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We consider the strongly correlated limit of variants of the Hubbard model in which on parts of the system it
is energetically favorable to project out doublons from the low-energy Hilbert space while on other sites of the
system it is favorable to project out holes while still allowing for doublons. As an effect the low-energy Hilbert
space itself varies with sites of the system. Though the formalism is well developed for the case of doublon
projection in the literature, the case of hole projection has not been explored in detail so far. We derive the basic
framework by defining creation and annihilation operators for electrons in a restricted Hilbert space where holes
are projected out but which still allows for doublons. We generalize the idea of the Gutzwiller approximation for
the case of hole projection, which has been done in the literature for the case of doublon projection. To be specific,
we provide a detailed analysis of the strongly correlated limit of the ionic Hubbard model which has a staggered
potential A on two sublattices of a bipartite lattice and the correlated binary alloys which have binary disorder
£V /2 randomly distributed on sites of the lattice. In both cases, for A ~ U >t and for V. ~ U > t, where U
is the Hubbard energy cost for having a doublon at a site, there are sites on which doublons are allowed while
holes are the maximum energy states. We do a systematic generalization of similarity transformation for both
these cases and obtain the effective low-energy Hamiltonian. We further derive Gutzwiller approximation factors
which provide renormalization of various terms in the effective low-energy Hamiltonian due to the Gutzwiller

projection operators, excluding holes on some sites and doublons on the remaining sites.
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I. INTRODUCTION

Strongly correlated systems are of immense interest and im-
portance in condensed matter physics. Strong e-e interactions
leads to many interesting phases like high-7, superconductiv-
ity, antiferromagnetically ordered phases, and Mott insulators.
The Hubbard model is a paradigmatic model in strongly cor-
related electron systems with two simple ingredients, namely,
hopping of electrons (~#) and on-site Coulomb interaction (~
U). In the limit of large U and finite hole doping, doublons are
energetically unfavorable and need to be projected out from the
low-energy Hilbert space. A regular similarity transformation
which projects out double occupancies gives the effective
low-energy Hamiltonian which is known as the ¢-J model
[1] and captures many aspects of the physics of high-T,
superconducting cuprates [2].

The ¢-J model is defined in the projected Hilbert space
and since Wick’s theorem does not work for the fermionic
operators in the projected Hilbert space, standard many-
body physics tools of calculating various order Feynman
diagrams for the self-energy [3] cannot be used to solve
this model. One needs to solve the Schwinger equation of
motion for the Green’s function of projected electrons [4]
and use a systematic perturbation theory in some parameter
that controls double occupancy. Numerically, the #-J model
can be studied using the variational Monte Carlo method [5]
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where one starts with a variational wave function and then
carries out doublon projection from each site explicitly. But
because of the computational complexity, another alternative
analytical tool most commonly used in the community as an
approximate way of implementing the projection of double
occupancies is known as the Gutzwiller approximation. The
Gutzwiller approximation, as first introduced by Gutzwiller
[6], was improved and investigated later by several others [7]
mainly in the context of the hole-doped #-J model. Under
this approximation, the expectation value in the projected
state is related to that in the unprojected state by a classical
statistical weight factor know as the Gutzwiller factor that
accounts for doublon exclusion. As an effect various terms
in the Hamiltonian become renormalized by the Gutzwiller
factors and the renormalized Hamiltonian can be studied in
the unprojected basis.

Though the Gutzwiller projection for exclusion of doublons
has been explored in detail in the literature, the Gutzwiller
projection of holes from the low-energy Hilbert space and its
implementation in renormalizing the couplings in the effective
low-energy Hamiltonian at the level of the Gutzwiller approx-
imation are still completely unexplored. There are models,
like the electron-doped ¢-J model, where in the low-energy
Hilbert space one has to allow for doublons and holes have to
be excluded. But in this situation it is not really essential to use
the formalism of the Gutzwiller projection for holes as one can
simply do particle-hole transformation and map the model to
the hole-doped #-J model where the low-energy Hilbert space
allows for holes excluding doublons. But there are situations
where the Gutzwiller projection of holes becomes crucial to
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carry out, e.g., in a model where on some of the sites it is
energetically favorable to do hole projection while on some
other sites doublon projection is required. With this motivation,
we provide the basic formalism for the Gutzwiller projection
of holes and calculate the Gutzwiller factors for implementing
this projection approximately by renormalizing the couplings
in the low-energy Hamiltonian for a couple of such models.

