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We study the strong coupling limit of the extended Hubbard model in two dimensions. The model consists
of hopping, on-site interaction, nearest-neighbor interaction, spin-orbit coupling, and Zeeman spin splitting.
While the study of this model is motivated by a search for topological phases, and in particular, a topological
superconductor, the methodology we develop may be useful for a variety of systems. We begin our treatment
with a canonical transformation of the Hamiltonian to an effective model, which is appropriate when the
(quartic) interaction terms are larger than the (quadratic) kinetic and spin-orbit coupling terms. We proceed by
analyzing the strong coupling model variationally. Since we are mostly interested in a superconducting phase,
we use a Gutzwiller projected BCS wave function as our variational state. To continue analytically, we employ
the Gutzwiller approximation and compare the calculated energy with Monte Carlo calculations. Finally, we
determine the topology of the ground state and map out the topology phase diagram.
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I. INTRODUCTION

First introduced in 1963 [1-3], the Hubbard model is
regarded by many to be the simplest possible Hamiltonian
that captures the essential physics of many-body systems with
strong interactions. Owing to its simplicity, the Hubbard model
has been used for decades to describe a variety of systems. Its
applications have ranged from antiferromagnetism [4] to the
treatment of the metal-insulator transition [5,6].

The standard Hubbard model contains hopping on the
lattice sites (with hopping amplitude denoted by ) and on-site
repulsion in the form of an energy penalty U whenever two
electrons are on the same site. It has been studied extensively
in two dimensions on the square lattice mainly in the context
of the high-T. cuprates [7]. The strongly interacting limit of
this model at half-filling is the Heisenberg Hamiltonian with
antiferromagnetic coupling J = 4¢2/U. Close to half-filling
(but not quite there), an appropriate approximation for the
Hamiltonian is the 7-J model where some hopping is allowed.
This model is challenging to deal with since it contains both
quadratic (kinetic) terms and quartic (spin) terms. Over the
years, many approaches where developed for the study of this
strong interaction physics both analytically and numerically
[8]. However, it is fair to say that at arbitrary doping x (where
x is the hole density measured from half-filling) any treatment
uses some additional approximations.

In this paper, we revisit the strong coupling limit of
the Hubbard model with two additional terms (and hence
the terminology “extended Hubbard”). The first is spin-orbit
coupling, which results in additional quadratic terms. These
can be regarded as spin dependent/spin-flip hopping processes.
The second is off-site electron-electron interaction. We use
this term to emulate the effect of the full Eliashberg method
on the four fermion vertex [9]. In other words, instead of
renormalizing the interaction vertex by the electron polariza-
tion bubble, we add nearest-neighbor attraction, V < 0. This
effective attraction is appropriate whenever the polarization
bubble of the fermions is maximal at (77,77) [10].

The model we consider here is motivated by recent interest
in topological superconductors and their promise to support
Majorana fermions as bound excitations in vortex cores. The
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realization of topological superconductors has been proposed
in different setups such as semiconductor heterostructures
[11-13] and devices containing nanotubes [14—17]. In these
heterostructures, the topological superconductivity is a result
of spin-momentum locking provided by the spin-orbit coupling
and tendency for pairing is induced through proximity to
a superconductor. Inspired by the above advances, we have
proposed a model in which superconductivity arises from
interactions (rather than proximity) in a system with spin-orbit
coupling [18].

While the above model was studied in the weak coupling
limit [18], superconductivity occurs at intermediate to strong
coupling. In this paper, we lay the foundation of a strong
coupling study of the extended Hubbard model in the presence
of off-site interaction as well as spin-orbit coupling. We
believe that this versatile model is useful beyond the scope
of our specific application. For example, it might be useful
in describing complex oxide heterostructure interfaces where
the inversion symmetry is broken due to the superlattice. The
broken inversion symmetry gives rise to Rashba spin-orbit
coupling at the interface. Further, we feel that the methods
developed here may be of use in other applications. One
example of this might be the Kane-Mele-Hubbard model,
which, among other things, is relevant to studies of how
interactions affect topological band structures [19,20]. It is
therefore desirable to get a handle on the strong coupling limit
of our model, and this is the purpose of the present work.

To achieve the strong coupling limit of our model, we
assume that the interaction part of the Hamiltonian is large
compared to the kinetic and spin-orbit coupling terms and
develop a strong-coupling expansion. When this expansion
is truncated at the second order and specialized to electron
densities close to half-filling, it is a generalization of the ¢-J
model with Dzyaloshinskii-Moriya and compass anisotropy in
the spin interaction. In this regime, we employ the Gutzwiller
approximation [2,21-23] to study the resulting model. This
approximation has been successful in describing d-wave
pairing and superconducting phase fluctuations [24,25] in the
standard Hubbard model in two dimensions.

The Gutzwiller approximation consists of two stages.
During the first stage, a variational wave function is
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generated. When pairing is present, the appropriate variational
wave function is a Gutzwiller projected BCS wave function
[24,26,27]. This wave function may contain any mean-field-
like orders (such as density waves, superconductivity, or
antiferromagnetism) and the Gutzwiller projection builds
the strong interactions into it by eliminating any doubly
occupied configurations. At this point, one should evaluate the
variational energy as the expectation value of the Hamiltonian
with respect to the projected mean-field wave function and
minimize it with respect to the mean-field order parameters.

The minimization of the variational energy in the many-
body projected state is not trivial due to the projection oper-
ation and can not be done analytically. The evaluation should
be done repeatedly until the energy is minimized and this can
be done numerically using the Monte Carlo technique [28].
In the current work, we choose to take a different approach
and proceed analytically by making another approximation.
Assuming that the charge (holes) is distributed uniformly
on the lattice, we may estimate the effect of the Gutzwiller
projection on the various components of the variational energy.
We may therefore renormalize the Hamiltonian parameters
instead of performing the projection. This is the second stage of
the Gutzwiller approximation, which leads to a mean-field-like
Hamiltonian whose parameters depend on the filling and can
be analyzed in the standard way.

The rest of this article is organized as follows. In the next
section we introduce the model and briefly present the gener-
alized strong coupling expansion while leaving the details to
Appendix A. Once we have obtained the effective Hamiltonian,
we project it on a subspace which is close to half-filling on the
hole doped side and obtain a generalization of the #-J model.
We then study the strong coupling Hamiltonian first without
spin-orbit coupling and a Zeeman term in Sec. III, and then
with finite spin-orbit coupling in Sec. IV. We conclude with a
mapping of the superconductor’s phase diagram according to
the ground-state topology.

II. STRONG COUPLING EXPANSION
A. The model

The extended Hubbard model we consider is given by the
following Hamiltonian on a two-dimensional square lattice:

H=T —+ HSO + Hints (1)
where
[ 4
T
r= 2 HSZU(C;,UCH-B,U + Cits.6Ci0) )

is the tight-binding kinetic energy, and

Hso = Y vl Hivh, 3
k

where Yk = (ck1.¢k )7, Hk =dx -G (with & a vector
of Pauli matrices acting on the spin), and d=
(Asink,,Asink,,2B(cosk, + cosk, —2)+ M) (A, B, and
M are material parameters that describe the various spin-orbit
coupling and Zeeman strengths). The three parameters in the
spin-orbit coupling model above may originate from a variety
of different sources. For example, the parameters A, B may
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come from a traditional spin-orbit model like the Rashba and
Dresselhaus terms in Refs. [12] and [13]. A second source may
be parameters such as those used in the BHZ model, suitable
for quantum wells [29-31]. Similarly, the Zeeman field
parameter M may be the result of a band gap [32], an external
magnetic field or a magnetic field of a nearby ferromagnetic
layer [12]. As M may come from a variety of sources, we will
ignore any orbital effects that could arise in some cases.
The interaction terms denoted by H;,, above are given by

H,=U anni,L +V Zninj, “4)
i (i, J)

where U > 0 is the on-site repulsion strength and V < 0
describes attraction between nearest neighbors.

