energy.

We can understand the nature of the ground state
in the two models by calculating the real-time retarded
Green function matrix in the zero temperature limit,
G;-fj, obtained via analytic continuation of the Matsubara
Green function. In the Lehmann representation, the
matrix elements are:

(nl cxi [m) (m] e [n)
+ = -1 J

mn

(n] cf, [m) (m| exj In)
w— (Egn—Em) + in’

where m labels the energy eigenstates, . — 07 is an
infinitesimal positive number, and we have allowed for

function over the degenerate ground states.

From the properties of the retarded real-time Green
function matrix GT we can read off a number of
important properties that help to characetize the nature
of the ground state. Most importantly, the presence
of a band of zero eigenvalues of this matrix at every

—2pollék point in the Brillouin zone, known as a Luttinger

surface, signifies a divergence of the single-particle self-
energy. This indicates that the effect of interactions is
nonperturbatively large. In turn, this implies that the
system cannot be adiabatically connected to a trivial
band insulator or Fermi liquid in the non-interacting
limit. This is the defining feature of a Mott insulator
[46].

Conversely, poles of G correspond to single-particle
charge excitations. As pointed out in Ref. [36], both the
degeneracies of the poles of GT, and the degeneracies of
the zeroes of G are constrained by crystal symmetries
at the high symmetry points; the zero eigenvectors of
both GT (zeros) and of [GT]™1 (poles) transform in
irreducible representations of the space group. Here, we
also observe the fact that zeroes and poles can be created
and eliminated together. This is an important feature of
the discontinuities in the single-particle Green function
of the graphene band-HK model (Figure 3).

We have plotted the absolute value of the determinant
|det(G1)| and the spectral function 2 ImTr(G* (k,w))
in Figure 3 for our graphene model with the band
(top row) and the orbital (bottom row) HK interaction.
We see that for interaction U; equal to half the single
particle bandwidth W, the band HK interaction does
not open a charge gap in the ground state, as evidenced
by poles (bright regions) in both the spectral function
and determinant crossing zero frequency. On the other
hand, the orbital HK model leads to a ground state with
a charge gap at every k. Additionally both the band
and orbital HK models have Green functions with zero
eigenvalues, depicted as dark regions in the determinant.
In the orbital model, there is a band of Green function
zeros throughout the entire Brillouin Zone, and the zero
surface traverses the charge gap. This indicates that
graphene with the orbital HK interaction is in a Mott
insulating state with a Luttinger surface, and so cannot
be adiabatically connected to a non-interacting band
insulator [46]. We thus see that graphene with the
orbital HK interaction is a Mott insulator with a fourfold
degenerate ground state. For the band HK model, the
Green function only contains zeros at k points for which
the eigenvalues of the non-interacting Hamiltonian are
less than half the interaction energy &(k) < Uy /2. In this
regime, the retarded, real time Green function matrix is
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FIG. 2. A comparison of the spectrum at half-filling (two electrons per unit cell) for a graphene tight-binding model with band
HK interactions H, (top row), and orbital HK interactions H, (bottom row). (a) shows the single particle spectrum for the
non-interacting Hamiltonian HJ. (b) shows the spectrum in the two particle sector E2(k) for the graphene band HK model
with interactions strength Uy equal to half the bandwidth (Ui = 3t). The ground state is degenerate when the green line is
below the black. (c) shows the spectrum in the two particle sector in the band basis HK model with interactions larger than the
bandwidth Uy = 2W (Uy = 12t). (d) shows the (repeated) single particle spectrum for the non-interacting Hamiltonian Hy with
t = 1. (e) shows the spectrum in the two particle sector E2(k) for the graphene orbital HK model with interactions strength
Ui equal to half the bandwidth (U; = 3t). (f) shows F»(k) for the orbital HK model with U; = 2W. The parameters of the
non-interacting Hamiltonian are everywhere ¢t = 1, uo = U1 /2. We can see from the spectrum in the two particle sector Fs (k)
(b) and (c) that the ground state of the band model is degenerate across the region in the Brillouin zone where Uy < 2|tg(k)|.
For the orbital HK model, we can see from (e) and (f) that, for all U; > 0, the ground state is only degenerate at the K and
K’ points.

diagonal with elements given by:

N 1 1
Choxo@ k) =3 o st +m 2
1

w— (£€(k) = U1/2) +in]’

Where here we have used 4+ as the band index m,
and £(k) is defined as the positive non-interacting
Hamiltonian eigenvalue. Zeros occur when the two
contributions to Gi ,.4(w,k) cancel, which occurs
when w = ££(k).

Once the single particle energy |{(k)| exceeds the
interaction energy |Ui|, the ground state of the band HK
model changes discontinuously as a function of k from
having one electron in the lower and upper single particle
bands, to having both electrons in the lower single
particle band. In this regime, the diagonal elements of
the Green function matrix become:

1
+ _
Core = m@a0 -t rm
This leads to the discontinuous disappearance of the
upper and lower poles, along with the zeros in the Green

+

function at £(k) = Uy /2. Notice that the zeros and poles
are created and annihilated in pairs at the discontinuity.

We mention one more important general property of
the ground state for any HK model which preserves
crystal and time reversal symmetries. On general
grounds, the ground state of such a system, if it is non-
degenerate, has no magnetic order. This follows from
the fact that the ground state preserves the time-reversal
symmetry of the Hamiltonian. Although in principle it
is possible that there is spontaneous symmetry breaking,
this only happens in the thermodynamic limit. Since
the HK model is diagonal in momentum space we can
consider the Hamiltonian formed from the k and —k
blocks:

H]*( =Hy® H_y. (28)

This Hamiltonian is invariant under time-reversal, since
time-reversal merely permutes the k and —k blocks.
Since this is a finite-rank Hamiltonian, it cannot
spontaneously break a symmetry and hence it’s ground
state manifold must also be time-reversal symmetric.
The overall Hamiltonian for a HK model can be written



as a direct sum of the H Hamiltonians:

H = H.= P H. (29)
k

k>0

and so the ground state is the tensor product of
the necessarily time-reversal symmetric ground states
of Hi, and so is itself time-reversal symmetric.
This forbids magnetic ordering. Hence, typical non-
thermodynamically degenerate ground states of orbital-
HK models have a single-particle charge gap with no
magnetic order; this is what we will define as a spin
liquid ground state. The only way to have a magnetically
ordered ground state in an HK model is then to have a
thermodynamically large ground state degeneracy which
is unstable to magnetic ordering, as in band-HK models.

2. Band and orbital Graphene models in a magnetic field

One of the consequences of the thermodynamically
large degeneracy in the band HK model of graphene
Equation (22) is a ferromagnetic instability. This comes
from the fact that wherever the interaction energy is
greater than the hopping energy, U;/2 > £(k)), the
ground state at k is an equal weight mixture of all spin
combinations. The addition of an infinitesimal magnetic
field lowers the energy of the spins aligned with the
field at every k point, and so forces the available spins
in the ground state of the whole N particle system
to align. Typically, the resulting ferromagnetic state
is adiabatically connected to a noninteracting magnetic
band insulator [38, 40]. In orbital HK models, however,
the tendency towards the spins aligning is stabilized
by the non-degeneracy of the ground state. In our
particular case of graphene, we see from Equation (8)
that the ground state subspace at every k is supported
on states 2-5 from Table I. The energies of these states
are unaffected by a Zeeman field.

To understand the response of the system to a Zeeman
field, we calculate the real time retarded Green function
matrix elements G, for the band and orbital HK models
with a Zeeman field. For the band model, we consider
the Hamiltonian:

Hy = 3" &n (K02, 01mo + Ut Y ettty + Bocl,, i

kmo k

— Io Z Nkpo - (30)

kuo

This band HK model with a Zeeman term has already
been analyzed in Ref. [35] and we provide the spectrum in
the two particle sector and the Green function in Figure 4
for ease of comparison with the orbital model.

The Hamiltonian for the orbital HK model of graphene

with a Zeeman field is given by

H; = tzg(k)CI(BockAU + h.c.+U; Z Nyt Nkl
ko kup

+ Z BUClngck/w — o Z Nkuo - (31)
kuo kuo

Note that the Zeeman energy is invariant under
the particle-hole symmetry operation P given in
Equation (13), and hence the ground state at half filling
still has two particles at every k. In Figure 4(d) we
show the spectrum of the Hamiltonian in the two particle
sector. We see that the primary effect of the Zeeman field
is to spin-split the threefold degenerate E°(k, o) band.
The exact two-particle energies as a function of B are
given by

1
B3 o, B) = 3 (U1 /U7 + 160002 ) — 240,

ESY (K, o, B) = —2B — 2y,

B3°(k, po, B) = 20, (32)
ES*(k, p10, B) = 2B — 2410, (33)
E3 (k, po, B) = U1 — 2p0,

The eigenstates with energies E;,ESO, and EY are
supported on states 2-5 in Table I. The ferromagnetic
state |A1;B 1) aligned with the field has energy
EST(k, o, B), while the anti-aligned state |A |; B |) has
energy ES‘L(k7 to, B). The ground state at every k
will either have energy F (k, pg, B) or EgT(k7 o, B).
The absolute value of the resulting determinant and the
spectral function are plotted in the large U; (U; = 2W)
and small B (B = W/20) limits in Figure 4. In the band
model with Zeeman interactions, shown in Figure 4(b),
the Green function zeros disappear. This means that
the ferromagnetic state is adiabatically connected to a
trivial band insulator, obtained by filling the spin up
states in each single particle band. In the orbital model,
however, the Green function zeros remain wherever the
ground state has anti-aligned spins, i.e. for those k at
which Ef (k, o, B) < EY' (K, p10, B). This shows that the
ground state of the orbital model in the large U; limit is
not adiabatically connected to a trivial insulator when an
infinitesimal magnetic field is added, and retains it’s non-
Fermi liquid behavior. Ultimately, this is a consequence
of the difference in ground state degeneracies between
these two models.

We can further analyze the response of the orbital-
HK model to a Zeeman field by computing the magnetic
susceptibility in the ground state. For small B, the
region where EJ'(k, po, B) < E5 (K, 1o, B) will be small,
centered in two small pockets surrounding the K and
K’ points where g(k) vanishes. The net magnetic
moment per unit volume m(B) in the ground state will
then be 2ANg)/V, where Npjps is the number of k

states surrounding the K point where EST(k,uo,B) <
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FIG. 3. A comparison of the real time retarded Green function G* for band (top) and orbital (bottom) HK models of
Graphene. In the left two panels (a) and (c) we show the absolute value of the determinant |det(G™)|, and in the right two

panels (b) and (d) the spectral function —< Im Tr(G™ (k,
regime U; =

function, —< Im Tr (G (k,

w)). (a) shows \det(G*')\ for the intermediate interaction strength
W/2 (Uy = 3t) for the band HK model. Since the band of zeros is not present across the whole Brillouin zone,
the band model in the intermediate regime is not a Mott insulator, but a general non-Fermi liquid.
w)), in the intermediate interaction strength regime for the band HK model. (c) shows |det(G")]
for the orbital HK model with Ui = W/2. The band of zeros is present across the whole Brillouin Zone.
spectral function for the orbital HK model in the intermediate interaction strength regime U

(b) shows the spectral

(d) shows the
The parameters of

=W/2 .

the non-interacting Hamiltonian are everywhere t = 1, uo = U1 /2. The band of zeros in the determinant of the orbital model
demonstrates that it is a Mott insulator even for interaction strengths lower than the bandwidth Uy < W.