In this work we provide a general formalism for study-
ing variants of the strongly correlated Hubbard model with
inhomogeneous on-site potential terms of the same order as
U or larger than that. Due to competing effects of on-site
potential and U, there are sites at which holes are the maximum
energy states (rather than doublons) and should be projected
out from the low-energy Hilbert space. We do a systematic
extension of the similarity transformation in which the sim-
ilarity operator itself varies from bond to bond depending
upon whether both sites of the bond have doublon-projected
low-energy Hilbert space dominated by large-U physics, or
both have hole-projected low-energy Hilbert space, or one of
the sites on the bond has a hole-projected and the other site
has a doublon-projected low-energy Hilbert space. We further
calculate generalized Gutzwiller approximation factors for
various terms in the low-energy effective Hamiltonian which
are also bond dependent. Gutzwiller factors for bonds where
one site requires hole projection and the other has doublon
projection or where both the sites have hole projection have
not been calculated in the literature earlier and in this work we
derive them under the assumption that spin-resolved densities
before and after the projection remain the same.

To be specific, we provide details of the formalism for
two well-studied models, namely, the ionic Hubbard model
(IHM) and correlated binary alloys represented by the Hub-
bard model in the presence of binary disorder. IHM is an
interesting extension of the Hubbard model with a staggered
on-site potential A added onto it. [HM has been studied in
various dimensions with a variety of numerical and analytical
tools. In one dimension [8], it has been shown to have a
spontaneously dimerized phase, in the intermediate-coupling
regime, which separates the weakly coupled band insulator
from the strong-coupling Mott insulator. In higher dimensions
(d > 1), this model has been studied mainly using dynamical
mean field theory (DMFT) [9-16], determinantal quantum
Monte Carlo [17,18], cluster DMFT [19], and the coherent
potential approximation [20]. Though the solution of DMFT
self-consistent equations in the paramagnetic (PM) sector at
half filling at zero temperature shows an intervening metallic
phase [10], in the spin-asymmetric sector, the transition from
paramagnetic band insulator (PM BI) to antiferromagnetic
(AFM) insulator preempts the formation of a parametallic
phase [12,19]. In a recent work coauthored by one of us, it was
shown that upon doping the IHM one gets a broad ferrimagnetic
half-metal phase [13] sandwiched between a PM BI and a PM
metal. [HM has also been realized in optical lattices [21] on
the honeycomb structure.

Most of these earlier works on IHM are in the limit of
weak to intermediate U/t except [14,16] where the strongly
correlated limit of IHM has been studied for A < U within
DMEFT. Recently [22] the A ~ U > ¢ limit of IHM has been
studied using slave-boson mean field theory. The Gutzwiller
approximation method has been used for studying IHM [23]

but in the limit of large U (not extreme correlation limit) where
double occupancies are not fully prohibited. To the best of our
knowledge, the Gutzwiller approximation formalism for this
model has not been developed in the limit A ~ U > t which
we present in this work. In the limit of large U and A (U ~ A),
holes are energetically expensive in the sublattice where the
staggered potential is —A /2 (say, sublattice A) and double
occupancies are expensive in the sublattice having potential
A /2 (say, B). Therefore holes are projected out from the A
sublattice and doublons from the B sublattice, which gives us
the low-energy effective Hamiltonian.

The second model for which we provide details of the
formalism is the model of correlated binary alloys described
by the Hubbard model in the presence of the binary disorder
potential. In all correlated electron systems, disorder is almost
inevitable due to various intrinsic and extrinsic sources of
impurities. In high-T, cuprates, it is the doping of the parent
compound (e.g., with oxygen) which results in the random
on-site potential along with introducing holes [24]. Another
type of common disorder is binary disorder which is for
example realized in disulfides (Co;_,Fe, S, and Ni;_,Co,S,)
[25] in which two different transition metal ions are located
at random positions, creating two different atomic levels
for the correlated d electrons. Binary disorder along with
interactions among basic degrees of freedom has also been
realized in optical lattice experiments [26]. Hence it becomes
crucial to study the interplay of disorder and interactions
in order to understand many interesting properties of these
systems.

In the correlated binary alloy model, the on-site potential
can be £V//2 at any site of the lattice randomly. The physics
of this model has been explored for the intermediate to strong
coupling regime mainly using DMFT [27-30]. But the limit
of large on-site repulsion as well as strong disorder potential
U ~ V > t, where holes are projected out from sites having
potential —V /2 (A) sites and double occupancies are projected
out from sites having potential V /2 (B) sites, has not been
explored so far. Though this model has similarity with the
IHM mentioned above, the intrinsic randomness associated
with the binary disorder model makes the effective low-energy
Hamiltonian different from the case of IHM. The interplay of
disorder and interaction in this model may lead to very different
physics like many-body localization [31].