For the purpose of making the strong coupling expansion,
we will need to express the Hamiltonian in real space. We
therefore transform the spin-orbit coupling to real space and
divide it into two types of terms. The Zeeman Hamiltonian H,
will contain all on-site terms, proportional to o:

Hz =Y 05,(M —4B)c| cia. (5)

The other terms in Hsp amount to hopping processes, which
act nontrivially on the spin. We write them in real space
and combine them with the hopping into a 2 x 2 generalized
hopping matrix such that

T+ Hso=H,+ T+ Hso = Z faﬁ(g)ciaci%ﬂ + Hz,
i,8,a,B

—i48, — 43,
—t—B )

; —t+B
~ \—ids, + 4,
The reader should note that this model has been proposed
not with a specific physical system in mind but for the sake of
versatility. The work to follow is meant to motivate a search
for a specific material with these properties. One possible
candidate that may be described by this model is copper

intercalated Bi,Ses; which, although a 3D material, develops a
2D-like Fermi surface at certain doping [33].

(6)

B. The strong coupling Hamiltonian

The strong coupling expansion distinguishes between the
high interaction energy scales U, V and other quadratic terms
in the Hamiltonian. Written in real space, the quadratic terms
are either on-site (chemical potential, Zeeman) or hopping.
The on-site terms do not change the potential energy, while
the hopping terms do. Ideally, one would like to diagonalize
the Hamiltonian but due to its quartic terms, this can not be
done analytically. Instead of diagonalizing, we set out to block
diagonalize the Hamiltonian. Since we are interested in the
strong coupling regime, we would like to block diagonalize
the Hamiltonian such that the interaction energy is constant at
each block and work at the lowest interaction energy block. In
other words, there exist a unitary transformation that eliminates
terms that change the interaction energy from the Hamiltonian.
Using the properties of the desired transformation (unitarity
and interaction energy conservation), we can formally write
down the transformation. In order to find a closed form, how-
ever, we resort to a power expansion in a small parameter of the
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FIG. 1. (Color online) Schematic diagram of the a hopping pro-
cess contributing to 7 3 4.

order of the ratio between quadratic part of the energy and the
interaction part of it. We are then able to find the transformation
and the transformed Hamiltonian up to a given order.

Let us sketch the procedure that resembles the treatment
of Ref. [34] of the original Hubbard model. We denote the
unitary transformation that block diagonalizes the Hamiltonian
by exp(i S) and the Hamiltonian terms excluding the (constant)
interaction and Zeeman energy by H; = T + Hso. In order to
perform a series expansion for both the unitary transformation
and the transformed Hamiltonian, we arrange the terms in
H, by their effect on the interaction energy. For example, the
operator T includes all terms that do not change the interaction
energy at all. We further define the operators 7,, y, n, as a
collection of the hopping terms, which change the number of
doubly occupied sites by m and the number of nearest-neighbor
pairs the electron sees from N; to N,. This amounts to a change
of mU + (N, — N;)V tothe interaction energy. As an example
of one of these processes we refer the reader to Fig. 1. In this
figure, we illustrate one of the hopping processes involved in
the specific operator 7; 3 4. An electron starts on lattice site i
and hops to a nearest neighbor. In the process of this hop, we
see a double occupancy is created and so m = 1. Further, the
electron that we are hopping begins on lattice site i, which has
four nearest neighbors and then hops (to the right in the figure)
to a site with three nearest neighbors. Thus this process has
Ny =4 and N, = 3. After a few more steps, we arrive at the
expansion and present it up to second order:

H = Hin + Hz + Z To,m.m

M
/ Tty Ny T— My, My - M —N »
+ D SL IR L O(1/U?)
m, My, Ny, M, mU + (M — N))V)
@)

J

412 + A%a(8) — 4B
0
4A18,

1

‘7“=2(U—V)
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= Hiy + Hi, (®

where the primed sum excludes terms in which mU + (M, —
NV =0.

The results presented in Eq. (7) are general for any
U,|V|>t,A,B. Moreover, since the denominator of the
above expression is a combination of U and V/, it is sufficient
to have only one of them large compared with the band width.
In our system, one may expect that the on-site repulsion
U be large, while the nearest-neighbor attraction is small.
Nevertheless, our formalism allows us to treat both interaction
terms exactly and we do so.

To proceed, we focus on the parameter regime U > |V|
(and V is actually smaller than ¢ such that it does not
induce any charge clustering). For this parameter regime, the
ground state of a system on the hole-doped side of half-filling
before we account for T or Hspo will lie in the subspace
of real-space configurations with no doubly occupied sites
[34,35]. We consider a complete subspace of no doubly
occupied sites even though the effects of V may lead to
some phase separation of electrons and holes. We feel this
to be an appropriate simplification to make in order to make
progress with the problem. At half-filling, the second part
of the Hamiltonian that is second order in the T, u, um,
operators can be rearranged as a spin Hamiltonian, which
has been studied elsewhere [36]. At or slightly away (in the
hole-doped side) from half-filling, the dominant contribution
from the term of the form 7}, as, Ny T—m. M. M, +M,— N, Will se€ an
initial number of nearest-neighbors M; + M, — N; = 4 and
hop to a site with M, = 3. All other terms involved in the
second-order contribution are either impossible or occur with
a probability proportional to some power of x, which is very
small near half-filling. Thus, although other terms that are
of order 1/U exist in the second-order term in Eq. (7), the
term with denominator —U + V is the statistically dominant
term. A picture of this process can be formed by looking
at Fig. 1. This process corresponds to 7_j 437 3.4, Which
corresponds to the hop shown in Fig. 1 and then one of
the two electrons on the site to the right of site i hopping
back. Close to, but not at half-filling hopping without a
change to the interaction energy is possible and included
in Ty p.m- This is the generalization of the well-known ¢-J
model to our case and the subject of this paper. The model is
given by

Hoy=Hz+Y Tonn+ Y J8'SISH, )
N i,§

where the spin vector is defined by S/ = 3", , ciaao’: Cip
and the spin coupling is given by

0 —4At8,
412 — A2a(8) — 4B? 4A15, , (10)
—4At6, 412 — A2 + 4B
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where § is the nearest-neighbor vector and a(8) is 1 for
6 = £X and —1 for § = £J. From the above matrix, one can
read off the Heisenberg, Dzyaloshinskii-Moriya, and compass
anisotropy terms:

Z\ZSM’VS,%LS;}M = Z [-IS[ “Sits + D3 - (Si X Sits)
06 i

+ SIS, + CB)SS, ],

J_4ﬂ—A2+4W
U -V)
24 an
U=V’
A? 4+ A2q(8) — 8B2
c) = AT 4O — 87
20U —V)
A% — A%a(8) — 8B?
C'$) = a®)
20U - V)

Spin models similar to the one above have been employed
in the study of spin-orbit effects in ultracold atoms and other
systems [37-39]. The focus of the remainder of this paper will
be on studying a renormalized version of the above model.

III. A GUTZWILLER APPROXIMATION
AT STRONG COUPLING

In order to find the ground state of the strong coupling
limit of our model, we adapt the Gutzwiller approximation
[21-23] to the extended Hubbard model. The rational of this
approximation is as follows. The Gutzwiller approximation
is a variational method that uses a projected BCS mean-field
wave function.

A projected BCS wave function has proved useful in the
context of strongly correlated electron systems. It is obtained
through projecting out all doubly occupied configurations from
the BCS wave function. The resulting wave function, Pg|¥mr)
encodes both the tendency for developing order such as Cooper
pairing and density waves due to its mean-field starting point
as well as the strong on-site repulsion of the model due to
the Gutzwiller projection. The reader should note that more
sophisticated generalizations of this wave function have been
used in Monte Carlo calculations in the past [40,41].

The variational energy E, = (Ymr|Pg H Pg|¥mr) should
be calculated and minimized with respect to the order
parameters built into |¢p). However, the application of
the Gutzwiller projection on the wave function makes the
evaluation very complicated and not attainable analytically.
One may then resort to numerical methods such as Monte
Carlo integration in order to find E, [24,26,27]. Monte Carlo
methods have been refined in recent years to the point that
they can be regarded as variationally exact. We take this
numerical approach elsewhere [28]. Here we employ an
analytical approach, namely, the Gutzwiller approximation.
The Gutzwiller approximation, which was developed several
decades ago [21-23], is a method to approximately apply the
Gutzwiller projection operator. First, one should note that the
projection operator can be applied either on the wave function
or on both sides of the Hamiltonian. This means that one may
derive an effective Hamiltonian that acts on the nonprojected
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mean-field wave function. The resulting energy is therefore
an approximation of the expectation value of the original
Hamiltonian with respect to the projected wave function. In
this section, we apply the Gutzwiller approximation to the
extended Hubbard model, starting without spin-orbit coupling
and then adding it in the next section.