E5 (k, o, B) (so that the ground state is ferromagnetic
in this region), V is the volume of the system, and the
factor of 2h = 4h/2 comes from the number of valleys
(2) times the magnetic moment per state (2h/2). To
determine Ngps/V for small B, we can Taylor expand
E; (k, po, B) about the K point and solve for the critical
k.. such that

4

UF |(5k|2
(34)
where we have introduced the Fermi velocity vy = 3at/2,
and the deviation dk = k, — K. Npgj, is thus given by

_ 1 2 2
~B=3 (U1 — /U2 + 16]t9(5k) ) ~

the number of states inside a circle of radius U; v B [4vp.
Letting Q = 31/3/2a? denote the volume of the unit cell,
we find

Q 2
BU?
= —— 36
8+/3mt2 (36)
yielding a ground state magnetic moment of
BU?h
m(B) = (37)

4372’



We thus find that the magnetic susceptibility of the
ground state is given by

_om| o _ AU
OBlp_y 4372’

which is finite for all values of U; and ¢ # 0. Other
thermodynamic quantities can be calculated in a similar
way, as was done for the band-HK model in Ref. [56] and
for the Hall conductivity in Ref. [38]. A calculation of
the magnetic instability from the partition function of a
band-HK model was carried out in Ref. [57].

X (38)

B. Extending to spinful models: HK Kane-Mele

Having demonstrated that we can lift the
thermodynamically large degeneracy in band HK models,
we now illustrate the second difference between band and
orbital HK models: that orbital models can be extended
to spin-dependent, non-interacting Hamiltonians without
any assumption of spin conservation. The Kane-
Mele model has a spin-dependent non-interacting
Hamiltonian, and the interacting Kane-Mele-Hubbard
model has been extensively studied [25, 58, 59].

Previously, [35] considered adding band HK
interactions to the Kane-Mele model. It is possible
to write down a band Kane-Mele-HK model because the
spin projection S, commutes with the non-interacting
Hamiltonian. Here we consider the orbital Kane-Mele-
HK model. In general, the orbital model does not
require that the non-interacting Hamiltonian commute
with S,. This allows us to define and solve HK models
for arbitrary spin dependent Hamiltonians. This will
allow us to solve the orbital model for space group
P4/ncecl” (#130) and space group P4a/mbcl’ (# 135)
in Section III.

To demonstrate this, we will first obtain the orbital
HK Kane-Mele model from our interacting graphene
Hamiltonian Hy;. We add a spin-dependent hopping so
that our total Hamiltonian is now:

Hyn = tz g(k)cLBgckAU + A Z oy (k)clwckw + h.c.
ko

kuo

+ U, Z NkptMkpl — HO Z Nkpo (39)
ku kpo

where the new hopping:
gi(k) =Y e*Ps (40)
J
is to next nearest neighbor sites, as shown in Figure 1.

The block Hamiltonian at a given k point, Hxps(k) is
then given by:

Hipr(k) =t g(K)el g crno + hec. (41)

+ 2\ Z O"LL§1 (k)CLMUCkug + Us Z Nkpt Mkl

no 2

11

where, for convenience, we have defined:

G = Zsin(k -b;j) . (42)

We can solve the model by solving H s (k) at every
k-point using the same procedure we used for our
graphene tight binding model. Note that the spin-orbit
coupling Hamiltonian is invariant under the particle-hole
symmetry operation P given in Equation (13), and hence
the ground state at half filling still has two particles at
every k. In the same basis as before (Table I), the matrix
elements of the Hamiltonian at half-filling H g s 2(k) are
given by:

0 0 0 0
U1 7tg* tg* 0
—tg —4Xg1 0 —tg*
tg 0 4Ag1  tg*
0 —tg tg Ui
0 0 0 0

Hrm,2(k) = (43)

SO OO OO
OO OO OO

A comparison of the resulting spectrum in the two-
particle sector for the band and orbital HK models is
given in Figure 5. Since the non-interacting spectrum
is gapped at the K and K’ points, the resulting ground
state is everywhere gapped and non-degenerate for all

U; > 0.
In the Figure 6 we provide the determinant
| det(GT(k,w))| and spectral function

—L1ImTr(G*(k,w)) for the band HK Kane-Mele
[(a) and (b)] and the orbital HK Kane-Mele [(c) and (d)]
models. We see that even for intermediate interaction
strength U = W/2, the orbital model has a charge gap
in the ground state.

As in the graphene model, we can understand the
tendency towards ferromagnetism of the band and orbital
Kane-Mele models by considering adding a small Zeeman
term to the Hamiltonian. For the model with band HK
interactions we consider the Hamiltonian

HKMZ = Z gnmo’ (k)ﬁkma + Ul Z nkaﬁka, + B Z ONkmo

kmo km kmo

— o Z Nkmo s (44)

kmo

and for the model with orbital HK interactions we have
the Hamiltonian

Hgpmz =t Z 9(K)el g, crao +iX Z ofg1 (k)CJ{(WCkW
ko kupo

+ h.c. + Uy anmnkw + B Zankﬂgﬂo - an;ur
ku kuo kuo

(45)

Note that the orbital model Hamiltonian Hpg sz is
particle-hole symmetric for ug = Uy /2, with the particle-
hole symmetry operator given by Equation (13). The
resulting determinant and trace of the Green function
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FIG. 4. Energies and Green functions for band (top row) and orbital (bottom row) graphene HK models with Zeeman
interactions H. » and H in the strongly interacting limit U1 = 2W with a small Zeeman field B = W/20. (a) shows the energy
spectrum in the two particle sector for the band model Hy. (b) shows |det(G")| for the band model. There are no Green
function zeros, indicating that the ferromagnetic state is adiabatically connected to a trivial insulator. (c) shows the spectral
function for the band model. (d) shows the energy spectrum in the two particle sector for the orbital model H, with the same
parameters as the band model. (e) shows \det(G*')\ for the orbital model. The presence of Green function zeros indicates
that the orbital model remains a non-Fermi liquid. (f) shows the spectral function of the orbital model. Both models have
parameter values in the strongly interacting regime: ¢t = 1, Uy = 12, B = 0.3, puo = 6. We see that the band model becomes a
trivial ferromagnetic insulator, whereas the orbital model retains some of the Green function zeros and hence remains a Mott

insulator.

matrices GT are plotted in Figure 7 for each case in the
strongly interacting limit U > W. As in the graphene
model, we see that the orbital Kane-Mele model has a
finite magnetic susceptibility as indicted by Figure 7(d).
Furthermore, the ground state retains its non-Fermi
liquid behavior in the presence of a small magnetic field—
indicated by the midgap Green function zeros near M—
whereas the band HK interaction leads to a ferromagnetic
state that is adiabatically connected to a band insulator.

We have demonstrated that orbital HK models do not
have thermodynamically large ground state degeneracies,
and as a consequence are stable to small external
magnetic fields. Furthermore, we have seen how orbital
HK models can be extended to spin-dependent non-
interacting Hamiltonians. These results provide the
necessary tools to study the applicability of the LSM
theorems to the HK models. Since we have lifted the
degeneracy in band HK models, we can now ask whether
an orbital HK model can have a topological degeneracy
at a given filling. Since we can define orbital models even
for systems that do not conserve spin, we can apply our
method to filling constraints in the presence of spin-orbit
coupling, as considered for short range entangled systems
in Ref. [41].

In the next section, we will use these observations
to introduce and solve interacting models for spin-
orbit coupled Hamiltonians invariant under space group
P45 /mbcl’ (# 135) and space group P4/nccl’ (#130).
Crucially, the models we will consider do not conserve
any component of the spin. In space group P4y /mbel’ (#
135) it is known that non-interacting systems with fewer
than v = 8 electrons per unit cell cannot be insulators;
however, the tightest LSM theorem currently known
allows for an interacting featureless insulator at v = 4
electrons per unit cell. We will show that adding orbital
HK interactions leads to a spin liquid ground state at v =
4 and that adding a more general class of HK interactions
leads to a non-degenerate, symmetric gapped phase at
four electrons per unit cell. By considering space group
P4/neel” (#130), (and space group P12;/cl’ (#14)
in the appendix appendix C) we will then show that
generalized HK interaction are not subject to the same
filling constraints as short-range entangled systems. This
raises the question of how to understand and identify
topology in a long range interacting system.
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FIG. 5. A comparison of the spectra in the two particle sector for band (top row) and orbital (bottom row) HK Kane-Mele
models. (a) shows the single particle spectrum for the non-interacting Kane-Mele model. (b) shows the two particle spectrum
Exr,2(k) for the band HK Kane-Mele model with intermediate interaction strength Hx s for Uy = W/2 (U = 3t). (c) shows
the two particle spectrum E_‘K]\LQ(k) for the band HK Kane-Mele model Hx s with large interactions Uy = 2W (U = 12t). (d)
shows the single particle spectrum (repeated) for the non-interacting Kane-Mele model. (e) shows the two particle spectrum
Ex,2(k) for the orbital HK Kane-Mele model Hg s with intermediate interaction strength Uy = W/2 (U; = 3t). (f) shows
the two particle spectrum Fxas,2(k) for the orbital HK Kane-Mele model Hg s with large interactions Uy = 2W (U = 12t).
Note that the ground state remains everywhere non-degenerate in the orbital model. The parameters of the non-interacting
Hamiltonian are everywhere ¢ = 1, A = 0.1. The topological gap in the non-interacting Hamiltonian means that the ground
state of the orbital model is everywhere non-degenerate, whereas the ground state of the band HK model is only nondegenerate

when the interaction energy is less than the topological gap.

III. THE DOUBLE-DIRAC SPIN LIQUID IN
SPACE GROUP P4,/mbcl’ (# 135)

A. Model and Symmetries

We start with a non-interacting Hamiltonian HYsy
constructed so as to be invariant under space group
P45/mbcl’ (# 135).  The same Hamiltonian was
considered in Ref. [48][60]. The Hamiltonian is defined on
a tetragonal Bravais lattice with four occupied sublattice
sites per unit cell (see Figure 8). The horizontal

sublattice sites are indexed by 7 = +£1, and are
located at (0,0,0) and (3, 3,0) respectively (in reduced

coordinates). The vertical sublattice sites are indexed
by u = £1 and are located at (0,0,0) and (0,0, %) (in
reduced coordinates). Together these four sites form the
4a Wyckoff position.