The rest of the paper is structured as follows. First we
provide the basic formalism for hole projection by defin-
ing electron creation and annihilation operators in the hole-
projected Hilbert space. We enlist probabilities of various
allowed configurations in the hole-projected Hilbert space and
calculate the Gutzwiller approximation factors for hopping
processes. In the next section, we have derived the effective
low-energy Hamiltonian for the IHM in the limitof U ~ A >
t and calculated the corresponding Gutzwiller approximation
factors for various terms in the Hamiltonian. Followed by this
we have described the similarity transformation and Gutzwiller
approximation for correlated binary alloys in the limit of
strong interactions and strong disorder. At the end, we also
touch upon the case of fully random disorder and randomly
distributed attractive impurities in the limit of both interaction
and disorder strength being much larger than the hopping
amplitude.
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FIG. 1. Separation in the energy scales of a hole and other states.

II. BASIC FORMALISM FOR HOLE PROJECTION

Though the formalism of Gutzwiller projection is well
developed for the case of doublon projection in the literature,
case of hole projection has not been explored in detail so far.
In this section we derive the basic framework by defining new
creation and annihilation operators for electrons in a restricted
Hilbert space where holes are projected out but which still
allows for doublons.

For a system of spin-1/2 fermions, at each site there are
four possibilities, namely, | 1),| {),] 1), and |0). Consider a
model in which the energy cost of having |0) is much more
than the other three states, e.g., shown in Fig. 1. It may also
happen that due to some other constraints, e.g., to achieve
certain density of particles in the system, one has to retain
doublons in the low-energy Hilbert space (though the energy
cost for doublons might be close to that of holes) and exclude
holes. In these situations, the effective creation and annihilation
operators for fermions in the low-energy Hilbert space need to
be modified.

The simplest way to see this is the following. A normal
electron creation operator can be expressed in terms of local
Hubbard operators:

Cj’r — XU(—O + n(O,)Xd&a_" (1)

where ¢ can be 1 or | and d represents a double occupancy
and n(1) =1 and n(}) = —1. Here we have used the local
Hubbard operators defined as X4 = |b)(al.

This means one can create a particle either starting from a
hole or by annihilating one particle from a double occupancy.
Since in the present case holes are projected out from the low-
energy subspace, one cannot create a particle starting from
a hole; rather we can create a particle only by annihilating
one particle from a doublon. Therefore, the projected electron
creation operator, which we denote by Ef,, is

&= )X =cln, )

with (1) = 1 and n(}) = —1. Note that ¢, does not satisfy
standard Lie algebra of fermions but {EU,E’:@} = ng. The cor-
responding number operator in this reduced Hilbert space is
iy = neng. Various Hubbard operators in terms of a fermionic
operator in hole-projected Hilbert space are given as X° <% =
G5CL. X°0 = ~56, 1, and X944 = L&, = &]¢,. From the
completeness relation of X operators in hole-projected Hilbert
space we get

Xﬁw—? + Xiel + Xd<—d ZI,
m(l—n)+n(1—-ny)+nn, =1, 3)
nyny, =n-—1.

Let us consider hopping of a particle to its nearest neighbor
site in this reduced Hilbert space. In the full Hilbert space,
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FIG. 2. Top: Possible nearest neighbor hopping process in full
Hilbert space. Bottom: Allowed hopping process in reduced Hilbert
space from which hole has been projected out.

which does not have the constraint of hole projection, there are
four possible nearest neighbor hopping processes as shown in
the top panel of Fig. 2. But the only allowed hopping processes
in the low-energy Hilbert space of the hole-projected system
are those which do not have a hole in the initial state and in
which no hole is created in the final state as well. This leaves
only one process in which there is a doublon at site j, and a
spin |o) at site i. Then a & hops from site j to i resulting in
a single occupancy at site j and a doublon at site i as shown
in the bottom panel of Fig. 2. Thus effectively only hopping
of doublons takes place in the projected space resulting in an
overall suppression of the hopping process.
The corresponding operator for this hopping process is

Hyopp = =t Y X{ X7 + He.
(i,j)o
=—1 Y & ¢ +He, 4)
(i.j)o

which is equivalently written in terms of normal fermionic
operators as

Hyopp = —t Z cjgn,-;,nj;,cja + H.c.