Without spin-orbit coupling and Zeeman field Eq. (9)
reduces to

Hyy=Y Tonn+ Y JSi-Siss. 12)
N i

where the only difference from the usual #-J model is in the
kinetic term. In this term, we only include hopping processes,
which do not change the number of doubly occupied sites as
well as the number of nearest-neighbor pairs. We assume hole
doping x in the vicinity of half-filling such that (n) =1 — x
and x > 0. We further assume that the system is completely
unpolarized, ie., (ny) = (n;) = %(n). While this may be
expected for a spin conserving Hamiltonian, it may not be
locally accurate for a system with spin-orbit coupling and
certainly will not be favorable when a Zeeman term is included.
The variational energy is given by

Eoyp— <wMF|PGHt,JPG|WMF). (13)

(Ymrl Po [Ymr)

Note that since our projection will be applied to the Hamilto-
nian rather than the wave function, we do not need to specify
the mean-field wave function just yet.

First, let us estimate the change in the expectation value
of the hopping term due to the Gutzwiller projection and the
definition of Ty y n, which is restricted to hopping processes
that do not change the interaction energy. The kinetic part of
the variational energy is therefore

Kg =

Z (¥Bes| P To,n, N Pol¥ecs)
(YrBes|Pol¥Bes)

=2 2
N.i8,a SIN L EIAG =N

. {WcsIPo Oi45IN2)el 5 oCia OiINV 1 PG 1 WBcs)
(¥Bes|Pgl¥Bes)

N

’

(14)

where the operator O;[N/] projects out all possible spin orien-
tations of the nearest neighbors of site i except the one speci-
fied by N = (Nop , Nop Noop Now ) Ny Ny Ny N2 ),
where N, takes a value of 1 (a value of zero) for site
i + & occupied (unoccupied) by an electron with spin o. A
formal definition of this operator is left to Appendix A. Let

us consider the action of Pg 0,-+5[n2]cj+5‘ac,<,a O;[n1]Pg on
any configuration that may appear in the BCS state. First, Pg
removes all possible double occupancies. For a system close to
half-filling, this projection means that the only configurations
left in |Ycs) are the ones with singly occupied or unoccupied
sites. Tp, vy then moves an electron from an occupied site
with N nearest neighbors to an empty site with N nearest
neighbors. Let us compare this to the normal unprojected
operator, ciT +5.0Ci.a» acting on just the BCS ground state. When
this term acts, it finds a lattice site that is occupied by an
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electron of some spin and then moves it to a neighbor site that
is not occupied by this particular spin.

We can assign relative probabilities for each of these
two events. For the latter case, the probability that
the process occurs is just the probability that the lattice
site the electron moves to is void of the particular spin we
are moving. Assuming that the probability that any site is
occupied is uniform then the probability of the particular
move we just described is 1 — (n; o) = (1 + x)/2. For the
case of the projected expectation value, there are several
concurrent requirements we must meet. First, we require the
lattice site where the electron is moved to be empty. This
gives a factor of x. Second, the site we move the electron
from must have exactly N occupied nearest-neighbor sites.
The site we are moving the electron to is a nearest-neighbor
site and must be empty, therefore N < 3. The probability
of having N < 3 occupied nearest-neighbor sites is then
the binomial probability of having exactly N successes in
three trials with success probability 1 — x, in other words,
( ]‘?,)(l — x)Nx3=N. Finally, the site we move to must also
have exactly N occupied nearest neighbors, this again occurs
with probability (;,)(1 — x)Vx3~N. Combining these three
observations, we find that the probability of the entire series
of events is x[(i,)(l — x)Nx3-N2,

This means that

(pes| Po Orslnalel s oCia Oilni 1P 1¥pcs)
(¥Bcs| Pgl¥Bes)

2 |:<3>(1 — x)Nx3—N]2 (VBcslcl s oCialVBCS)
Tl4x |\ (¥Bes|¥bes) ’

s)

and we therefore redefine

3 2
ffx Z[(;)U —x)Nx3_Ni| . (6)

N=0

t— gt =

We now turn to the quartic terms. Although our goal is to
obtain something that is written as a spin-spin interaction,
we consider the double hopping processes that give rise to
them as this language is more suitable for the projection. The
interaction energy can be written as the expectation value of
the quartic terms in H and reads

’

1
E>
m,M,,Ny,M, [mU + (Ml - Nl)V]

(UBCs| P T, st Ny T, o,y + 11—, PG 1¥BCS)
(¥Bes| P l¥Bcs) '

a7

where the primed sum is as defined before.

First, we repeat that in systems with hole doping x > O,
and after Pg is applied to the wave function, there are only
singly occupied or empty sites left in each configuration in
the mean-field state. This means that —m can never be —1,
as it is impossible to reduce the number of doubly occupied
sites. Therefore —m is either 1 or 0. We will ignore the
m = 0 terms above, these terms require the movement of
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two electrons to two empty sites and so are a factor of x>
less probable than their m = —1 counterparts. Let us then
consider only 7_1 up, .~ T1.M,.M,+M,—n, - This term creates a
doubly occupied site and then destroys it. This can happen in
two ways: (1) an electron hops to an occupied site and then
one of these two electrons hops back to the original site or
(2) an electron hops to an occupied nearest neighbor and then
one of the two electrons on this site hops to an empty next-
nearest-neighbor site. Keeping with our motive of simplicity,
we will ignore the latter “three site” move as it is less probable
near half-filling. Taking all of these concerns into account,
we have

Ve = Z (YBes| P T—1,m,, 5, Tiny, 1, PGl ¥BCs) (18)

v [(My — N1)V — Ul(¥scs| Pel¥ecs)

We now estimate the Gutzwiller renormalization for V;;. First,
consider a nonprojected process. In this case, an electron hops
to an occupied site and then one of the two electrons at the
site hops back. In order for this to occur, both sites must only
be occupied by one spin. The probability of having a site only
occupied by (say) an up spin next to a site that is only occupied
by a down spin is ("Tx)('%)('%")(#). Now we consider the
probability with all of the appropriate projections. The net
result of PgT_1 pm, n,Tin, .M, Pc is that an electron with an up
spin hops from a site with M| nearest neighbors to a site with
which is occupied by a down spin with N nearest neighbors
and then one of the two electrons now occupying this nearest-
neighbor site hops back to the original site. M| can range from
1 to 4 while N can take values from O to 3. The probability of
this process is (155)2( 3 )(1 — )M x3=N1( 1 )(1 — x)Mx4=M,
We therefore approximate the interaction energy by

Ve ~—J Z (lﬂBcs|C,~T+5,aci,aczarci+a,a/|1/chs>

i,8,a,a
= fZ(S,« “Sits)s
05
J=gssu.
AP
8T g
3 4
(1 _X)le3*Nl(1 _ x)M1x47M] 3 4
8u = Z Z ’
Ni=0 Mi=1 U— M= N)V Ni )\ M,

19)

where we have omitted the quadratic terms which originate
from rearranging the fermion operators.

The next step in the Gutzwiller approximation is to evaluate
the variational energy (this time with a nonprojected BCS wave
function) and minimize it with respect to the order parameters.
As this step is similar to the standard variational mean-field
procedure, we do not give the details here. Some sample results
and their comparison to a numerical Monte Carlo evaluation
are given in Appendix B.
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IV. FINITE SPIN-ORBIT COUPLING

In this section, we keep the parameters A, B, and M finite.
Keeping either M or B finite leads to spin polarization of
the electrons in the system. This inequality in the number of
spin-up and spin-down electrons complicates the nature of the
Gutzwiller approximation as the tacit assumption we made
in the last section that (n4) = (n) = (n)/2 is now violated.
We therefore must estimate the Gutzwiller renormalization for
processes involving different spin flavors separately.