The single-particle Hamiltonian consists of a spin-
independent hopping between these sublattice sites Hiss
and a spin-dependent hopping H%s. In momentum
space, we can write the corresponding Hamiltonians H{s5

in the orbital basis of second quantized operators as

Higs= > oo (Hiss ()i jorckjor,  (46)
K,ij,0,00
with
H35(k) = Hiz5(k) + Hizs(k)
Higs (k) = tyy 7" cos e cos %y +t.u” cos &= (47)
+ 411 (cos(k) — cos(ky)) + thpu 7Y sin B sin %2 cos k=
Hias (k) = Nyp™7Y (U‘T sin %I cos %” + oY cos % sin %) sin %
+ Ayudr® (o*x cos & sin % + 0¥ sin & cos %) sin &=
+ Nyp*mY0” cos & cos %y(cos ky — cos ky)

To this Hamiltonian we add the orbital HK interaction
H}{ K

HlliK =U anuTTnkuT¢ (48)

kput
In this basis of single-particle operators, the
representations of the generators of space group
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FIG. 6. A comparison of the real time retarded Green function G* for band (top) and orbital (bottom) HK-KM models.
In the left two panels (a) and (c), We show the absolute value of the determinant |det(G")|, and in the right two panels
(b) and (d) the spectral function —X Im Tr(G™ (k,w)). (a) shows |det(G™)| for the intermediate interaction strength regime
U, = W/2 (Uy = 3t) for the band HK model. Since the band of zeros is not present across the whole Brillouin zone, the band
model in the intermediate regime is not a Mott insulator, but a general non-Fermi liquid. (b) shows the spectral function,
—LImTr(G*(k,w)), in the intermediate interaction strength regime for the band HK model. (c) shows |det(G™)| for the
orbital HK model with U; = W/2. The band of zeros is present across the whole Brillouin Zone. (d) shows the spectral
function for the orbital HK model in the intermediate interaction strength regime U; = W/2 . The parameters of the non-
interacting Hamiltonian are everywhere ¢ = 1, A\ = 0.1, uo = U1 /2, and we have used a logarithmic scale for the heat map.
The gap in the spectral function of the orbital model demonstrates that it has an insulating ground state even for interaction
strengths lower than the bandwidth U; < W.

P45/mbel’ (# 135) [as well as those for space group B. Excitation Spectrum and Ground State
P4/nccl’ (#130), for later convenience] are given in Degeneracy

Table II. We can see from the single particle spectrum
(Figure 8) that it hosts an eightfold degenerate double-
Dirac fermion at the A-point as the only feature near the
Fermi level at half filling.

We can solve this model at half-filling (here four
electrons per unit cell) using the same procedure
that we used to solve the interacting graphene model
Equation (7). However, we note that, unlike the
graphene models, the Hamiltonian Hiss = HYy: + Hppe
is not in general particle-hole symmetric. Specializing to
o = U1 /2, we find that the Hamiltonian is particle-hole
symmetric only when ¢, = 0. Nevertheless, as we show
in Appendix D, particle-hole symmetry breaking is weak

10?
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FIG. 7. The Green function for Band and Orbital HK-KM models with a small Zeeman field in the large Uy limit. (a) shows
the spectrum in the two particle sector for the band HK-KM model with Zeeman interactions. (b) shows | det(G* (k,w)) for the
band model. There is no band of Green function zeros which confirms that it is adiabatically connected to a trivial insulator.
(c) shows the spectral function for the band model. (d) shows the spectrum in the two particle sector for the orbital HK-KM
model with Zeeman interactions at the same parameters as the band model. (e) shows |det(G* (k,w)) for the orbital model, in
which we see that a band of zeros exists in the spectral gap along the I' — M line. (f) shows the spectral function for the orbital
model. The parameter values for both models are: t =1, Uy = 12¢t, A = 0.1, B = 0.3t, uo = U1/2 = 6t. As in the graphene
model, we can see that an arbitrarily small magnetic field converts the band HK model into a ferromagnetic insulator, whereas
the orbital HK model remains a non-fermi liquid with a finite magnetization.

TABLE II. Representation of the symmetry generators for
space group P4/nccl’ (#130) and space group P4s/mbcl’
(# 135) in the spin and sublattice basis. K denotes complex
conjugation.

P4/necl’” (#130) P4y /mbcl’ (# 135)

{altt  p{glth) | {dglt}  p({glt})
{Cu:1000} €™/t 1 {Cu. |00} purel™o /A
{C2|230}  ir%0"  |{Cas|330}  iT"0”"

{Ilz33 ptre | {I]000} 1
TR iw0YIC TR iV

provided t3 < U;p, and the ground state at half-filling
still consists of four-particle states at every k. To find
the ground state in this regime, we first construct the
seventy possible four-particle states at every k-point and
use them to form the matrix H135(k) of the Hamiltonian
in the four particle sector. We then diagonalize the
resulting matrix to obtain the spectrum in the four
particle sector and the corresponding eigenstates at each
k point. The excitation spectrum is shown in the top
row of Figure 9. Figure 9(a) shows the spectrum of
the Hamiltonian Hj35(k) in the four-particle sector at

low energies, while Figure 9(b) shows the same spectrum
with the ground state energy subtracted off. Since the
low-energy excitations of H135(k) are in the four particle
sector, Figure 9(b) can be interpreted as the spectrum of
low-energy excitations of the model at half filling. We can
see from the spectrum that the ground state is degenerate
only at the A point. This is occurs for the same reason
that it occurred in our interacting graphene model: the
non-interacting Hamiltonian vanishes at this point, and
so the equivalent four-site Hubbard model at the A-point
has zero hopping and is hence degenerate.

We then calculate the zero temperature retarded real
time Green function matrix G;fj using Equation (25)
and show the results in Figure 10. The surface of
zeros in between the poles of |det(G™)| in Figure 10(a)
confirms that the ground state is a Mott insulator,
and the gap in the poles confirms that there is a
charge gap. The determinant and spectral function are
approximately symmetric around w = 0 because of the
approximate particle-hole symmetry of the model. As
pointed out in Ref. [36], the eigenstates of the Green
function Gj- transform in irreducible representations of
the space grbup7 just like eigenstates of the single-particle
Hamiltonian. In particular, the degeneracies of the poles

and zeros in GZJ. match the allowed degeneracies of bands
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FIG. 8. The parent lattice, Brillouin Zone, and non-interacting one-particle energy spectra. (a) shows the sublattice degrees
of freedom. The color indicates the value of pu: red is u = +1 (A sublattice), green is p = —1 (B sublattice) and whether
they are filled (41 for the A sublattice) or empty (—1 for the B sublattice) indicates the value of 7. (b) shows the single
particle spectrum for the non-interacting Hamiltonian HYs in Equation (47). The bands are colored according to their
degeneracy, given on the right. We use the same non-interacting parameter values for all space group P4s/mbcl’ (# 135)
models: t;, = 1,t, = 0.5,t] = t5 = 0.3,A\1 = 0.5,A2 = 0.1, A3 = 0.15 throughout the text. (c) shows the corresponding
tetragonal Brillouin Zone of space groups P4/nccl’ (#130) and P4s/mbcl’ (# 135). (d) shows the single particle spectrum for
the non-interacting Hamiltonian for space group P4/nccl’ (#130) H D20. We use the same non-interacting parameter values for
all P4/nccl’ (#130) models throughout: ¢, = 1,t, = 0.5, A1 = 0.3, A2 = 0.3, A\3 = 0.3.

in the single particle spectrum. We have verified that the
poles and zeros at the A point in Figure 10 for instance
are eightfold degenerate, and the poles and zeros along
the M — A line are each fourfold degenerate. Additionally,
unlike in band HK models, we see that there are regions
in k and w in which poles and zeros of the Green function
coexist. At negative frequency (i.e. in the lower Hubbard
bands) along the M — A line for instance we see from
Figure 10(a) that four bands of fourfold degenerate poles
merge with two bands of fourfold degenerate zeros at
the A point to yield an eightfold degenerate pole at A.
This annihilation of zeros and poles in the lower Hubbard
bands is not observed in band HK models in the Mott
insulating regime; it suggests that although the lower
Hubbard band eigenstates share the same degeneracies as
the single particle spectrum, they cannot be adiabatically
connected to free fermion excitations. This establishes

that the ground state has a charge gap across the
Brillouin zone, and the Luttinger surface implies that
it is a Mott insulating ground state.

We define a spin liquid ground state as one which has
a charge gap and no magnetic order. The poles of the
green function in Figure 10(a) establish that there exists
a charge gap throughout the Brillouin Zone. As shown
in Section IT A since neither time-reversal nor the crystal
symmetries are spontaneously broken, the ground state
also has no magnetic order. Hence, the ground state
satisfies our definition of a spin liquid.

C. Effective Hamiltonian

Th HK interaction H};, increases the energy of states
which contain a doubly occupied orbital. Hence, the
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FIG. 9. Spectra along the High Symmetry Paths (HSP) for space group P4s/mbcl’ (# 135) (top row) and space group
P4/nccl’” (#130) (bottom row) with HK interactions Hp in the half filled (four electrons per unit cell) sector. The low
energy states have been colored according to their degeneracy, given in the rightmost panel. The degeneracy of the higher
energy states has been grayed out for clarity. (a) shows the spectrum F4(k) of the orbital HK model in space group P4s/mbcl’
(# 135) with HK interaction Hb . in the four particle sector. (b) shows the low energy part of the excitation spectrum
E4(k) — Escs(k). Here we show only the sixteen states below the gap. (c) shows the spectrum FE4(k) of the orbital HK
model in space group P4/nccl’ (#130) with HK interactions H};x in the four particle sector. (d) shows the low energy part
of the excitation spectrum FE4(k) — F4,gs(k) for the model in space group P4/nccl’ (#130). Note that the ground state
is non-degenerate at the A-point and along the line R — Z. The parameter values for space group P4s/mbcl’ (# 135) are
tey = 1,t, = 0.5,t] = 0.3,t5 = 0.3,\] = 0.5,A5 = 0.1,\5 = 0.15,U; = 4,0 = 2. The parameter values for space group
P4/nccl” (#130) are tyy = 1,t, = 0.5,\1 = 0.3, 2 = 0.3, A3 = 0.3, U1 = 4, uo = 2.

low-energy spectrum at half-filling is dominated by the
sixteen states which have no interacting pairs, although
in general other states have a small but non-zero overlap
with the ground state. In particular, the ground state at
the A point contains only singly occupied orbitals. Since
the low-energy excitation spectrum shown in Fig. 9(b)
consists of excitations in the four-particle subspace near
the A point, this means that we expect charge degrees of

we can use a Schrieffer-Wolff transformation to derive a
low-energy effective spin model for our system [61].