(i.j).o

—Pult > el cjo +He | Pu 5)

(i.j).o

Here P, stands for the Gutzwiller projection operator for hole
projection defined as P, = [[,(1 — (1 — nip)(1 — n;y)). We
now generalize the concept of the Gutzwiller approximation
for hole-projected Hilbert space. The expectation value of the
hopping process in the hole-projected Hilbert space can be
obtained through the Gutzwiller approximation by renormal-
izing the hopping term in the unprojected basis by a Gutzwiller
factor which takes into account of the physics of projection
approximately. The Gutzwiller renormalization factor then is
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TABLE I. Probabilities of different states in terms of electron
densities in unprojected and hole-projected bases.

States Unprojected Projected
[1) nT(l —ny) (1 —Iu)
1) n (1 —-mny) (1-mny)
1) nn, (-1
|0) (I —=ny)d —ny) 0

defined as the ratio of the expectation value of an operator O
in the projected basis to that in the unprojected basis:
o WIPLOPIY) ©
(vI01y)
where 1 is the unprojected state.

The Gutzwiller renormalization factors are determined by
the ratios of the probabilities of the corresponding physical
processes in the projected and unprojected bases. Listed in
Table I are the probabilities of states in unprojected and
hole-projected spaces where the spin-resolved unprojected and
projected densities have been taken to be equal. Here n,, is the
electron density with spin 0. Consistently everywhere we use
n for density and n for the corresponding number operator.

The probability of hopping of an 4-spin electron in the
unprojected basis is (I —n;4)n;4m;4(1 —njy). In the hole-
projected basis, the corresponding probability is (n; — 1)(n; —
D(1 —n;4)(1 — nj4). Therefore, the Gutzwiller factor for the
hopping process comes out to be

i — Dm; —1
py (CEIVCYET) @
ip 1y

With this setup for the hole-projected Hilbert space, we
describe the strongly correlated limit of IHM and binary alloys.

III. STRONGLY CORRELATED LIMIT OF IONIC
HUBBARD MODEL

IHM has tight-binding electrons on a bipartite lattice (sub-
lattices A and B) described by the Hamiltonian

H=—t Z [Cjacjg+H.C.]—§Zni+%Zni

icA,jeB,o icA ieB
—i—UZn,-an—/JLZn,-. (8)
i i

Here ¢ is the nearest neighbor hopping, U the Hubbard
repulsion, and A a one-body staggered potential which doubles
the unit cell. The chemical potential is & = U /2 for the average
occupancy per site to be one, that is, ((na) + (ng))/2 =1,
corresponding to “half filling”.

Let us consider the t = 0 limit of this model in the regime
U ~ A. On the A sublattice, single occupancies have energy
—(5 + %) ~ —A, the hole has 0 energy, and the doublon has
energy —A. So, among the four choices of occupancy, a hole
on A is the highest energy state and should be projected out
from the low-energy Hilbert space. On the other hand, on the B
sublattice, single occupancies cost ( % - %) ~ 0 energy, holes
also cost 0 energy, while doublons cost energy A ~ U, and

H ) H,
LT =400 =51t

A B A B A B A B
o, H

A ][;] A—DB A ]];)A—J}

I T ===

A B A B A B A B

0 0
[T2=4F ) TTE=A, (T[T
A B A B A B A B

FIG. 3. Nearest neighbor hopping processes for IHM.

therefore on the B sublattice, doublons should be projected out
from the low-energy Hilbert space.

A. Low-energy Hamiltonian in the limit U ~ A > ¢

In the presence of a nonzero hopping term, the following
nearest neighbor processes can take place as shown in Fig. 3.
H. processes involve an increase in double occupancy and
hole occupancy by one, H,” processes involve a decrease in
the double occupancy and hole occupancy by one, and H?
processes involve no change in the double occupancy or hole
occupancy. Note that H, . , and H,, , , are the only processes
which are confined to the low-energy sector of the Hilbert
space. All other hopping processes mix the high-energy and the
low-energy parts of the Hilbert space. The effective low-energy
Hamiltonian in the limit U ~ A >> ¢ can be obtained by doing
a similarity transformation which eliminates processes which
interconnect the high- and low-energy sectors of the Hilbert
space. The effective Hamiltonian is given by