We begin by considering the hopping term Ty s, ) in Eq. (7)
and estimating the effect of the Gutzwiller projection. The first
projection we deal with is the restriction on the number of
nearest neighbors permitted before and after an electron hops
from one site to the other. As this part of the projection depends
only on the site occupation and not the spin it results in a factor
similar to the one we had before:

3 3 2
gvv = [(N)(l - x)NxS—N} :

N=0

(20)

Next we treat the different parts of Ty » separately. Recall
that we defined the generalized hopping matrix, 7, in Eq. (6)
as having two parts. One includes simple hopping (which may
have different amplitudes for different spins) and the other
includes processes in which the spin is flipped during the
hopping. We estimate the effect of the projection on each one
of the processes by considering all possible ways this process
can occur in some state |i) and all possible ways they can
occur in a Gutzwiller projected state Pg|vy) [21,42,43]. This

J
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leads to the renormalized hopping matrix

X
gi(a) = 1_—<na>,

X

= , 21

S A= =
f(f,a’(g) = (Baof,oz - t)gl(a)gNNgol,a/
Aj
- gAgNNTI((Sx + 0—3’&8’\/)80(/,07-

We can see that g,(«) is the relative probability of a hop of
an electron with spin «. In the projected term, we require an
empty site in order to make the hop while in the unprojected
term we simply need the destination site to not be occupied
by a spin «. Similarly, we can understand g4. The projected
process requires an empty site and hence the factor of x in
the numerator. On the other hand, the unprojected process
requires that the site the electron hops to has no electron with
the opposite spin. This accounts for a factor 1 — (n,), however,
we must equally weight this with the probability for the process
to happen in reverse, this is where the factor of 1 — (nz) and
the square root come from.

To obtain the Gutzwiller factor of the quartic term in our
strong coupling model at finite spin-orbit coupling, we (again)
neglect three site hopping and processes where the m (in the
T N, N, Operators) is zero. This leaves us with only terms
that begin and end on the same site, which can be written as
35 Ja SISy, 5. Let us rewrite the coupling matrix as

Ji + ha(8) — J 0 — 598
- 1 — _ 2.5
= E 0 R J] ./261(5)_} J4 ./3X é , (22)
Sy -6 —JBx -8 Ji—h+

where we have defined the three couplings J, = 4gyt2,
b= gUAz, J3 =4gyAt, and Jy = 4gUB2 and the function
a(@) is 1 if § = +% and —1 if § = +J. Here, we have
already approximately taken the restrictions on the number
of nearest neighbors permitted by a given hop by replacing the
denominator by the Gutzwiller renormalization gy that has
been defined in Eq. (19). We have not yet taken the occupancy
requirements into account. We now consider the factors that
are spin dependent to obtain individual renormalization factors
for different matrix elements.

To carry out this renormalization, one can group the spin
Hamiltonian )", ; J{'"S{'S!,, into four separate terms, Hy;
through Hj;;,. Each one of these four terms describes a
different physical process. The first term, H; 1, flips the spins
on nearest-neighbor sites (e.g., an up spin on site i and a
down spin on site j are flipped to a down and an up spin,
respectively). The second term looks at the z component of
the spins on neighboring lattice sites and takes the form S7 S j
The third term looks for nearest-neighbor sites with two up or
two down spins and flips both spins. Finally, the fourth flips
a spin on site j, while measuring the z component of a spin
on site i. By considering the amplitude for each of these four

(

physical processes in the projected and unprojected states, we
can form Gutzwiller renormalization factors for each of them.
We abdicate the details of this process to Appendix C, the result
of performing this weighting of amplitudes is as follows:

1
B T = (= (ny))
gri=1,
o . (23)
8= 0 = o — ()
1
8Jiv =

VAT =T =)

After making the replacements H;; — g, iH;; for each of
the four terms, we can rewrite the spin contribution as
> s(J5 SIS 4. In the first two diagonal entries, the 7% and
B? terms are renormalized by g ;. The Dzjaloshinskii-Moryia
term is renormalized by g;; and the diagonal A% term
by g,ii. Finally, the (z,z) term is renormalized by gy .
Note that although formally we have obtained g, ; = 1, we
have followed [42] and sent g;;i — g.i in our calculations
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to restore rotational symmetry, which is broken by our
Gutzwiller approximation. This replacement is not motivated
by the specific model we have used [where SU(2) is already
broken], but instead is made to ensure that our Gutzwiller
approximation has not broken any additional symmetry. The
role of the g;; factors is to approximately take Pg into
account on statistical grounds. There is no reason why Pg,
which does not break rotational symmetry, should affect S}
and S} (or S;-v) differently. The replacement g;; — gs.i is
made in order to respect this fact. Note that the roman numeral
subscripts on the renormalization factors should not be thought
of as renormalizing specific couplings Ji, J>, etc. nor with
the (italic) site index i; rather they correspond to the four
physical processes that can result when ), s J{*"S}'SY, ; acts
on a real space configuration of electrons. For example, g;;
renormalizes the spin-flip processes that occur as a result of
the J; — J4 term in entries (x,x) and (y,y) above [44].

The Gutzwiller renormalized spin interaction matrix reads

Jh + Jza(8) 0 A
J¢ = 0 Jo— JBa®)  Jk-5 |, 24
VAR ~Ja% -8 Ji
where J, = M’ I = M’ I = é’fTJz, and

finally, Jy = % With this renormalized exchange matrix,
we have the following fully projected Gutzwiller Hamiltonian:

Hon =YY ¢l f% @O)cizsa + Y (J5)'SIS) 5 (29
a, o 0,8 i,8

we now turn our focus to a mean-field study of this Hamilto-
nian.

A. Mean-field decoupling of the projected Hamiltonian

We are now ready to treat the approximately projected
Hamiltonian in mean field. In order to do so, we define
an auxiliary Hamiltonian from which the variational wave
function |Wgcg) can be found:

i T
Hpux = E Ek.aCy o Cka T E Ok o Cy o Ck.a

k,o k,a

1 PR
-3 D (Arawch ol +He),  (26)

Kk,a,a’

where & 4, 0k o, and Ak 4 o are all functions to be determined.
Note that we must allow for four channels of pairing A, o
(including triplet pairing as well) due to the spin asymmetry,
which is built into the model.

We perform a mean-field decoupling of the Gutzwiller
projected Hamiltonian Hgs and compare the result to Eq.
(26). In doing so, we find that the free parameters built into
this auxiliary model have the following forms:

B
&a=<1—¢ﬂ7>&Wmek—u
+ &, 4 cosk, + ém cosky + o, (M — 4B + M),
Ok, = gAgNNA(SiIIkx —ia sinky)

+ Ay sink, — Ayio, , sinky,

PHYSICAL REVIEW B 89, 035112 (2014)

Ak,?,l = _Ak:l»T = Ax COS(kx) + Ay COS(ky),
Agyp = —AlTsin(k,) +i Al sin(ky),
Ak.y., = AP*sinky) + i A} sin(ky), 27)

where €x = —2t(cos k, + cosk,), we have defined the effec-
tive field Mer = 2.71({ny) — (n,)) and the following parame-
ters:

Eiw = 2Dk q — TEiw + Tu(A; + AD),
A = 2TBA; + T AT+ Ty + &),

~

A =25A; + TiA; — Tu(AMT + A,
AP = 2ASY — JIASY —2T4A,.

l

(28)

In the above, there are twelve free parameters that must be
fixed through ensuring that the theory is self-consistent. These
self-consistency conditions are as follows:

1
§ja = N ZCOSkj(C;aCk,a),
K

. 1 . ‘
A= L S gk
k
(29)

I

1 *
ﬁ Zcoskj(c;Tcik’l) ,
Kk

N 1 S '
A = Y Gjasink;lel )%
k

where to make the equations compact, we have used g, =
1 and g, = —i, and §,, = —i while g, , = —0,. These
twelve equations must be solved simultaneously with the
particle number constraints (ny) = % Dk (cl,ack,a) and x =
1 — (n4) — (n,). This amounts to solving a 15 x 15 system of
nonlinear equations. For clarity, let us explicitly mention the
hierarchy of notations in moving from Eq. (27) to Eq. (28) and,
finally, to Eq. (29). We have used regular symbols, e.g., & 4,
to denote the k dependent values in the auxiliary Hamiltonian.
The parameters with the hat symbol, e.g., é,‘,a, are constants
that enter the definition of k dependent functions used to
define the auxiliary Hamiltonian. Finally, we have used the
tilde symbol, e.g., §i,a, for self-consistent parameters that are
heretofore unknown until we solve the equations in Eq. (29).