We take the HK Hamiltonian Hj - in Equation (48)
as the initial Hamiltonian Hy and the non-interacting
Hamiltonian HY%g as the perturbation V. We note

freedom to be frozen, and the low-energy excitations to
consist of spin-flip excitations with momentum near the
A point, k ~ (7,7, 7). To make this precise and to derive
a quantitative expression for the low-energy excitations,

first that Hp g is block-diagonal, with each block
corresponding to a sector of the Hilbert space with a fixed
number of interacting pairs. This means that, to second
order in the ratio of the bandwidth W to the interaction
energy U, the matrix elements of the Schrieffer-Wolff



18

M T ZIX RM A R Z A I ZX RIM A R 7z A

(a) (b)

FIG. 10. The absolute value of the determinant of the real time retarded Green function matrix G* at zero temperature (left)
and the spectral function (right) for the orbital HK model invariant under space group P4s/mbcl’ (# 135), Hiss = H{35+Hpr .
(a) shows |det (G+)| for the orbital HK model Hiss = HYs5 + Hir. From the band of zeros in between the poles we can infer
that Hiss = HYs5 + Hix has a Mott insulating ground state. We also find that, at the A-point, the eigenvalues of the Green
function matrix G* are eightfold degenerate. (b) shows the spectral function — 1 Im Tr{G} for H{s5 + Hjrx. We have used the
same non-interacting parameter values as previously: t,, = 1,t, = 0.5,¢] = t5 = 0.3, \1 = 0.5, A2 = 0.1, A\3 = 0.15, 50 = 2, and

the interaction strength is U; = 4.

Hamiltonian are:

(m| Hsw |n) = (m| Ho [n) + (m| V" |n) +
1 1

1
2 VDUV |+ g | @)

where m,n index the eigenstates of the low-energy
subspace of Hy = Hpyy (at halffilling the sixteen
states with no HK interacting pairs) and [ runs over all
eigenstates not in the low-energy subspace.

Second, at half-filling every creation operator acting on
a state with no HK interacting pairs creates one. This
means that the first order contribution to the matrix
elements (m| V'|n) is zero, and E; — Ey, = U; for all 4,k in
the second-order contribution. This allows us to simplify
the matrix elements to:

(il Hsw 3) = (il Ho |j) + Ui GVEG) . (50)

A comparison of the spectrum obtained from this
Hamiltonian and the low-energy subspace of the full
Hamiltonian is shown in Figure 11. Fig. 11(a) shows both
the exact and Schrieffer-Wolff excitation spectrum, while
Fig. 11(b) shows the probability of finding zero, one, or
two doubly-occupied orbitals in the ground state. As we
would expect, the effective and full Hamiltonians agree
closely where there is only a small amplitude for having a
doubly occupied state. In particular, the Schrieffer-Wolff
spectrum is a good approximation to the low-energy
excitation spectrum near the A point.

We can take the physical interpretation further. Since
the HK interaction has ‘frozen out’ the charge degrees

of freedom, the Schrieffer-Wolff Hamiltonian is a pure
spin Hamiltonian. This means that we can use the
orthogonality of spin-operators under the trace to find
it’s form in terms of spin operators. We give the full
spin-spin Hamiltonian and the details of it’s derivation
in Appendix A. Since the HK interaction is infinitely
long-ranged in position space, we find that our spin
Hamiltonian contains interactions between spins at all
distance scales.

IV. MORE GENERAL INTERACTIONS

We now show that it is possible to lift the degeneracy at
the A-point by considering more general HK interactions
that respect the space group symmetries. First, we note
that the ground state space at the A point is spanned by
the sixteen states with no HK interacting pairs. A basis
for this subspace can be written as

{|AAc1; ABog; BAos; BBoy)}, (51)

where the first letter in each triplet gives the pu,
orbital eigenvalue, the second letter gives the 7, orbital
eigenvalue (i.e., A corresponds to +1 and B corresponds
to —1 as in our analysis of graphene), o1—04 are spin
indices, and we have left the k = (m, 7, 7) dependence
implicit. These sixteen states transform in a (reducible)
representation of the space group, which we can write as
a direct sum of irreducible representations. To do so, we
first examine how each state transforms under Bravais
lattice translations. Since each of the four particles has
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FIG. 11. A comparison of the spectrum of the effective Schrieffer-Wolff Hamiltonian with the spectrum of the full Hamiltonian
(left) and the probability of doubly occupied an orbital in the ground state (right) at each k point. (a) The spectrum of the
Schrieffer-Wolff Hamiltonian Equation (50), in blue, plotted with the full Hamiltonian in red. (b) The probability of having
zero (black), one (blue) and two (red) HK interacting pairs in the ground state. We see that when the probability of having a
doubly occupied orbital is low, the effective Hamiltonian is a good approximation to the full Hamiltonian.

the same momentum k = (7,7, 7), we find that under a
Bravais lattice translation by lattice vector t—represented
by a unitary operator Ui—the states transform as

Ui |AAoy; ABoy; BAos; BBoy) =
= ¢ ikt |AAcy; ABos; BAos; BBoy)
= |AAoy; ABoy; BAos; BBoy) . (52)

In other words, the sixteen low-energy states at A in
the four-particle sector have zero crystal momentum
(modulo a reciprocal lattice vector). This means that
the states will transform in representations of the
space group induced from the I' point in the BZ.
Furthermore, since these states contain an even number
of fermions, they have integer angular momentum. We
can thus decompose our sixteen state basis into a
direct sum of single-valued space group representations
induced from the T' point. We refer the reader
to the Bilbao Crystallographic Server (BCS) for the
character tables and representation matrices for the
space group representations [62—-65]. Using the Schur
orthogonality relations coupled with the character tables
on the BCS, we find that the representations of the
symmetries of space group P4y /mbel’ (# 135) and time
reversal on these sixteen four-particle states at the A-
point decompose into eight one-dimensional and four
two-dimensional irreducible representations. These are
tabulated in Table III.

In Table IV we show the four states that transform in
copies of the trivial representation. We see that each is a
cat state superposition of spin- and orbital-ordered states
at fixed crystal momentum k = (7,7, 7). This suggests
that the long-range interactions in the HK model can
stabilize long-range entanglement in the ground state. In

Representation Multiplicity Dimension

T 4 1
s 2 1
rf 2 1
rf 4 2

TABLE III. Decomposition into space group irreducible
representations of the sixteen degenerate states four particle
states at the A point for the orbital HK model HYss + Hix
in space group P4s/mbcl’ (# 135). We follow the labeling
convention used on the Bilbao Crystallographic Server [62—
65].

particular, we note that states 1 and 2 in Table IV can
become disentangled by spontaneously breaking time-
reversal symmetry, while states 3 and 4 can become
disentangled by spontaneously breaking fourfold rotation
Syminetry.

A. Splitting the Degeneracy

Our symmetry analysis in Table III shows that
the sixteen-fold-degenerate ground state subspace
decomposes into eight one-dimensional and four two-
dimensional irreducible representations of the space
group. This allows for the possibility of perturbing
our model to lift the degeneracy of the ground state;
if the resulting perturbed model has a ground state
that transforms in a one-dimensional representation at
the A point, then we can realize an HK model with a
nondegenerate ground state and no symmetry breaking.
This would give us a candidate state realizing a filling

Zero pairs
One pair
Two pairs
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Index

Basis state

1 L (JAA1;AB |;BA1;BB |) +|AA [;AB 1;BA |; BB ¢

S

2 5
1
3 %5
1
4 5

(|AAT;AB |; BA1; BB ) — |[AA;AB1;BA ;BB 1
(|JAA1; AB1; BA ;BB ) +|AA|; AB |; BA1; BB 1
(|AAT;AB |;BA|; BB 1) +|AA [; AB1; BAT; BB |

)
)
)
)

TABLE IV. The states which transform under the four copies of the trivial representation in the ground state subspace of
HYso + Hl x in space group P45 /mbel’ (# 135) at the A-point. The first two states can become disentangled upon breaking
time-reversal symmetry, whereas to disentangle the third and fourth states requires breaking one of the spatial symmetries.

v = 4 gapped, symmetric nondegenerate ground state as
allowed for by the LSM theorem of Ref. [41] that cannot
be adiabatically connected to a band insulator.

We now show that we can form this insulating phase
by generalizing our initial HK interaction H}p to a
wider class of symmetry preserving interactions. First,
we consider adding terms of the form:

Hirge =Y miNijnu j, (53)

5]

Where for convenience we have abused notation to absorb
the spin into the orbital index so that ¢, 7 are a shorthand
for a set of (u, 7,0) indices and N is a symmetric matrix
in the basis of (u, 7, o) indices. This corresponds to our
H} . for N = o and a special case of this term was
considered for a band-HK model in Ref. [39].

Of the sixty-four possible independent N matrices,
only the eight listed in Table VI preserve the symmetries
of space group P4s/mbcl’ (# 135). Adding to our initial
Hamiltonian:

H}p = Uys Z NyroN—pro + Ure Z NproNpu—re  (54)

uTo uTo

allows us to lift the sixteen fold degeneracy at the A-point
into a two-fold degeneracy. Note that H% is particle-
hole symmetric up to an overall shift of the chemical
potential. Thus, as discussed in Sec. I, the spectrum
of H)yx + H}p + H¥ o is approximately particle-hole
symmetric at half filling for tf < Uy + Uy + Usre.
This means that the ground state still consists of four-
particle states at every k. We verify this numerically in
Appendix D. We show the spectrum in the four-particle
subspace in Figure 12a. The ground state is given by the
lowest energy eigenstate at each k. The ground state is
twofold degenerate at A and nondegenerate for all other
k.

We can then consider a further generalization to HK
type interactions H3, - of the form:

> {CLiFiljckj] {Cizﬂ%anm}y (55)
i,5,k,l

Where i, j, k, I run over all eight possible (u, 7, 0) indices.
We again exhaustively search over all terms to find those

that preserve the symmetries. In this case, there is an
additional constraint due to the fact that space group
P45 /mbcl’ (# 135) is nonsymmorphic [66]. There are
only three such terms, provided with the details of the
derivation in Appendix B. We add one of them, Hy; -, to
our Hamiltonian:

Z CLTG‘CMTU‘|

UTOo

HI%IK =Urere

+
g CM/T/G./C/_L’—T’J’ 5

,U,/TIO'/

(56)
and note that Hjy . is explicitly particle-hole symmetric,
as we discuss in Appendix D. The Hamiltonian H3s; =
HYso+ Hy o+ H% o+ Hip g Tesults in the spectrum shown
in Figure 12b. This ground state is everywhere gapped
and non-degenerate, with four particles at every k.

We plot the determinant of the Green function and
the spectral function for the Hamiltonian H3yy = Hy: +
Hy e+ Hy o+ H3p e in Figs.13(a) and (b). We see a clear
gap between the poles corresponding to the lower and
upper Hubbard band excitations. We have also confirmed
numerically that this ground state transforms under
the trivial representation at the A point. This implies
that there is no spontaneous symmetry breaking in this
ground state. Nevertheless the determinant of the Green
function has a band of zeros in the single particle gap.
We also confirm numerically that the eigenvalues of the
determinant of the Green function matrix are consistent
with the symmetry allowed degeneracy in space group
P45 /mbcl’ (#135); in particular the zero eigenvalues at
the A-point are eightfold degenerate. Thus, we arrive
at a gapped, symmetric, nondegenerate Mott insulating
ground state.