2
Her = &SHe S = H 4 i[S, H] + ’E[S,[S,H]] +oee
©)

Here S, the transformation operator, is perturbative in # /A and
t/(U + A) and is given by
1

iS=—(H" H~ H°

1 0
U+A t A->B tB—>A)+Z( tA—>B_H

t B—>A)'
(10)

Higher-order [O(t? /U)] terms that arise from [S,H;] and
[S,[S,Hp]] and connect the low-energy sector to the high-
energy sector can be eliminated by including a second similar-
ity transformation S suchthat [S', Hp] cancels those terms. The
effective Hamiltonian which does not involve mixing between
low- and high-energy subspaces up to order ¢ is

1
Heir = Ho + Hl,low + m[HI+A—>B’HI_B—>A]

1
+ K[HtOAaB’HtOB»A] + O(t3/U2) e (11)
Here, H() =U Zi nizni — %ZieA n; + % ZieB n; and
Hijow = rT;»A + H;,_ 5 is the hopping process in the

low-energy sector. If we now confine to the low-energy

1 + - o~ g +
subspace, o~ [H"y g H p 41 L AL AN

because the first term in the commutator demands a doublon at
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site B and a hole at site A which is energetically not favorable.
Similarly, [ t A—)B’HrOB—>A] HrOB—>AHz0A—>B
because the first term in the commutator either demands
a doublon at B or a hole at A and thus is not allowed because
they belong to the high-energy sector.

B. Low-energy Hamiltonian in terms of projected fermions

Since holes on the A sublattice and doublons on the B
sublattice belong to the high-energy sector, we have projected
them out from the low-energy Hilbert space and introduced
new projected operators,

Ehe = 1(0)X4™" = clynaa, (12)
& =X 0 =ch (1 —ngs). (13)

Note that {&,,¢} = 1 —n;.

While writing in terms of normal fermionic operators in
the projected space, the order of the terms in the projected
basis becomes important for the A and B sublattices. On
the A sublattice, EA(,E‘LG = PhcAacLUPh, whereas ELUEA(, #
Pa CLU Cao Py In the former case, both forms of operators count
& -type single occupancies whereas in the later case ELGE Ao
count double occupancies while clacA(, counts both double
occupancies as well as o -type single occupancies in the hole-
projected space. On the B sublattice, the situation is opposite:
CpoCho = PchUcB(,Pd and EB(,ELU #* Pch(,CLGPd. In the
former case, both projected and normal fermionic operators
count o-type single occupancies whereas in the latter case
the projected space operators count holes while the normal
fermionic representation counts holes as well as 6 -type single
occupancies in the doublon-projected space.

In terms of new projected operators, Hy in Eq. (11) can
bewrittenas U Y, (n; — 1) — Z[X;ca ni — Y ;e 1. Here
we have used that on a site i € A, njyn;, =n; — 1 [see
Eq. (3)]. Since doublons have been projected out from the B
sublattice, in the low-energy effective Hamiltonian there is no
Hubbard term for the B sublattice. The hopping term H| jow
in the projected space does not involve holes on sublattice A
and doublons on sublattice B. The representation in terms of
projected operators is

Hijow = —t Z E,TA(,nga + ngo-EiA(f
(ij).o
=1 Y Plely,cipe +HelP. (14)
(ij).o

Here the projection operator P projects out holes from the
Hilbert space corresponding to sublattice A and doublons from
the Hilbert space on sublattice B.

O(?/(U + A)) dimer terms. In terms of Hub-
bard operators, the dimer term corresponding to
1 - _
m[Hz+A—>B’Hz Boal ™ U+AHZ paH" . p becomes
2
1 t

> [XrTXTTT = XTTX)

i€A,jeB,o

Hdimer = _U+ A

The corresponding process is represented in Fig. 4. In terms
of projected fermionic operators, these dimer terms take the

A B

‘ f A*)B f B*N"

[D

«—

A

A B

FIG. 4. Spin exchange and spin preservation dimer terms for [HM.

following form:

tz - - ~ ~ ~ ~F = =
=" UxA Z[CiAachgchaCjB& - Cz‘AaClTAﬁc;BaCjBa]
i,j,o
= Ji ) _PLSia-Sjp — 2 —nia)n;s/41P (15)
iJ
with J; = 2.