Note that triplet superconductivity arises from the self-
consistency equations whenever spin-orbit or Zeeman terms
are present. With finite spin-orbit coupling the conditions
in Eq. (29) cannot simply be solved by setting the triplet
superconductivity term A‘}“"‘ to zero. This stems from the
nontrivial coupling between &, and 4;, A; and & ,, A; and
AY*, and Af"“ and A;, that is in place as a result of the
coupling J4. This is seen by inspecting the last term in each
of the definitions in Eq. (28). To see why this coupling refuses
solutions where some of the parameters are identically zero
consider looking for a solution where Af"“ = 0. The last two
equations in Eq. (28) then become

A; = 2A; — A,
(30)
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and the relevant equations we must solve are

1 N
A= ~ Zcos kj (c,'ch_k’l)*,
k
| (31
0= N qu*,{, Si[lkj <Cl,aCT—k,a>*'
k

Itis ilmprlactical to find analytic expressions for averages such
as (¢, ¢ ) (they depend on eigenvectors of a complicated
four by four matrix), however, we can find these numerically.
Looking at numerics and using some intuition, we argue that

very roughly (c;acik’a) oc A%* and we have said above that

AP ~ A;. So, in general, either A; = 0 or the sum on the
right of the second equation in Eq. (31) is nonzero and therefore
AY* cannot be zero.

We have solved the equations developed in the theory
above numerically. Where these parameters are nonzero the
general trend we see in the solutions is |§x,a| = |§y,a| =&,
A=A, =A, A, =—A, and Av* = —A%®_ This equality
of parameters with x and y directionality is not surprising as
our model has no preference for the x or y direction.

We first present our results for M, B =0 and A # 0. In
this special case of the spin-orbit coupling parameters, there
is not preferred spin direction and we have £y =&, (n)g =
(1 —x)/2 and AT T = A¢ " A’ Further, when we solve the
self-consistency conditions, we find that the values of £ and A,
the kinetic energy and d-wave superconductivity parameters,
are effected very little by letting A become finite, their behavior
remains as described in the previous section and plots of their
behavior are presented in Appendix B in Fig. 6. In view of
this, in Fig. 2, we have plotted the doping dependance of A’
and A for various values of A.

0.014 5 — A=Ot
0.012 —’\\ -—=- A=0.05t
A" 5006 S N ﬁfo';a
0004 = TSN\, =02t
0.002 - "“~~~\:;1§}‘
O L 1 1 ! - ! L 1
02 04 06 08
xr
0.016
0.014 ="~
0.012 |- L
0.01 | el S
1 0.008 |- _ e e
A gooe | Rimbt ORI N
0.004 - ____ TSSO
0.002 |- bt P DX
0 | 1 | 1 | 1 |

FIG. 2. (Color online) Plot of the parameters A" and A for
various values of the bare spin-orbit coupling parameter A. We have
kept M = B = 0 in this plot and the order parameters are plotted in
energies of r. We have set U = 12t and V = —0.05U in this figure.
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In Fig. 2, for A =0, A" and A are zero for all values
of doping. As we allow A to become finite, both develop a
behavior that is monotonically decreasing in the doping x.
Like é, A is finite over the whole range of x values shown
while A and A’ vanish together at some critical x., which is
unaffected by A. Both A" and A increase in magnitude with
A but their general shape is unaffected. We also note that the
values of these parameters are an order of magnitude less than
their counterparts & and A.

B. Self-consistent parameters

We note that with a finite value of M, the system will
experience some spin polarization and there is no reason
to expect (n4) = (n,). In this case, we must solve all 15
self-consistent equations derived in the previous section of
this paper. Proceeding to do so, we find that the following
results hold: Ex(, _Sv(, =£, A = Ay =A, A = |A | =
Ay, and A7 = |Ag"| = AY.

To explore the implications of a nonzero M, we have
obtained data for U = 12¢, V = —0.2U, and A = 0.1t as a
function of both M and x. Our results are shown in Fig. 3. In
Fig. 3(a), we have plotted both é‘T and & 1- Starting at M = 0,
we have é‘T =£ , and the hopping amplitude of both spin-up
and spin-down electrons is renormalized in the same way. As
we move away from M = 0, we see that the renormalization
changes so that %A_T <é& , with the difference between the two
renormalizations increasing with M. Therefore for finite M,
the renormalized hopping amplitude for spin-up and spin-
down electrons are different.

In Fig. 3(b), now we see how changing M changes the
spin-singlet pairing parameter A;. For M = 0, this parameter
goes smoothly to zero for x > x.. As we allow for a finite
M, we see that the amplitude of this pairing parameter is not
altered significantly for small x. The drastic difference comes
in when we look at how and when A goes to zero at higher M.
There the smooth transition to Ay = 0 is replaced by a sharper
drop. The transition becomes sharper as M increases. The
other marked difference between the M = 0 and the M # 0
case is the critical filling x. at which A; — 0. We see in the
figure that as M is increased x. becomes smaller.

Figure 3(c) gives both the up-up and down-down triplet
pairing parameter for various values of M. Again starting at the
M = 0 limit, we see that both pairing amplitudes are identical
over all x and smoothly go to zero at some x.. Once we turn the
Zeeman field on, a difference between the up and down pairing
parameters develops. Both being identical at half-filling (i.e.,
x = 0), but as the hole doping is increased, the down pairing
value becomes larger than the up pairing amplitude and like &,
the difference between the two becomes larger for larger M.
Further, the continuous vanishing of A{ at zero M disappears
as we increase M and both the AY discontinuously drop to
zero. Like with Ay, the critical value of x at which this drop
occurs decreases as M increases.

C. Topology

The task of calculating the topological invariant in an
interacting system is not at all a simple one. There are
several methods one can explore [45-50], however, all of them

035112-8



STRONG COUPLING EXPANSION OF THE EXTENDED ...

PHYSICAL REVIEW B 89, 035112 (2014)

0.16 down, M=0.0t
M=ot down, M=0.0577
0.18 014 P\ e M=0.0577t down, M=0.1025
- M down, M=0.1473;
0.16 0.12 M=0.1025t down, M=0.1989
: ™ meme- M=0.1473t up, M=0t
0.14 down, M=0.0t A, 01 == M=0.1989t - up, M=0.0577t
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~—— down, M=0.1988t :
- up, M=0.0577t L
0.08 = 727 U5 Moozt 0.04
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FIG. 3. (Color online) Self-consistent parameters for a system at finite Zeeman field. In calculating the data above, we have set B = 0,
U =12t, V = —-0.05U, and A = 0.1¢, while allowing M to vary. The values of M used are labeled in the legend of the figure. Where the
legend indicates a direction (up or down) this refers to the value for o in either &, or AY. Note that the up and down data at M = 0 are

indistinguishable.

are very involved numerically. In this work, we choose to
circumvent this difficulty by making a plausible conjecture.
We argue that the topology of our ground state, which is a
projected mean-field state, is the same as the topology of the
mean-field state before the projection [i.e., the ground state
of the Hamiltonian in Eq. (26)]. To see why this is plausible,
consider the electronic correlations in a topological system.
In the bulk, we expect the quasiparticle correlations to decay
exponentially with the distance due to the bulk excitation gap.
However, on the edges, the topology guaranties protected edge
modes. The correlation on the edge is therefore long-ranged
and is characterized by a power law. Suppose that we have
a noninteracting ground state whose topological invariant is
nonzero, its correlations are as described above. If we now
apply the Gutzwiller projection to this state, being a local
operation we do not expect it to alter the electronic correlations.
We therefore conclude that its topology is unchanged by the
projection. This is a subtle issue that awaits further study.

We therefore proceed to calculate the topological invari-
ant of the unprojected BCS state, which satisfies the self-
consistency equations we found above. This is equivalent to
determining the topology of the mean-field Hamiltonian Hp .
In order to calculate the topological invariant of Hau, we
appeal to an extremely useful method developed in Ref. [51],
which we do not review here. These authors show based on
symmetry arguments that on a square lattice the topology is
expressed by the first Chern number C, which can be elegantly
written as

C, = L In [ Q(H(O,O))Q(H(JT,JT))] ’ 32)
in Q(H(,0) Q(H(0,7))
(a) 0.18 (b) o
0.16 0.098
0.14
M/tobf A/to.oge

0.08
0.06
0.04
0.02

0.094

0.092

0.09
0 0.2 04 06 08 0 02

x

where the Q is defined as
O(H(k)) = sgn (—Pf[H(K)A]), (33)

where A =0, ® 7, [0 and 7 are Pauli matrices acting on
the spin and Nambu spaces, respectively] is a symmetry
of our Hamiltonian and H(k) is the Bogoliubov de Gennes
(BdG) Hamiltonian obtained from writing Hayuy in the basis
(cx.1,Ck, ¢,cik, = cik’T)T. Taking the definition of In(z)
such that In(1) = 0 and In(—1) = iw and noting that the QO
invariants only ever have values of one or minus, we see that
C takes only two distinct values: C; = 0 for trivial topology
and C; = 1 for nontrivial topology.