V. MINIMAL INSULATING FILLING IN HK
MODELS

We have seen from Figs. 12(a), (b) and Figs. 13(a) and
(b) that the Hamiltonian HYy5 + H} o + Hyype + Hipge
realizes a gapped, nondegenerate ground state at filling
v = 4 electrons per unit cell that does not spontaneously
break any symmetries and is not adiabatically connected
to a free fermion band insulator. Our ground state is
thus a candidate for the featureless interacting insulator
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FIG. 12. Energy spectra in the four particle sector, F4(k), for models symmetric under space group P4s/mbcl’ (# 135) (top
row) and space group P4/nccl’ (#130) (bottom row) with generalized HK interactions. The low energy states have been
colored according to their degeneracy, given in the rightmost panel. The degeneracy of the higher energy states has been
grayed out for clarity. (a) shows the spectrum in the four particle sector Fy(k) for His5 + Hx + Hix. The ground state is
two-fold degenerate at the A-point. (b) shows the spectrum in the four particle sector for Hss + Hpyjc + Hi i + Hyype. Adding
H  removes the degeneracy at the A-point, leading to a ground state which is everywhere gapped and non-degenerate. (c)
shows the spectrum in the four particle sector E4(k) for H Vo + Hi i + Hy i. The ground state is again two-fold degenerate
at the A-point. (d) shows the spectrum in the four particle sector for HYss + Hix + Hie + Hye. Adding H¥ j removes
the degeneracy at the A-point in space group P4/nccl’ (#130) as well, again leading to a ground state which is everywhere
gapped and non-degenerate. This violates the filling bound in Ref. [41]. The parameter values for space group P4s/mbcl’ (#
135) are tyy = 1,t, = 0.5,t; = 0.3,t5 = 0.3,\] = 0.5,\5 = 0.1,\5 = 0.15,U; = 4,Us = 2,Us = 2, u0 = (U1 +2U2)/2 = 4. The
parameter values for space group P4/nccl’ (#130) are t,y = 1,t, = 0.5, A1 = 0.3,A2 = 0.3,A3 = 0.3,U; = 4,Us = 2,U3 =
2,/10 = (U1 + 2U2)/2 =4.

in space group P4s/mbel’ (# 135) allowed for by the
LSM theorems of Ref. [41]. However, unlike the family

group P4/necl’ (# 130), however, forbids a featureless
insulator at v = 4. Nevertheless, we will see that we can

of Hamiltonians considered in Ref. [41], our HK model
contains arbitrarily long-range interactions. This opens
up the possibility that the ground state of Hys + H - +
HZ - + H}, ;- evades the LSM theorem by being a long-
range entangled cat state. To see whether this is the case,
we consider a similar HK model in space group P4/nccl’
(# 130), which also realizes a double-Dirac semimetal
in the noninteracting limit. The LSM theorem in space

construct an HK model in space group P4/nccl’ (# 130)
with a gapped, nondegenerate, symmetric ground state
at filling v = 4.
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FIG. 13. Green function determinant and spectral function for Hamiltonians invariant under space groups P42 /mbcl’ (# 135)
(top row) and P4/nccl’ (#130) (bottom row) with HK interactions Hp;x + Hyx + Hirx at half filling (four electrons per
unit cell). In the left two panels (a) and (c), we show the absolute value of the determinant |det(G¥(k,w))|, and in the
right two panels (b) and (d) the spectral function —-= ImTr(G+ (k,w)). The band of zeros in the determinant of the orbital
model demonstrates that models in both space groups remain Mott insulators when the ground state becomes non-degenerate.
(a) shows |det (G+ (k w))| for the space group P4s/mbcl’ (# 135) Hamiltonian HYys + Hpy e + Hiie + Hirge. (b) shows the
spectral function, —+ ImTr(G+( )), for HYs+ Hpy e+ Hp jo + Hip e (c) shows | det(G+(k w))| for the space group P4/nccl’
(#130) Hamiltoman HYy + HY o + Hype + H e . (d) shows the spectral function, — 1 Im Tr (G+( )), for the space group
P4/nccl’ (#130) Hamiltonian HYsy + Hiype + He + Hi . The parameter values for space group Pds/mbcl’ (# 135) are
toy = 1,t, = 0.5,#] =0.3,t5 = 0.3, \] =0.5,\5 =0.1,\5 = 0.15,U; = 4,Us = 2,Us = 4o = 4. The parameter values for space
group P4/nccl’ (#130) are toy = 1,t. = 0.5, A1 = 0.3, Ao = 0.3, \g = 0.3, Us = 4, Uz = 2, Us = 2, pio = 4.

A. A Comparison: Space Group P4/nccl’ (#130) Hamiltonian that was considered in Ref. [48][67]:

H130(k) 7-[1,30( )+H130( ) (57)
Hiso(k) = tgy, 7" cos 2 cos —y + t.p” cos &= (58)

Hizo(k) = Mp?770% cos B + Xo77 (0" sink, — 0¥ sink,)
~ We now ask whether we can also turn a Hamiltonian gt (aw sin %z oS Ty + oY cos K sin %y )
invariant under space group P4/nccl’ (#130) into a
featureless insulator. We use the same non-interacting (59)



With the corresponding Hamiltonian given by:

Hag = Z CL‘U(H?S()(k))ia,ja/ckja’ (60)

—
k,io,jo

The single particle spectrum is given in the bottom
right panel of Figure 8. We then consider adding to
Equation (60) the original orbital HK interaction H }
from Equation (48):

Hisy = Hiss + Hige. (61)

As we show in Appendix D, the ground state of
Equation (61) at half filling v = 4 consists of four
electrons at every k, and the low-energy excitation
spectrum is given by excitations in the four particle
sector. We show the spectrum in the four particle
subspace in Figure 12[c-d]. As for space group P4 /mbcl’
(# 135), we find a ground state that is only degenerate
at the A point.

We then add the generalized HK interactions,
HZ ., H3 1 to Equation (61), to obtain the Hamiltonian

Hizg = Hiso + Hpype + Hppe + Hipe. (62)
As shown in Appendix D, the low energy physics of Hi35{
is dominated by excitations in the four-particle sector,
and the spectrum of Hi3J in the four particle sector
is shown Figure 12[c-d]. The spectrum is everywhere
gapped and non-degenerate, which means that our model
in space group P4/ncecl’ (#130) with v = 4 electrons per
unit cell can also be made insulating without breaking
any of the symmetries.

We additionally show the determinant of the Green
function and the spectral function for our model in
Figure 13(c) and (d). As for our model in space
group P4s/mbcl’ (# 135), the gap between the poles
in the spectral function and the band of zeros in the
determinant of the Green function confirms that the
ground state is a Mott insulator. .

A gapped, nondegenerate, symmetric, short-range
entangled ground state in space group P4/nccl’ (#130)
at filling v = 4 would explicitly violate the LSM theorem
of Ref. [41]. Since we have constructed a ground state
that is gapped, nondegenerate, and symmetric at filling
v = 4, we thus must conclude that it is not short-range
entangled. To understand this, we can revisit the proof
of the LSM theorem for nonsymmorphic space groups.
The derivation of the filling bounds relies on the local
properties of the system being invariant under a change
of the boundary conditions. Since HK interactions are
infinitely long range, however, every point in the bulk
is coupled to the boundary and so the theorem breaks
down.

This suggests that our models in space groups
P4y/mbcl’ (# 135) and P4/nccl’ (#130) realize
insulators at filling ¥ = 4 because the ground states are
long-range entangled via the HK interaction. This long-
range entanglement need not be topological, however. As
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pointed out in Ref. [41], cat states such as the symmetric
linear combination of two opposite ferromagnetic states
have just the sort of long-range entanglement needed to
violate the LSM theorem.

This in turn raises three questions. First, we can
ask what filling constraints, if any, carry over to HK
models from the LSM theorem for systems invariant
under time-reversal and crystal symmetries. For the
case of a 1D, translationally invariant HK model it was
shown in Ref. [68] that an insulating state must have
an integer number of electrons per unit cell. Since it is
simpler to calculate the filling than to determine whether
the system is insulating, we are primarily concerned
here with the converse statement: whether a given
filling implies an insulating state. For the case of time-
reversal and crystal symmetric systems, we conjecture
that the only remaining constraints beyond integer filling
are those that arise from the on-site symmetries—i.e.
from Kramers’ theorem. To support this conjecture, we
show in Appendix C that the LSM bound is violated
by an HK model in space group P4;/cl’ (# 14) at
filling v = 2, which represents the smallest enhancement
of the LSM theorem by nonsymmorphic symmetries.
Second, since Hubbard models can generate short-range
entangled phases that are subject to the bound, we have
found an explicit example in which the phase of the HK
model (insulating for space group P4/nccl’ (#130) at
half-filling) is different to the phase of a Hubbard model
required by the LSM theorem (i.e. metallic, magnetic, or
topologically-ordered for space group P4/nccl’ (#130) at
half-filling). This raises the question of which topological
properties of the Hubbard model can be inferred from
HK models from the renormalization group arguments
of Refs. [31, 32]. Third, since the HK model is local
in momentum space, it would be interesting to explore
whether any constraints analogous to LSM theorems
arise from considering the momentum space (orbital)
entanglement spectrum [69, 70].

VI. CONCLUSION

In this work, we have initiated a systematic exploration
of the ground state degeneracy and filling constraints
in long-range HK type models. First, in Sec. II we
introduced a general class of HK models with interactions
written in the orbital basis. We showed that previously-
considered band-basis HK models arise as a special case.
We showed how orbital HK models can be solved via a
mapping to a few-site Hubbard model at each k. The
main advantage of orbital-basis HK models is that they
have ground states which are in general nondegenerate
except possibly at isolated high-symmetry k points in the
BZ. This is in contrast to band-basis HK models which
have thermodynamically large ground state degeneracies
(there is a degeneracy at every k) in the strongly-
interacting Mott insulator regime. Because of this,
orbital-basis HK models are stable against symmetry-



breaking order. We showed this explicitly through an
analysis of a tight-binding model of graphene with a
simple orbital HK interaction in Sec. II A. Additionally,
the orbital-basis allows for a natural treatment of HK
models with spin-orbit coupling, such as the Kane-Mele
model considered in Sec. IIB.