sublattice A and doublons from sublattice B. Note that in
writing the above renormalized form of the Heisenberg part of
the Hamiltonian, we have imposed SU(2) symmetry by hand
[7,32]. Within the simplest approximation of spin-resolved
densities being same in projected and unprojected states, the
Gutzwiller approximation factor for S;,S7, remains unity

while the Gutzwiller factor for the S&S;B + H.c. term is
gs. Since the original Hamiltonian is SU(2) symmetric, the
renormalized Hamiltonian obtained after taking into account
the effect of projection must also be SU(2) symmetric. Hence
we used g; to be the Gutzwiller factor for the Sj, S5 term as
well. '

The dime'r term corresponding to [HZO Ao B,Hlo Boal i’n—
volves hopping of an electron or a doublon from some site
to its nearest neighbor site and back to the initial site as shown
in Fig. 5. This process is of order >/ A and can be written as

r? 00 yd<d
o<«—0 <~ <« n(—a
- > x0 0+ xx050.
o.(ij)

H? =

dimer

In terms of projected operators we get

- [€iA5Cl s E B0 gy + E 4o Einol palins]
- A iAGCipAGCjBoC jBo iActiAcl jpsCjBG
o,(ij)
1‘2
= =5 2 Pl =niao)(1 = njp) + (nia = Dnjgs]P.
(ij),o
(16)
H?A—»B HQB —A
T — L] —= 1]
A B A B A B
H), .p H)p 4
— = —

A B A B A B
FIG. 5. Top: Hopping of a single spin to site B and back to site

A. Bottom: Hopping of a doublon from A to B and back to A.
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A B A AB A ABA
H() H() )

I —2=2 T —2=% T
HO HO
t B—sA tA—B
H?A—»B H?B—»A

T —=% T —2=% [T

Hl(‘)B—bA HPA—»B
FIG. 6. Effective next nearest neighbor hopping of a doublon
within A sublattice.

O(t*/A) trimer terms. Trimer terms involve hopping of
a doublon or a hole from a site to its next nearest neighbor
site. Effectively there is doublon hopping which is intra-A-

sublattice hopping denoted by Htéﬁ?p whereas the hole hopping

is intra-B-sublattice hopping (H;” ) as shown in Figs. 6 and 7.
In terms of X operators, hopping processes for doublon hop-
ping, which is of O(#?/A), on the A sublattice are represented
as
AA r? A& 55 y5d
<0 0 <0 O <—
Hhopp = A Z Xia XjB Xia
o.(ijk)
+X{OX95 X + Hee
In terms of projected operators, they are represented as
2
t ~ = = ~ ~ = = ~
=—— Z (C/];Agcj‘ygcjlﬁciAa + CiA&Cj‘B(,CjBGC/];Ag)
o.(ijk)
r i i ]
=-% Z P(craohjBsCiac + CiagCipsCiBoCras)P-
o.(ijk)
a7
Similarly the hopping of holes within the B sublattice,
shown in Fig. 7, can be written in terms of X operators as
2
t _
Y XXX XXX
a,(jil)
+H.c,,
which can be written in terms of projected operators as
2
t = ~ ~ = = ~ ~ =
=-3 Z (ClBaCiA6C,TA5€j~BJ + C;BaCiAachgclBé)
o, (jil)

BB __
Hhopp -

t2
=—= Z Plcips[(1 — niA&)Cj'Ba + C;[AgCiAz‘rcj'B(,]}P-

o, (il)
(18)

B A B B A B B A B

H“,_} H() y
(T ] =% [ 1] === [

Hlp 4 H ) p

H;)AHB HIE,)B—Ml
i 01 ] — [Tl

Hlp 4 H A g

FIG. 7. Effective next nearest neighbor hopping of hole for IHM.

C. Gutzwiller approximation

The effective low-energy Hamiltonian obtained in the above
section can be written as Hey = P H P where P will project out
holes from the A sublattice and doublons from the B sublattice
for half filling and densities close to half filling. Within the
Gutzwiller approximation, the effect of this projection is taken
approximately by renormalizing various coupling terms in H
by corresponding Gutzwiller factors such that eventually the
expectation value of the renormalized Hamiltonian can be
calculated in the normal basis. Further we will calculate the
Gutzwiller approximation factors under the assumption that the
spin-resolved densities before and after the projection remain
the same which will make Gutzwiller factors equal to 1 for
some terms in H . The renormalized Hamiltonian can be written
as

H=H)—1t Z giolc)4pCino +Hel
o.4ij)

t2
— 5 21810l = niag)( = njp) + ga(nia = ;s
(ij),o
t2

N Z (g3acthanjBéciAa + g4ciAac;B(—,chgczA(,)
o.(ijk)

t2
+He = D [gsoeipo(l = niag)cly,

o,(jil)

T i
+ gGCIBGCiAJciAgcha] + H.c.