Evaluating the four relevant Q invariants for our system,
we find that the topological invariant C| is given by

1
Cr = —n(sen{[n} = (V: = w?][n} — (v + w?]}).
(34)

where we have defined n, = é‘x,a + éy,g —4tg,(0)gnN —
40 Bg;(0)gyn and the effective Zeeman term V, = M +
M. — 4B. We now notice that given the above definition for
C), we can easily “sort” our parameter space into four distinct
categories depending on the values of n,, @, and V.. The
first two categories are || > |V, + u| and |n4] > |V, — u|
(category 1) or |ny| < |V, + u| and |n4] < |V, — p|. If our
parameters lay in either of these categories then C; = 0 and
the system has trivial topology. Meanwhile, if |1, | < |V, + u|
and [n4| > |V, — u| (category 3) or [n| > |V, + u| and
[n4+] < |V, — ul (category 4), then C; = 1 and the system has
nontrivial topology.

()

135

13

12,5
U/t 12
115

11

10.5

10
0.4 0.6 0.8 0 0.2 0.4 0.6 0.8

Xz T

FIG. 4. (Color online) Topological phase diagram for several different parameters cuts. In (a), we have set U = 12¢, B =0, V = —0.05U,
and A = 0.1¢ and varied M and x, in (b), we fix U = 12¢, B =0, V = —0.05U, and M = 0.1¢, while varying A and x, and in (c), M = 0.1z,

B =0,V =-0.05U and A = 0.1¢, while varying U and x.

035112-9



AARON FARRELL AND T. PEREG-BARNEA

Notice that although the bare parameters A, U, and V
do not appear explicitly in the definition of C; in Eq. (34)
the parameters u, & ,, and Mg have been determined self-
consistently and therefore depend implicitly on A, U, and
V. Further, we see that C; depends on the doping x both
explicitly through the renormalization parameters g,(c) and
g~ and implicitly through the self-consistent study completed
to find w, é,-,g, and M.g. In this way, C; depends on all of the
parameters built into the model in a nontrivial way.

Itis clear from the above definition of C| that for a nontrivial
phase either B or M must be nonzero. To see this, suppose we
have set B = M = 0, then there is no spin polarization and
therefore M = 0 and V, = 0. Further, for M, B = 0, we have
& » = £ and therefore n4 = n, = 1. Thus the argument inside
the logarithm becomes (7% — ?)?, which is positive definite
so that C| = O regardless of A/¢, Vy/t, U/t, or x. Our results
for the topological invariant as a function of the model’s bare
parameters are shown in Fig. 4.

V. CONCLUSIONS

We have studied the strong interaction limit of the extended
Hubbard model with spin-orbit coupling. Performing a strong
coupling expansion, we have found an effective Hamiltonian
for this model valid in the limit U,V > ¢, A, B. We have shown
that by projecting this model onto a subspace of half-filled
many-body states, we obtain a spin model that is a generaliza-
tion of the Heisenberg model with Dzjaloshinskii-Moriya and
compass anisotropy originating from the spin-orbit coupling
terms in the extended Hubbard model. This model exhibits an
interesting spin texture, which will be explored elsewhere [36].
We then set out to study this effective Hamiltonian via mean-
field theory. When the filling is lower than half the system may
become superconducting and we study the various supercon-
ducting phases in the framework of the Gutwiller approxima-
tion. When we study the system in the presence of spin-orbit
and Zeeman terms, we find a variety of superconducting order
parameters both in the singlet and in the triplet channels. The
topology of the superconducting state is found to be nontrivial
at some finite doping and a phase diagram is given.
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APPENDIX A: STRONG COUPLING EXPANSION

1. Interaction as a constant of motion and channel
decomposition

Here, we will give the full details of the strong coupling
expansion discussed in Sec. II. For an in depth discussion of
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the details in this Appendix and Appendix B, please see Ref.
[44]. We begin with the full (untransformed) Hamiltonian,
which reads

H = H, + Hy + Hy, (A1)

where HO = Hinl = HU + Hv, HU =U Zi ni 4 ng gy, HV =
VZ@',;) ninj, and H;y =T + Hgo. As stated in the text,
we wish to perform a unitary transformation on the above
Hamiltonian in such a way as to block diagonalize H. An
alternative, but entirely equivalent, approach to this is to insist
that Hy is a constant of motion in the transformed Hamiltonian.
To this end, we write the following unitary transformation of
H:

H =¢"(H) + Hy+ Hz)e ™ = Hy+ H, + Hz, (A2)
where Hz should not change under the transformation S since

it does not change Hj. In order for Hj to be a constant of

motion, we require that
[Ho,H] = [Ho,H,] = 0. (A3)

To satisfy this condition, we expand both H; and the
transformation S in a power series of 1/U as follows:
o0 oo 7
. Sn ~ Hl,n
SZ_IZW’ HIZZUH—I

n=1 n=1

(A4)

and then insist that Eq. (A3) is satisfied to a given order in
1/U,i.e., [Ho,H,] =0forsomen > 1.

To proceed with solving the condition in Eq. (A3), it is
useful to decompose H, into channels that change Hj by a
given amount. We recall that the first term in Hy and Hy counts
the number of doubly occupied sites. We sort the hopping
processes into channels which change the number of doubly
occupied sites by m (changing the on site interaction energy
by mU). In a single band model, we have only three possible
values m = —1,0,1. Using the electron and hole occupancy
operators, h; , = 1 — n; 4, we find

foa <
T_ = E hi5C; ola,o/(8)Cits.0Mits,5's

i,0,6,0'
_ a3
T, = E Ni5Ci oloo'(8)Cits.ohitsrs (A5)
i,0,8,0'
a3
Ty = E (ni5¢; yloo (8)Cits.0Nits o
i,0,8,0'

+hi,5'cjﬂfa,a’(S)CiJrS,a’hiJr(S,&’)v

and this definition also leads to [T,,, Hy] = mUT,,.

In a similar way, we should further classify the terms in H;
according to their effect on the number of nearest-neighbor
pairs. This is done with the help of the nearest-neighbor
projection operator

Oi(Fix,p,fiy ), diy ) = l—[[ﬁs,ani+a,a + (1 = 7is,0)hiys,0]

8,

= O;[n] (A6)

that projects out all possible orientations of the nearest
neighbors of atom site i except the one labeled by n, where
the arguments n;, take a value of 1 (a value of 0) for
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site i + 6 being occupied (unoccupied). Inserting the identity
1= ]_[S,a(nﬂr,;_a + hiys.4) on either side of the summand in
the channels 7;,, we obtain the full decomposition operator

TW!,Nz,N]

=Y Y Y 0nlTises Oislnl,

1,8,0.0' Tl 1=N; Tlnal=N»
(A7)

where T,, v, n, changes the number of doubly occupied sites by
m and the number of nearest neighbors from N; to N, X[n] =
> 5.« 1s.a- A tedious but straightforward calculation shows that
[ To.ny.v - Hy + Hy]l = [mU + (N2 — ND)V] T vy N, -

2. The transformed Hamiltonian

To obtain an effective Hamiltonian, we must solve for the
transformation that satisfies [ Hy, H, = 0 to a given order n.
We then use this transformation to find the properly expanded
Hamiltonian. To do this, we first note that for any operator X,

e Xe™ = X+ [iS.X]+ 3[iS.[iS. X1 +.... (A8)
and so we have
H = Hy+ (H, +[iS,Hy))
+ (i S Hil+ J[S.[iS, HolD+....  (A9)

Inserting the expansions for § into the above and redefining
H() = UH(), we find

1:11',1 = H; + [S1, Hyl,

_ _ (A10)
Hj | = [S1,Hi] + [S2, Hol + 5[S1.[51, Holl.
The first condition we must satisfy is then
0 = [Ho, Hy + [S1, Holl. (A1D)

Inserting the channel decomposition Hy = Y, v v TNy,

and using the fact that [Ho, H,] = & Yoy, MU+ (Ny —
N1)V] T, n,.n, the above is then solved by

S = Z UTm,Nz,Nl
! mU — (Ny — NV’

m,M,N

(A12)

where the primed sum excludes terms for which mU —
(N, — N1)V = 0. Using this expression in the first-order
Hamiltonian, we have

’
Hl,l = § : quNz,Nl -
m,N», N,

’
E T, NyN, = E TonN-
N

m,Ny, Ny

(A13)

Let us pause and examine this result in view of our goals at the
onset of this discussion. This tells us, to order O(1), that the
piece of the full Hamiltonian that does not change Hy + Hy
involves the sum of all channels with hops that do not change
the number of sites with double occupancy and begin and end
with M occupied nearest-neighbor bonds. We see that none of
these operations change Hy or Hy and we could have argued
the result above on heuristic grounds.