To fully demonstrate the utility of orbital HK models,
we next turned our attention in Sec. III to orbital HK
models with the symmetries of space group P4s/mbel’
(# 135), where LSM theorems seem to allow for a
gapped, symmetric, short-range-entangled insulator at
filling v = 4 that is nevertheless not adiabatically
connected to a band insulator. We presented a model
of an interacting double-Dirac semimetal in space group
P45 /mbel’ at filling v = 4 with orbital HK interactions,
and showed that the ground state is a Mott insulator
with a sixteenfold degeneracy at the A point in the
Brillouin zone. We identified the low-energy excitations
above the ground state with spin waves, and showed
that the system could be mapped via a Schrieffer-Wolff
transformation to a long-range interacting spin model.
Next, we showed through a careful symmetry analysis of
possible HK interactions in Sec. IV that there exists an
orbital HK model in space group P4, /mbcl’ at filling v =
4 that has a gapped, symmetric, nondegenerate ground
state. Furthermore, an analysis of the single-particle
Green function demonstrates that the ground state is
a Mott insulator that is not adiabatically connected to
a band insulator. However, we show that the orbital
HK interaction stabilizes long-range entanglement of
seemingly nontopological origin: the symmetric ground
state is, at each (star of) k a superposition of orbital-
and spin-ordered states that transforms trivially under
the symmetries of the space group. While for short-range
Hamiltonians such cat states always come in degenerate
pairs (i.e., the two ground states of the ferromagnetic
Ising model with opposite spins), the HK interaction
stabilizes a cat state as a nondegenerate ground state.
We provide evidence for this picture by considering
in Sec. V an orbital HK model with symmetries of
space group P4/nccl’ (# 130) at filling v = 4, where
LSM theorems forbid the existence of any gapped,
symmetric, short-range entangled, nondegenerate ground
state. Nevertheless, our orbital HK model has a gapped,
symmetric, nondegenerate ground state, which therefore
must have long-range entanglement.

Our work shows that the features of Mott physics
that are captured by HK models are not due to any
ground state degeneracy. Our orbital HK models with
nondegenerate or order-one degenerate ground states are
nevertheless Mott insulators—they feature a charge gap,
do not spontaneously break any symmetry in the ground
state, and have midgap zeros of their single-particle
Green functions that point to violations of Luttinger’s
theorem. The lack of an extensive ground state
degeneracy also shows that the Mott insulating ground
state of our orbital HK models is stable to symmetry-
breaking perturbations. This is in contrast to band-
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HK models, which become adiabatically connected to
trivial insulators under the application of an infinitesimal
symmetry breaking field.

Additionally, our work highlights several delicate issues
that must be addressed in studies that use HK models
as a probe of topological order. We have seen through
our study of filling constraints that the ground states
of HK-type Hamiltonians can violate LSM theorems.
This arises in part because proofs of the LSM theorems
for crystalline symmetries rest on the assumption of a
short-range Hamiltonian. In both entanglement based
and flux-insertion based proofs, it is crucial that the
Hamiltonian in position space at a point deep in the
bulk of the system is insensitive to perturbations at a
distant point. This assumption is maximally violated
for HK-like Hamiltonians, which contain position-space
couplings of arbitrarily long range. In our examples
of graphene and of Mott insulators in space groups
P4y /mbcl’ (# 135), P4/nccl’ (# 130), and P4y/cl’
(# 14), this resulted in a ground state that was
nondegenerate but long-range entangled. Care must be
taken to distinguish this “trivial” cat-state like long-
range entanglement from more exotic topological order
in any HK model. Furthermore, our results suggest
that even in HK models of topologically ordered phases,
the long-range HK interaction may split the otherwise
topologically protected ground state degeneracy. Thus,
one cannot say by looking at the ground state degeneracy
alone whether or not the ground state of an HK
Hamiltonian has topological order.

Our work opens up several intriguing directions for
future research. First, although we focused on half-
filled systems in this work, orbital HK models for
quarter filled systems can be studied using the same
techniques. Examinations of partially-filled quantum
anomalous Hall and quantum spin Hall bands with the
band-HK interaction have shown several signatures of
nontrivial topology, but have been complicated by the
presence of an extensive ground state degeneracy and
ferromagnetic instability [34, 35]. Orbital-HK models
for these topological Mott insulators can allow for
an analysis of robust observables that do not depend
on the ground state degeneracy, such as the Hall
conductivity [38]. Second, recent work has renewed
interest in the study of topological invariants of zeros
and poles of the single-particle Green function in
interacting Mott insulators [36, 37]. Our analysis of
orbital HK models in graphene and in three-dimensional
nonsymmorphic space groups has shown that generically
there are both Green function zeros and Green function
poles in the lower and upper Hubbard bands. While the
degeneracy of zeros and poles are both restricted by space
group symmetries, their coexistence raises interesting
possibilities for computing topological properties of the
Hubbard band and Luttinger surface eigenstates. Third,
since the Schrieffer-Wolff approximation allows us to
approximate the orbital HK Hamiltonian as a long-
range spin model, it would be interesting to explore



25

the connection between the HK ground state and spin ACKNOWLEDGMENTS
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Appendix A: Schrieffer-Wolff Hamiltonian

We found in Equation (50) that the matrix elements of the Schrieffer-Wolff approximation to the Hamiltonian
HY: + H} e [Equations (47) and (48)] are:

(il Hsw 7) = (il Ho |j) + Ui V2) (A1)

Since the charge degrees of freedom are frozen out, we expect this Hamiltonian to consist solely of couplings between
spin operators at the four sublattice sites of the form:

Si g (A2)

H1T1 7 pH2T2

where i, j are Pauli matrix indices running over 0, z,y, z, and the spin operator Su -, 1 defined as:

Siim Z iro [0 Curan (A3)

To decompose this Hamiltonian into spin operators, we use the fact that the spin operators are orthonormal under
the trace:

Tr([sgsg;][s’;sg) = N 5oy D0 6! (A4)

Where «, 3,7, § are a shorthand for a set of u and 7 sublattice indices, and )\iajﬁ is a normalization constant that in
general depends on the indices.

We can compute the coefficient %/ of each spin matrix pair in the Hamiltonian as:

H1TLH2T2

74J —
Yap =

(HswSi, .. 8% ) (A5)

H1T1 7 p2T2

ap

We can now exhaustively iterate over all 256 possible spin matrices to find the decomposition of Hgyy .
We split the Hamiltonian into three parts: an identity term, a non-spin orbit coupling term, and a spin-orbit
coupling term. To make it easier to look at, We also use the shorthand that the coefficient includes the k dependent

hopping, for example A1; = A; sin ’2’ cos k2 sin %= (k) We have:

Hy =1 [4(t3, + 12+ A3) + 103 + A1) + ALy + A3 + A3,)] (A6)
1
_ 2 2 2 0 0 0 i A 7
Hl - (tzy + tz + 2t2) Z S;J,lﬁsug'rz - § Z |:tmy ntp(—7) + tzS;rrS —p)T (A7)
H1,T1,H2,T2 LT

(p1,m1)#(p2,72))
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)\2
Ho=2 (M b b+ 3 )| ¥ shashe (A8)
H1,T1,42,T2
(p1,71)#(p2,72))

O 4N, 08 1 2) (z SiaShp + s;;BsgA) 02, + A2 (SaShe + S5pSEa)

)‘2 7 7 z z
—2(A31 + A5)(S4aShs + ShpSha) + 33 Z [ wrSu(—r) ~ 2Swsu(—f)}
1,0, T

+ 2t [(A11 + A21)(SaaSBp — S4aSER) + (M1 — A1) (SapSEa — SihpSia)l

" [((An (5S35 — S3aSEs + S5 — S5pSia)

1= A )(S55554 — SanSha + S5aShs - SzAszg]

— [(A11d21 + A21A22) + (A1 A22 + Mi2X21)] (S44S% 5 + 544588 + SES%A + SEES4a)
+ [(A11d22 + Ai2A21) — (A1 A2 + A21 A22)] (SﬁBS%A =+ SZ{;BS%A + SgASZB + SJyBASf\B)

+2 {()\22)\12 = AM1A21)(S4aSEp — S4aShr — SapSEa + ShpSha)—

(A22A12 + A11A21)(SaaSER + SapSha)

+tay A3 [ShaShp — SaaShp + SapSha — S4aSha + 5aSEn — SpaSEr + ShpSaa — SppSpal  (A9)

Appendix B: Generalized HK interaction terms preserving the symmetry

In this section we explain how we calculated the symmetry preserving terms for the generalized HK interactions.
Each term needs to satisfy two conditions:

1. It needs to preserve the space group symmetries, including time reversal, whose single particle representations
for space group P4s/mbcl’ (# 135) and space group P4/nccl’ (#130) were given in Table I1.

2. The Hamiltonian has to have the periodicity of the Brillouin Zone.

To check the first condition, we first find the representation of the symmetry group elements g on the four particle
states p(g). Then we test whether:

H(gk) = p'(9)H(K)p(g) (B1)
is satisfied for the space group generators, and whether:
H(—k) = THEK)T ! (B2)

is satisfied for the time-reversal operator T .

The second condition is not automatically satisfied because both space group P4/nccl’ (#130) and space group
P45 /mbcl’ (# 135) are nonsymmorphic space groups [66]. This requires the presence of electronic orbitals at points
away from the origin of the unit cell. The matrix V' (G) maps the space of states at k to the space of states at another
k point related by a reciprocal lattice vector k' = k + G:

Ck+G,i = Z VijCk,j (B3)
B

Where i, j are a shorthand for a set of (u,7,0) indices, and V(QG) is given by:

V(G);; = 6; je'Sr (B4)
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with r; being the position vector of the sublattice sites indexed by 4 (for example, (%, %,0) for y = 1,7 = —1 or
(0,0, 3) for p = —1,7 = 1). This transformation has two consequences.

First, the transformation on the second quantized operators implies a condition on the Hamiltonian at a given k
Hy in order that it be invariant under translation by a reciprocal lattice vector.

Hy = Hiic (B5)

Second, the inequivalence of the space of states at different k points means that the action of a symmetry group
element on a state at k will map it into a different set of states at k/ = gk. If the group element g is not in the
little group of k’ (i.e. there is no reciprocal lattice vector G such that k' = k + G) then we cannot find the action of
symmetries on the original space of states at k.

Carrying this out, we find Table V for the V(G) matrices for space group P4s/mbcl’ (# 135) and space group
P4/neecl” (#130).

TABLE V. V(G) matrices at the High Symmetry Points (HSPs) for space group P4s/mbcl’ (# 135)
Generator I' — (0,0,0) A — (m,7m,7) M — (7,7,0) R— (0,7, 7) X —(0,7,0) Z —(0,0,7)

{C4z|000} MOTO HOTZ /U‘OTZ ,LLOTO ‘LLOTO /J,OTO
{CQ“%%O} ,LLOTO ,LLZTZ MOTZ ‘LLZTZ /LOTZ ,LLOTO
{I|000} ,LLOTO HZTO HOTO /LOTO ,LLOTO ,LLOTO
TR ,LLOTO FLZTO ;U'OTO ‘LLZTZ /LOTZ /LZTO

Which allow us to find the representations on the space of states at the high symmetry points.