212 Ly :
+ UL A (Z; |:gsSiA -Sip — 4_1( - niA)njBi|- (19)
i

Here g,, and g, are Gutzwiller approximation factors for
the nearest neighbor hopping and spin exchange terms.
g1 and g, are Gutzwiller factors for dimer terms Hdli’nzler,
respectively. g3, and g4 are Gutzwiller factors for intra-
sublattice hopping of doublons on the A sublattice and gs
and g¢ are Gutzwiller factors for the intra-sublattice hopping
of holes on B sublattice. As we will demonstrate, some of
the Gutzwiller factors are spin symmetric while others might
be spin dependent in a spin-symmetry-broken phase like in
antiferromagnetically ordered phases. Below we evaluate them
one by one for various processes involved in H.g. We have
listed below in Table II the probabilities of different states in
the doublon-projected basis. Probabilities for various states for
the hole-projected sublattice were listed in Table 1.

As we mentioned earlier, this analysis holds at half filling
and for densities not far from half filling. Even if the system

TABLE II. Probabilities of different states in terms of electron
densities in unprojected and doublon-projected bases.

States Unprojected Projected
1) ny(1-ny) n,

) n(l —ny) n,
It) nn, 0

0) (I =n)d—mny) (I—m)
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FIG. 8. (a) Processes involved in the calculation of nearest neighbor hopping renormalization factor, g, ,. (b) Processes involved in the

calculation of spin exchange renormalization factor g;.

is overall half filled, the individual sublattices are not; the A
sublattice is electron doped whereas the B sublattice is hole
doped. At half filling in the Hubbard model, the Gutzwiller
renormalization factor for hopping is zero because the system
is an antiferromagnetic Mott insulator whereas in the case of
IHM, the density difference between the sublattices results
in finite g; ,. Here, as we will show, the density difference
between two sublattices plays the role of doping in the case
of the Hubbard model. Also, the trimer terms are present in
the half-filled IHM which results in intra-sublattice hopping
of holes and doublons whereas the half-filled Hubbard model
has no trimer terms.

Below we first give the general expression for g, and

gs at any filling and then evaluate them for the special

n, +ng

case of half filling, = 1. The probability of nearest

neighbor hopping of an 41 electron in the unprojected space
(shown in Fig. 8) is (1 — ng4)ngynss(1 —npy) and in the
unprojected space it is (1 — ng4)ngy(ny — 1)(1 — np). Then,
the Gutzwiller renormalization factor

(ny — DA —np)
= [ Baz )= 0s) 20
ot \/ g (I —mnpy) 20

 be the density difference between two

sublattices. Then at half filling, the density of the A sublattice is

ny = 1 + § and that of the B sublattice isng = 1 — §. Let the

magnetization on the A sublattice m4 = ngy —nyy; then at

half filling due to particle-hole symmetry, m4 = —mp = m.
25

ng—n
Let =428

One can rewrite g, , = in an antiferromagneti-

1+8+om
cally ordered phase at half filling. For m = 0, g; takes a form

similar to that known for the doped #-J model with &, the
density difference in IHM, playing the role of hole doping in
the ¢-J model.

Now consider the spin exchange process shown in
Fig. 8(b). The probability for this process to take place in

the unprojected basis is ng4(1 —ny)ng (1 —ngyny (1 —
ns4)ngy(1 —np ), whereas in the projected basis it is (1 —
ny)ng (1 —nyy)ng,y, resulting in the Gutzwiller factor

1
- . 21
§ \/nmnu(l —np4)(1 —npy) @D

Again at half filling in an AFM ordered phase g, = 4/[(1 +
8)*> — m?] which for m = 0 again maps to the g, factor for the
doped ¢-J model with § playing the role of hole doping in that
case.

The Gutzwiller factors g;, g, are 1 because the dimer terms
Hd]i}xzmr are the products of densities. Under the assumption that
the spin-resolved unprojected and projected densities are the
same, the Gutzwiller factors for these terms are 1.