Next, we must satisfy the condition [Hy,H;,]=0 by
properly choosing S,. The mathematical expression for S,
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is very complicated and not necessary for our discussion. We
therefore simply present the result that is the second-order
contribution to H:

Z/: UL T my Ny > T, My, My+M5— N

, (Al14)
2[mU + (M — N)V]

/ —_—
H1,2 -

m,My,Ni,M>

where the sum is over all indices except ones for which
mU + (M — N;)V = 0. Again, we can inspect this term
and see that it is precisely what we would have guessed
from the onset. First, this term is quadratic in the T,, n, n,
operators and so it represents a second-order term in our
expansion. Second, the specific combination of the T, y, v,
operators does not change the number of doubly occupied
sites nor the number of occupied nearest-neighbor bounds;
T_, M, M,+M,—n, decreases the number of double occupied
sites by m and changes the number of occupied nearest-
neighbor bounds by N; — M; and then 7,, y, n, increases the
number of doubly occupied sites by m and changes the number
of occupied nearest neighbors by M| — Nj.

Using the two results above, we can now write the effective
Hamiltonian that has been the focus of this paper. Valid to
order O(1/U?) this effective Hamiltonian is

FI:Hu—I-Hv-i-Hz-i-Z To,m.m

M
’ T vy 5 T Mo, M+ M=, 2
+ - p— +O01/U"),
m,M%V:I,Mz (mU + (M — N))V)
(A15)

where we made use of index relabelling symmetry to get rid of
the commutator and the factor of a half in the second term of the
expansion. In principe, we could keep going to higher orders in
1/U. The next order term would involve cubic combinations
of the T, v, n, Operators that collectively do now change the
number of doubly occupied sites nor the number of occupied
nearest-neighbor bonds. We stop here for practicality as these
higher order terms become very complicated to write down
and are not needed to accomplish our current goal.

3. Projection to half-filling: an analogy to the ¢-J model

An expansion analogous to the one performed in the
previous section is used to write an effective strong coupling
theory for the Hubbard model [34]. If one then projects this
strong coupling Hubbard model to half-filling, one obtains a
model that amounts to the Heisenberg model for spins on a
lattice [52]. This is typically how one shows that the strongly
interacting limit of the Hubbard model is the so-called ¢-J
model. For the sake of comparison, we will follow a similar
process in this section in order to obtain an effective model for
H that is applicable at half-filling.

Let us begin by considering some state |¢/) at half-filling.
For strong U, the electrons will avoid configurations with
double occupancies and the state |v) will consist of a lattice
of singly occupied sites. Let us consider the action of the
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following term on the subspace of possible states [1):

/

Z Ty Ny T—n, iy My Mo —N,
mU + (M, — NV

(A16)

m,My,N\,M,

To begin with, [¢) has only singly occupied sites and so the
only possible value of —m is —m =1 as in this scenario we
cannot maintain the number of double occupancies (m = 0)
nor can we decrease the number of double occupancies (m =
1). Next, all sites in |¢) have 4 occupied nearest neighbors
and so M| + M, — Ny = 4. Next, after a hop has occurred,
the electron will be on a site with three nearest neighbors
and so M, = 3. If we want to begin and end in a subspace
of all possible half-filled states with no double occupancies,
the second part of the term above, namely 7, u, n,, must now
destroy the doubly occupied site T_,, 1, m,+m,—n, has created.
For this to be the case, we must have m = —1 and N; = 3,
which leads to M| = 4. Plugging in all of these results we get
the following:

/

Z Tty 5 T Mo, i+ Mo =N,
(mU + (M, — N)V)

T 1437134

u-v
WL,M],N],M2

(A17)

Taking all of our projections into account and inserting the
definitions of 7}, v, n, into the above, we then find

T 1437134
Uu-v
— Z C;r_;,_&afa,a’(_a)ci,a’cjﬁfﬁ,ﬂ/(3)Ci+8,o’ (A18)
‘ Uu-v '
i,8,8,B ,a,a

where we have dropped all projection operators because we
have already taken them into account. The spin sums in the
above term can be eliminated if we write things in terms of the
lattice spin operator given by the following:

1 PN
) = 3 Z ¢} 4OupCip-
a.p
4t 4+ A”a(8) — 4B?

0
4At16,

(A19)
|

1

Jy= s
20U - V)

where a(8) is 1 for § = £x and —1 for 6 = £§. Note that
the above result readily simplifies to the Heisenberg model for
spins on a lattice in the limit V,A,B — 0 as Js becomes the
identity matrix times 2¢2/U.

To obtain our analogy to the #-J mode, we drop the overall
constant E from the above result, we also drop Hy from the
results in A because near half-filling and at strong coupling,
the number of doubly occupied sites will be zero and finally, we
drop Hy as the number of occupied nearest neighbors should
be constant, 2N, on a square lattice. Thus our effective model
is given by

Hijy=Hz+ ) Town+ ) J{" SIS,
N i,8

(A26)
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Performing all of these spin sums is tedious but straightfor-
ward. We will describe the process for the specific term 8 = g’
with ¢ = @ sum and then simply quote the result for all of the
other sums.

Setting 8 = B’ and @ = &' in the summand of Eq. (A18)
gives us the following contribution:

A28, + 07 38,5, +0lab))
i(g:a 4U —-V)

t t _
Civs,aCiaCi gCits,p-

(A20)

We first consider the case where 8 = +X, in this case we

have, after making one commutation,
n; — ZCLS,aciJr&gclﬁci,g, (A21)

B.a

where we have only written the sum over spins and for brevity
we have dropped the prefactor A%/[4(U — V)], which will be
added back later. Writing out all four terms in the sum above,
using the definition in Eq. (A19) to identify spin operators,
recalling that we are interested in the action of our Hamiltonian
on the subspace of half-filled singly occupied states and doing

a few manipulations, we arrive at
nin;
2[(8)is(8) = (Soies (S0 + (Sias(Sn + =52 .
(A22)

Completing the calculation following the above formula we
arrive at the following result:

T_143T v ;
% =Eo+ Y JI"SISY,,. (A23)
i8
where we have defined the constant
2Nt? NA? 2N B?
Ey=-— — — (A24)
u-v 22U-V) U-V
and the 3 x 3 matrix
0 —4Até,
42 — A%a(8) — 4 B2 4At6, , (A25)
—4At8, 41> — A% + 4B?

(

Compared to the ¢-J model, we have several obvious differ-
ences. First, with spin-orbit coupling, the exchange constant J
has now become a matrix. Second, instead of hopping that is
restricted to not change the number of doubly occupied sites
in the ¢ part of the #-J model, our term ) _,, To s p Dot only
restricts changes in the number of doubly occupancies but also
the number of occupied nearest neighbors. Lastly, because of
the Zeeman/mass term in the original model, we have the
magnetic-like contribution Hy.