We can now test whether the periodicity Equation (B5) and symmetry conditions Equation (B1), Equation (B2) are
satisfied for an arbitrary HK term. For the HK number terms Equation (53), for example, the periodicity condition
Equation (B5) is automatically satisfied since the induced transformation on ny ; is trivial:

Nk+G,i = CL+G7iCk+G,i = E V;;VikCLjCk,k = 5ji5kiCLjCk,k =Nk (B6)
ik

This means we only need to check whether the N matrices in the generalized HK number term:

> Ny (B7)
k,i,j

satisfy the symmetry and time-reversal preserving invariance conditions for the generators in Table II. Of the sixty
four possible terms, the eight that satisfy these conditions are given in Table VI. For the generalized HK terms of the

TABLE VI. Symmetry preserving HK number terms in space groups P4s/mbcl’ (#135) and P4/nccl’ (# 130)

Number N

o N O Utk W N
8
=)
[=)

form:

Z [CL,in‘ljck:j} |:CTk,iFi.2jck;j:| (B8)

.5,k
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the transformations of the creation and annihilation operators are not trivial. Each F transforms as:

hyaiFiocas = Vi EVimel oom (B9)
And so the overall term transforms as:
/T 2 _ +
Z [CkJrG zF et G ]:| [CkJrG,lFlrci(-&-G,r] = Z [Ck Vi, nFuV mck,a} [Cklv Fer',qu,r} (B10)
Ba,br 05,0,
n,m,p,q

Since the F'', F? matrices are not functions of k, we require that:

!
S Vi Vimes | [Vl B Viaer| = D0 [ehiFhews] [ehiFaews] (B11)
%,5,0,r i,5,k,1
n,m,p,q

We can test which of the (64)2 possible F'', 2 terms satisfy both the symmetry and periodicity requirements. There
are only three such terms:

3
Hiyjpe =Urere

1t oyt

Z CLTJCH—TU] Z C/L 7o' Cp/ =70’ (Blz)

uro | W T'o ]
3/
Hyg = UHI;LI ZCT—;LTUCHTU] Z CL/ 151 C—p' 7o’ (BIS)
UTo _/J,'T’o" i
3//
Hpx = Ugpera) () [Z CT—M—TUC‘”U‘| Z Cu g C—p/ =1’ 0’ (B14)
uro

While we have focused here on HK terms with interaction strengths that are k-independent, the procedure outlined
here generalizes straightforwardly to allow for the classification of symmetric, momentum-dependent HK interactions
as well.

To conclude, we also sketch the procedure necessary to check the invariance of multiparticle states under the space
group symmetries at high symmetry points. At the high symmetry points, there will be at least one group element
for which gk = k + G. In this case, we can use the transformation to map back to the original space of states. For a
representation p(g) of the symmetries on the single particle states:

9)ex,i = ZP DijCoi = D Pisciry = _ pisVik(G)ewn (B15)
j ik

The consequence of this is that to find the representation of the space group symmetries on the space of states at a
high symmetry point Q whose little group is equal to the full space group, we can follow this simple procedure:

1. Find the reciprocal lattice vector between the high symmetry point and it’s image under the space group:

=r(9)Q - Q.
2. Find the matrix elements V(G);; = §;;'¢ ™.

3. Multiply the single particle representation matrices by the V(G) matrices to map the space of states in the
image back to the original k point.

Appendix C: Violation of minimal filling bound: Space Group P2;/cl’ (# 14)

We conjectured that for models with long-range HK interactions, the only constraint left over from the LSM theorem
for time-reversal symmetric systems is Kramers degeneracy. Kramers degeneracy requires that an insulator have a
minimum filling of 2n, with n an integer. This means that the lowest additional constraint would enforce an insulator
at a filling of 4n. The LSM theorem for space group P2;/cl’ (# 14) given in Ref. [41] requires a featureless insulator
in this space group to have filling v = 4n. We now show that even this minimal additional bound is violated in an
orbital HK model.
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TABLE VII. Representation matrices of the symmetry generators for space group P21/cl’ (# 14) in the spin and sublattice
basis.

SG14
{glt}  p{glt})
{Ca|iio}  ir"0”
{11000} I
TR iTP0V K

Space group P2;/cl’ (# 14) is generated by the twofold screw {C3,|003}, spatial inversion, and the Bravais lattice
of translations. It can be viewed as an index-four subgroup of P4y/mbcl’ (# 135). To construct a Hamiltonian
invariant under space group P2;/cl’ (# 14), we can consider a monoclinic parent lattice with two sublattice sites per
unit cell indexed by 7 = £1. The symmetry generators are given in Table VII.

To obtain a Hamiltonian invariant under space group P2;/cl’ (# 14), we can simply drop the p index of our space
group P4y/mbel’ (# 135) Hamiltonian Equation (47), and retain only the tight-binding terms that are invariant
under the space group symmetries and time reversal:

Ho' (k) = Hy' (k) + Hy' (k)
Hit (k) = tuy 7" cos £z cos %y (C1)
Hyt (k) = NyrY07 cos & cos %y(cos ky — cosky)

We can then add the same sequence of HK terms as before, dropping the p sublattice degree of freedom. We first
add the orbital HK term:

Hll-IK = U1 2:711(7-1~’rlk7—¢7 (02)
kT

and find in Figure 14(b) a ground state that has a two-fold degeneracy along the lines X — M, X — R, M — A
and M — R. We can then add the generalized number HK term H%, = U= Y kro Mk—7oNkro and the final term
H} e = Upare [ka c;rm,ck,m} {qu,,a, CLT,g,ck,T/(,/} to produce a ground state that is everywhere gapped and

non-degenerate—again violating the LSM filling bound—as shown by the spectrum in Figure 14d. We also provide
the absolute value of the determinant and the spectral function of the real-time retarded Green function in Figure 15.
Just like for space group P4y/mbcl’ (# 135), the band of zeros in the GF confirms that the ground state of HY, + H};
and for HY, + Hy - + H% o + H3p is a Mott insulator.

Appendix D: Particle-hole symmetry of Generalized HK models

In this Appendix, we analyze the action of particle-hole symmetry on our HK models in space groups P4s/mbcl’
(# 135), P4/ncecl’ (#130) and P2y /cl’ (# 14).

1. Space Group P4,/mbcl’ (# 135)

The single-particle Hamiltonian H{55(k) at each k for our models in space group P4s/mbcl’ (# 135) is given
in Equation (47). Although the spectrum of H{;5(k) is symmetric about zero, there is in general no particle-hole
symmetry in the sense of an operator on Fock space. We note that particle-hole symmetry can in general be represented
on Fock space as

i = Tk
Pey P71 Al D1
J

where 7, j index the spin and orbital degrees of freedom, and A% is a matrix. Due to the canonical anticommutation
relations, for P to be a symmetry of a single-particle Hamiltonian it must anticommute with all symmetric hopping
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FIG. 14. The spectrum in the half-filled (two particle) sector for the model in space group P2;/cl’ (# 14) with generalized
HK interactions. (a) shows the single particle spectrum. (b) shows the spectrum in the two particle sector E2(k) for the
Hamiltonian with orbital HK interactions H};x, H = Hg* + Hp with Up = 4. (c) shows the spectrum in the two particle
sector E2(k) for the Hamiltonian with generalized HK interaction H = HY, + H}; ;o + Hy i with Uy = 4,Us = 2. (d) shows the
spectrum in the two particle sector F2 (k) for the sHamiltonian with generalized HK interaction H = HY¥+Hh e+ Hy o +H i
with Uy = 4,Us = 2,Us = 2. The non-interacting parameter values are: t,, = 1,5 = 0.15, o = (U1 + 2U2) /2.

terms, and commute with all antisymmetric hopping terms. To see this, we note that for single particle Hamiltonians
of the form

HOk) =Y clhisers (D2)
iJ
we have
PHO(k)P_l = Z A*ii/cki/hkijAjj/CL (D3)
iji’§’
=-> CLj/ATi,ihkijAjj,Cki/ + ) i (D4)
iji’§’ i

Provided the trace of hy;; is zero—which is the case for all Hamiltonians we consider in this work—particle-hole
symmetry then requires

> AT ey AT = — g,

i/j/

(D5)
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FIG. 15. The absolute value of the determinant, |det(G"(k,w))| and the spectral function —1 ImTr(G™ (k,w)) for orbital
HK models in space group P2;/cl’ (# 14). The top row shows the Green function for the Hamiltonian H O+ fl}{ % and the
bottom row shows the Green function for the Hamiltonian HY, + f[}; K+ f[?; K+ f[fl k- From the determinant we can see
that SG14 with orbital HK interactions is a Mott insulator, just like space group P4s/mbcl’ (# 135). (a) shows |det{G}|
for the Hamiltonian HY{, + Hi; with Uy = 4. The band of zeros confirms that it is a Mott insulator. (b) shows the
corresponding spectral function —Z Im Tr(G™ (k,w)). (c) shows |det(G™ (k,w))| for the model with all three HK interacting
terms, HY + Hiyre + Hy o + Hi e with Uy = 4,Us = 2,Us = 2. As above, the band of zeros confirms that the system is a
Mott insulator. (d) shows the corresponding spectral function —< Im Tr(G™ (k,w)). The non-interacting parameter values are:
toy = 1,A5 = 0.15, po = (Ur + 2U2)/2.

obtained by equating Equations (D2) and (D4).

No such matrix A exists for the Hamiltonian H%;;(k) in Equation (47) if all hopping amplitudes are nonzero.
However, if we choose A = p,7,0,, then P commutes with every term in Equation (47) except the hopping with
amplitude t,. Thus, the single-particle Hamiltonian is particle-hole symmetric for ¢§, = 0.

Let us turn now to the seven nontrivial orbital HK terms of the form

8
MHiyre(K) =Y UaNomiei Nfjnuc; (D6)
a=2

where U, are positive interaction strength parameters and the matrices N are given in Table VI. Under the action
of P defined in Equation (D1) with A = p, 7,0, we have

8
PHY Q)P = Hijpe =Y Ua Y maci. (D7)
a=1 i
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FIG. 16. A comparison of the ground state energies F;(k) for different particle numbers at each k point for space group
P45 /mbel” (# 135) (top row) and space group P4/nccl’ (#130) (bottom row). Where spectra overlap, only the larger

filling is shown (i.e if F2(k) overlaps Eg(k) we show only a blue line ).

From the fact that the spectra do not overlap for

all k points away from half-filling, we can see that the spectrum is weakly particle-hole asymmetric. Nonetheless, for the
parameter values in this paper, the lowest energy state of the IV particle Hamiltonian at half-filling is still the tensor product
of the ground state of the four particle (i.e half-filled) Hamiltonian at every k point since the half-filled four particle energies

(in green) are the lowest for every k point.

(a) shows the ground state energies Ej;(k) for different particle numbers for

H = H)s5 + Hic. (b) shows the ground state energies F;(k) for different particle numbers for H = Hiy5 + Hiype + Hrrgc.
(c) shows the ground state energies E;(k) for different particle numbers for H = H{ss + Hy i + Hirje + Hiic. (d) shows the
ground state energies E;(k) for different particle numbers for H = H{sy + Hfx. (e) shows the ground state energies E;(k)
for different particle numbers for H = H{3y + Hpjc + Hzrge. (f) shows the ground state energies E;(k) for different particle
numbers for H = HYq + Hy + Hix + Hirk

Finally, we note that the symmetry-allowed terms of the form

3

2

Hirc (&) =D Uy [ S el Flye (D8)
ij

b=1

defined in Equations (B12)—-(B14) are manifestly invariant under P defined in Equation (D1) with A = p,70,.
Putting this all together, we see then that if the chemical potential

8
Mo = ;;Ua;nkia (D9)

then the Hamiltonian Hy5 (k) + HEY (k) + HE (k) — po Y ; ki will be particle-hole symmetric if 5 = 0.