APPENDIX B: MEAN-FIELD BCS TREATMENT OF THE
PROJECTED ¢-J MODEL

This Appendix will present detailed results for the
A,M,B = 0 limit of the Gutzwiller approximation developed
in Sec. III. We begin by recalling the form of the BCS wave
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FIG. 5. (Color online) Comparison of Monte Carlo and Gutzwiller approximation results for the kinetic energy K and magnetic energy
V. On the left, we compare exact Monte Carlo results for the kinetic energy to the approximation K, while on the right, we explore the
comparison of Vi to Monte Carlo results. All plots are for N = 82 lattice sites, the top plots are for a system with Ny = 4 holes, while the
bottom plots are Ny = 8 holes. At each doping level, we have tried two different order parameter symmetries, d and s waves. For d-wave
symmetry with Ay = Ag[cos(k,) — cos(ky)], we have plotted the Gutzwiller approximations given in Egs. (14) and (19) using a dashed line
(blue online) and numerical Monte Carlo results using triangles (blue online). For s-wave symmetry, we have Ay = A, and have plotted the
Gutzwiller approximation using a solid line (red online) and numerical Monte Carlo results using squares (red online). In both figures, we have
sett = 1 and & = ¢x — p where ¢ is defined in the text and u is the chemical potential. We have also scaled the kinetic energy by the number

of lattice sites, Nj.

function in its most generic form. We begin with ground state

[Wbes) = [ [k + vief ety )10). (B1)
K
where uy = v/ E;gf" and vy = €'/ —E;Ek & and where

Ex = V&2 + | Ax|* and ¢ is the phase of A. In this context,
the functions Ak and &g are variational parameters we are
interested in optimizing. In order to explore how well our
Gutzwiller approximation for the energies K and Vs does
in comparison to numerical results for the full expectation
values in the state Pg|vya:), we have carried out Monte Carlo
calculations to compare to K and V. Our results at doping
values of x ~ 0.04878 and ~0.09756 for d-wave and s-wave
order parameter symmetries are presented in Fig. 5. Following
the case made in Ref. [21], we contend that the Gutzwiller
approximation does a fair job at reproducing the quantitative
values of K¢ and Vi and an excellent job at reproducing the
qualitative behavior of the two as it gets the general trend of
the curve correct.

With some credibility for the Gutzwiller approximation
established, we now use |cs) to evaluate a variational energy
which we can minimize to find & and Ag. Calculating the
appropriate expectation values, the Gutzwiller approximated
variational energy reads

&k
E(Ad) = — Y (giex — ) =
(Ak,ék) 4 (grex M)<Ek>

- 3—J(dj +d; +2¢; +2¢3),

8N B2)

where e = —2t(cosk; + cosky) is the tight-binding spec-

trum, Ekz,/§§+A2, and we have defined d; =

Zk(m‘%:(k")), e = Zk(&‘%i(k")), and p is determined self-

consistently through x = % Zk(i—';). Minimizing the above
functional with respect to Ax and & leads to the following
results:

Ag = Ay cos(ky) + Ay cos(ky),
(B3)
§k = grex — 1+ &x cos(ky) + &y cos(ky),
where the parameters A; and & must be determined self-
consistently through the solutions to the following equations:

3g;J Ay cos(k;)
A= ,
4N Z [ Ex }

39,7 : §i cos(ki) o
_ 28 k COS(K;
SN ;[ Ex }

We have solved the self-consistent equations in Eq. (B4)
over a space of x, U, and V values. We have fixed U = 12¢ as
is appropriate from studies of the Hubbard model in the past
[21,24]. We have found that the solution is that of a d-wave
superconductor, A, = —A, with |A,|=|A,|=A, and
& =& =— |€|. The results of our calculations are presented
in Fig. 6.

To close this Appendix, we will present calculations of
the superconducting order parameter. The parameter A is not
exactly the “order parameter” as we must take into account the
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FIG. 6. (Color online) Results of self-consistent calculations for
varying values of V and U. The top left figure shows the results for A
while the bottom left one shows £. For these left figures we have fixed
U = 12t and allowed V to vary. On the right, the top figure shows
the results for A while the bottom one shows & when V is fixed to
V = —0.2U and U is allowed to vary. For the economy of space in
the legend of this figure, we have defined v = V/U.

Gutzwiller projection operator. We define the superconducting
order parameter as follows:

(¢BCS|PG(C,<T,¢C},¢ - C,T,¢C},¢)PG|1/fBCS>
(VBCs|Pel¥ses) '

The Gutzwiller approximation for this quantity is then as
follows:

Asc(i.]) = (BS)

(Wesl(cl rcf | — el el DlYpes)
(¥Bcs|¥aes)

where go = 2x /(1 + x) again comes from a proper weighting
using relative probabilities. Upon writing the above in mo-
mentum space, one can easily show the following result for
nearest neighbor (7, j):

Asc(i,j) >~ ga , (B6)

. 4ga
Asc(i) = —=A;.

37 B7)

We have plotted our results for this quantity at the same values
of U as on the left of Fig. 6 and have compared our results to
those of the bare ¢#-J model. The results are in Fig. 7. We see
that the order parameter Agc is a nonmonotonic function of
the doping x, which grows from zero to a maximum and then
returns to zero at x.. Both the maximum value of Agc and the
x value at which it is achieved vary only slightly with v and for
large v both tend to increase with v. We see that our analysis
here leads to an enhancement of Agc. This makes physical
sense as the difference between the model considered here and
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FIG. 7. (Color online) Plot of order parameter as given in
Eq. (B7) at various values of v =V /U with U = 12¢. For com-
parison, we have also plotted the value of Agc obtained from the
traditional #-J model.

the 7-J model is an attractive nearest-neighbor interaction,
something that should favor d-wave superconductivity.

APPENDIX C: SPIN RENORMALIZATION FACTORS
AT FINITE SPIN-ORBIT COUPLING

Here, we discuss how to perform the Gutzwiller approxima-
tion fortheterm Y, ; JJ*"SI'Sy, s where J;"" is given in Eq. (22)
[44]. We begin by d1V1d1ng thls term into four separate terms
given by

— U
== Z(SmsS_ + 8755,
Jz + Jy Z
Sl+8

J e
Hysi= 7 ) a@)(S,87 + 57,5,
i,6

J
238G +iR)SE ST+ 8- (P — iR ST,

I8
(ChH

where we have defined the spin raising and lowering operators
S+ = c 4Ciy and §; = cj (Cite Let us discuss the renormal-
ization of each term above in the order listed.

H;; takes two occupled nearest-neighbor sites and flips
their spins. We discuss S i sS; for concreteness while keeping
in mind that this discussion immediately extends to the second
term. In a Gutzwiller projected state, we only require that
sites i and i + & are occupied by an up spin and a down spin,
respectively, while in a nonprojected state, we not only require
states (i, 1) and (i + &, |) to be occupied but also need (i, )
and (i 4+ 8, 1) to be empty. These considerations lead to the
renormalization factor

1
(I = ()1 = (n}))’

and we make the approximation H;; — g;iH; ;.
Moving on, H j is relatively straightforward to understand,
it measures the z projection of spin on two nearest-neighbor

8Ji= (C2)
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sites. Owing to the fact that we have made the approximation
that the number of electrons on a given lattice site is the same in
both the projected and unprojected state and that Sf = n; ; —
n;,,, we obtain equal weighting in both states and so g;; = 1.

Third, we have H, j;, which either flips two neighboring
down spins to up spins or flips two neighboring up spins
to down spins. We discuss the latter for concreteness (sym-
bolically this corresponds to the S;;a S+ term). Naively, in a
Gutzwiller projected state, we only require that sitesi and i + &
are both occupied by a down spin, while in a nonprojected
state we not only require states (i, |) and (i + 6, ) to be
occupied but also need (i, 1) and (i + &, 1) to be empty. This
would lead to the factor g, ;i = T a=mm and ultimately
to a renormalized Hj ;i term that is not Hermitian for general
values of (n ) and (n4). It turns out that to remedy this problem
we must form a geometric average between the probability for
the forward process SI.J; 5S:" and the probability for it to happen

in reverse [42] (i.e., for two up spins to flip to two down spins).

PHYSICAL REVIEW B 89, 035112 (2014)

1
A=y =(ny))
and ultimately to the renormalization factor

This leads to a geometric average between and

1

TG
1

(L= (A = (ny))

Finally, we discuss the renormalization of H, ;. We discuss
87, sS; for concreteness. This term flips an up spin to a down
spin on site i and then measures the value of the z projection
of spin on a nearest-neighbor site. In the Gutzwiller projected
state, we require only that state (i, | ) be occupied while in
the unprojected state we need (i, |) and (i, 1) empty. Again
we need to be careful with the equal weighting of forward
and backwards processes [42]. Taking the reverse process into

account then leads to the final renormalization factor

1
v — . C4
BN = = e — () ©

8uii = (C3)
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