In particular, this means that when ¢, = 0 and with chemical potential given in Equation (D9), we expect based
on our arguments in Sec. II that the ground state at every k consists of states with four particles. Furthermore, we
note that since t§, < 22:2 U, for the models we consider, we expect that particle-hole symmetry breaking is weak
at every k. To verify this, we show in Fig. 16(a—c) the lowest energy E, (k) in the n-particle subspace at each k for
the models in space group P4,/mbcl’ (# 135) considered in the main text. We see that in all cases, the four-particle
energy Fy(k) is the lowest energy, confirming that for the parameter values considered in the text and for all k, the
lowest energy state half-fills (in this case four electrons per unit cell) every k point. Furthermore, in Fig. 17 we show

the distribution of energy differences E4_,, (k) —

E, (k) sampled over the whole Brillouin zone, allowing us to verify

that particle-hole symmetry is only weakly broken for the parameter values analyzed in the text.
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FIG. 17. The difference between particle and hole doped ground state energies E4,,(k)—FE1_, (k) for the space group P42 /mbcl’
(#135) Hamiltonian H{ss with HK interactions Hp ; (top row), Hx + Hi i (middle row) and Hy i + Hyy i + Hipi (bottom
row). The difference in energies is calculated for a cube of 10,000 k points in the positive octant of the Brillouin Zone. The
particle hole symmetry breaking is of order (t5)?/U. (a) shows the distribution of the difference between the seven and one
particle ground state energies, Er(k) — Ey(k), for H{35 + Hix. As expected, there is no difference between the energies to
within numerical error. (b) shows the distribution of the difference between the six and two particle ground state energies,
Es(k) — Ea(k), for H)s5 + Hp . The maximum particle hole symmetry breaking is of order (¢5)?/U ~ 0.02. (c) shows the
distribution of the difference between the five and three particle ground state energies, Fs(k) — E3(k), for HYys + Hpx. (d)
shows the distribution of the difference between the seven and one particle ground state energies, E7(k) — E1(k), across the
positive octant of the Brillouin Zone for HY;5 + Hi i + H . As expected, to within numerical error, there is no particle-
hole symmetry breaking. (e) shows the distribution of the difference between the six and two particle ground state energies,
Es(k) — Ex(k), for H)35 4+ Hp i + Hz e Here, (t5)? /(U +2Us) ~ 0.01. (f) shows the distribution of the difference between the
five and three particle ground state energies, Es(k) — E3(k), for H{3s + Hpyrc + Hi . (f) shows the distribution of the difference
between the seven and one particle ground state energies, E7(k) — E1(k), for Hiss + Hpyy + Hii e + Hy e As expected, to
within numerical error, there is no particle-hole symmetry breaking. (g) shows the distribution of the difference between the
six and two particle ground state energies, Fg(k) — E2(k), for HYys + Hp i + Hiie + Hiyie. Here, (t5)?/(Ur 42Uz +Us) ~ 0.01.
(h) shows the distribution of the difference between the five and three particle ground state energies, Es5(k) — Es(k), for
Hiss + Hire + Hire + Hir e

2. Space Group P4/nccl’ (# 130)

We can perform a similar analysis for our HK models in space group P4/nccl’ (# 130). The single-particle
Hamiltonian HY5, was defined in Equation (57). As in Sec. D1, this single-particle Hamiltonian is not in general
particle-hole symmetric. However, when \; = 0, H{;, is particle-hole symmetric at every k, with P defined in
Equation (D1) and A = p,7.0,. Furthermore, just as in the previous section, all HK interactions are invariant under
this particle-hole transformation as well provided the chemical potential p is given by Equation (D9).
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FIG. 18. The difference between particle and hole doped ground state energies Fa, (k) — E4_, (k) for the space group P4/nccl’
(# 130) Hamiltonian Hs, with HK interactions Hix (top row), Hyj + Hz e (middle row) and Hy i + Hi i + Hiy i (bottom
row). The difference in energies is calculated for a cube of 10,000 k points in the positive octant of the Brillouin Zone. The
particle hole symmetry breaking is of order A3/U. (a) shows the distribution of the difference between the seven and one
particle ground state energies, Er(k) — Ey(k), for H{35 + Hix. As expected, there is no difference between the energies to
within numerical error. (b) shows the distribution of the difference between the six and two particle ground state energies,
Es(k) — FEa2(k), for HY5 + Hire. The maximum particle hole symmetry breaking is of order A\?/U; ~ 0.2. (c) shows the
distribution of the difference between the five and three particle ground state energies, Es(k) — E3(k), for Hiss + Hpg.
(d) shows the distribution of the difference between the seven and one particle ground state energies, E7(k) — Ei(k), for
H)se + HL i + Hy . As expected, to within numerical error, there is no particle-hole symmetry breaking. (e) shows the
distribution of the difference between the six and two particle ground state energies, Eg(k) — E2(k), for Hiss + Hyx + Hi g
Here, A} /(U1 4-2U1) ~ 0.01. (f) shows the distribution of the difference between the five and three particle ground state energies,
Es(k) — E3(k), for H)so + Hijx + Hygc. Here, \3/(Ur + 2U2) ~ 0.01. (g) shows the distribution of the difference between the
seven and one particle ground state energies, Er(k) — E1(k), for H{so + Hp ¢ + Hir i + Hiric. As expected, to within numerical
error, there is no particle-hole symmetry breaking. (h) shows the distribution of the difference between the six and two particle
ground state energies, Eg(k)— F2(k), for HYso+Hpx +Hip i + Har . Here, A3 /(U1 4-2U24Us) ~ 0.01. (i) shows the distribution
of the difference between the five and three particle ground state energies, Es(k) — E3(k), for H{3s + Hpje + Hirje + Hyr e

Thus, when A; = 0 and with chemical potential given in Equation (D9), we expect based on our arguments in Sec. 11
that the ground state at every k consists of states with four particles. Furthermore, we note that since A\; < 2222 U,
for the models we consider, we expect that particle-hole symmetry breaking is weak at every k. To verify this, we
show in Fig. 16(d—f) the lowest energy E, (k) in the n-particle subspace at each k for the models in space group
P4/necel” (# 130) considered in the main text. We see that in all cases, the four-particle energy F4(k) is the lowest
energy, confirming that for the parameter values considered in the text and for all k, the lowest energy state half-fills
(in this case four electrons per unit cell) every k point. Furthermore, in Fig. 18 we show the distribution of energy
differences Fy_, (k) — E, (k) sampled over the whole Brillouin zone, allowing us to verify that particle-hole symmetry
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is only weakly broken for the parameter values analyzed in the text.

3. Space group P2;/cl’ (# 14)

Lastly, we consider the HK models in space group P2;/cl’ (# 14) analyzed in Sec. C. Here we are more fortunate:
the single-particle Hamiltonian Equation (C2) is particle-hole symmetric for all values of the hopping parameters.
The particle-hole symmetry operation is given by Equation (D1) with A = 7y0,. Since the HK interaction terms
are all particle-hole symmetric as well (provided the chemical potential is appropriately chosen), no special care is
needed to deduce that the ground state for the HK models in Sec. C at half filling consists of two particles at every k.
Nevertheless, we show in Figure 16 that, for the parameter values considered here, for all k, the lowest energy state
half-fills (in this case four electrons per unit cell) every k point.

Appendix E: Ground states at I' and A for P4,/mbcl’ (# 135) and P4/nccl’ (# 130)

We provide here for reference the exact numerical ground states of the system at the I' and A points for our
interacting models of space group P4s/mbcl’ (# 135) and space group P4/nccl’ (# 130) .

1. Space group P4;/mbcl’ (# 135)

For the space group P4s/mbcl’ (# 135) Hamiltonian with all HK interactions considered in Section IV A:
H = Hiss + Hye + Hipge + Hipge (E1)
the ground state at the A point is given by

|GS) 4 = a1(|JAAT; AA [; BAT; BA ) + [AB 15 AB |; BB 1, BB |))
+az(|[AATAA L BB 1 BB ) + |AB 1 AB | BA1; BA )
+a3(|[AATAB [;BAY; BB ) + |AA[;AB 13, BA ;BB 1))
+ay(|[AA1;AB |; BA ;BB 1) + |AA [; AB 1, BA1; BB )

with

a1 = 0.07774353109915988,
og = 0.12444952353294593,
oz = 0.3117239903386059,

oy = 0.6174920350191032, .
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The ground state at the I' point is given by:
a1 ([AA T AA AB 13 AB ) + |BAT; BA L; BB 1; BB ) (E3)
as | [AATAALLAB 1 BB ) + [AAT; BA s BB 1, BB )

+|AB 1 BAT;BAl; BB ) + [AAT;AB 13 AB |; BA )
— [|AA1;AA[;AB |; BB 1) +|AB |; BA1; BA [; BB 1)

+|AA|;BAt; BB1;BB ) +|AA [; AB 1, AB |; BA 1))
a3(|[AB 1;AB |; BB 1; BB |) + |[AA1; AA |; BA1; BA))
ay|[(|[AAT;AB |; BAT; BA )+ |AA1; AA |; BA1; BB )

+|AAT; AB \; BB ;BB 1) +|AB 1; AB |; BA1; BB 1))]
— [(|AA|;AB1;BB1; BB |) + |AB 1; AB |; BA |; BB 1)

+|AA1;AA |;BA |; BB 1) +|AA |; AB 1, BA1; BA ]))]

)
as(|AB 11 AB [;BAT; BA ) + |[AA T AA ;BB 11 BB )
a(|[AAT; AB 13 BA ;BB )+ |AA |, AB |; BAT; BB 1))
ar(|[AAL; AB1;BA ;BB 1) 4+ |AA1; AB |; BA1; BB )
as(|[AA [;AB 1 BA1; BB ) + |AA 1 AB |; BA; BB 1))

with

a1 = —0.015244493568331597,
ag = 0.08320294092507857,
a3z = —0.07514072175059767,
oy = 0.002815471666648206,
as = —0.14266271433303265,
ae = 0.057070353250615435,
ar = —0.2813020658633854,
ag = —0.603040898093542,

2. Space group P4/nccl’ (# 130)

For the interacting Hamiltonian invariant under space group P4/nccl’ (# 130) given in Equation (62),
the ground state at the A point is the same as in space group P4s/mbcl’ (# 135) and is given by
|GS) 4 =a1(|[AA1; AA |;BAT;BA|) +|AB1;AB |; BB 1, BB |)) (E5)
a([AAT; AA ;BB ;BB ) + |AB 15 AB |; BAT; BA )
asz(|[AAT AB | BAN, BB )+ |AA ;AB 13 BA ;BB 1))
as(|[AATAB s BA ;BB 1) + |AA i AB 13 BAT; BB ),
with the amplitudes

a1 = —0.07774353109915998
oy = —0.1244495235329457

a3 = —0.31172399033860637
ay = —0.6174920350191034.
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