Now we will calculate Gutzwiller factors for various trimer
terms shown in Fig. 6 and Fig. 7. Figure 9(a) shows hopping
of an 1 electron within the A sublattice with a spin | on the
intermediate B site being preserved. In the unprojected basis,
the probability for this process to happen is nfm( 1—n AT)zné '
It is to be noted that processes with either a down-type particle
or a doublon at the intermediate B site have been considered in
the unprojected space. Likewise, the probability for the process
to happen in the projected basis is (ny — 1)*(1 — nAT)Znél.
Therefore, the Gutzwiller factor for this process is

nA—l_ 28
nAT _1+8+m’

g = (22)

where the expression on the rightmost side holds in the case
of half filling for nonzero staggered magnetization. In general
one gets g3, = “3;1. Figure 9(b) depicts hopping processes
on the A sublattice in which spin on the intermediate B site
gets flipped. The probability in the unprojected basis for this
process to occur is (1 —ng4)(1 —nyg )ngpng (1 —ngy)(1 —
ng )ngynpg, whereas that in the projected basis is (my —
(1 — ng4)(1 —ny)nging resulting in the Gutzwiller
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FIG. 9. (a) Processes involved in the calculation of g;. Similar physical processes with doublon at B site in the unprojected basis are
considered in the calculation (but not shown here). (b) Processes involved in the calculation of g,.

factor

B ny— 1 B 48

C mama (D —ng)(T —ng)  (1+8?—m?
(23)

84

Now consider the hopping processes within the B sublattice
depicted in Fig. 7. Figure 10(a) shows hopping of an 1-
spin particle within the B sublattice such that spin on the
intermediate A site is preserved. Here again it must be noted
that processes with either an up particle or a hole at the
intermediate A site have been considered in the unprojected
basis. In the unprojected basis the probability of this process
is (1 — nAl)zn%T(l — nBT)2 and that in the projected basis is
(I —ny i)znﬁn(l —ng)? leading to the Gutzwiller factor

1—nB _ 28
l—ng  1+8+m’

24

In general, g5, = (1 —np)/(1 —np,) is spin dependent.

(@)

Unprojected:
Bj Ai Bl

&

<
—
.

"l

]
-
!

—| =
—

- =
= =
[
- =2
— =
— |

—

—
|
|
|

—

Projected:
Bj Ai Bl
T

=
I
i

Another hopping process within the B sublattice is the one
in which spin on the intermediate A site gets flipped. The
probability for this process to occur in the unprojected basis is
(1 — IIAT)(I — nAi)nATnAl(l — IIBT)(I — nB¢)n3TnB¢ and in
the projected space itis (1 —ng4)(1 —ny)ngyng (1 — ng)3.
The Gutzwiller factor is therefore

_ 1 — nNp _ 46
N \/nATnM(l — l’lBT)(l — nBl) N (1 + 8)2 — mz'
(25)

86

D. Results for strongly correlated limit of IHM

In this section we present results for the IHM in the limit
U ~ A >t at half filling. To be specific, we do mean field
decomposition of the renormalized low-energy Hamiltonian
in Eq. (19) giving nonzero expectation values to the following
mean fields: (i) magnetization on the A sublattice (B sublattice),
my (mp); (ii) inter-sublattice Fock shift (x4p); (iii) intra-

(b)

Unprojected:

Z
=
=

Ei:ag
s S
- P s
= 5 32
— — = =] |—
E —|

Projected:

=3
T
g

FIG. 10. (a) Processes involved in the calculation of gs. Similar physical processes with hole at A site in the unprojected basis are considered
in the calculation of gs (but not shown here). (b) Processes involved in the calculation of ge.
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FIG. 11. Density on sublattice A as a function of A for U = 10z.
ED results shown are obtained from [33].

sublattice Fock shifts; (iv) Hartree shifts; and (v) the density
difference between the two sublattices (§). The quadratic
mean field Hamiltonian is solved by appropriate canonical
transformation and mean fields are obtained self-consistently.
Below we first provide a comparison of our approach with the
results obtained from an exact diagonalization (ED) study of
this model for a one-dimensional chain followed up by the
results towards a possible phase diagram of the IHM in the
limit of validity of this approach.

1. Comparison with ED results

Below we first benchmark our approach of hole and doublon
projection, implemented at the level of the renormalized low-
energy Hamiltonian via the Gutzwiller approximation, by
comparing our results for a 1d chain with those obtained from
exact diagonalization by Anusooya-Pati et al. [33]. Since the
formalism we have developed in this paper is valid for the
regime of both U and A being much larger than the hopping
amplitude + we compare our results for the largest value of U
for which results are shown in [33]. Figure 11 shows the density
on sublattice A as a function of A for U = 10¢ for a 1d chain.
The ED result, obtained by digitizing the plot from the work
of Anusooya-Pati et al. [33], is an extrapolation of finite-size
chains in the thermodynamic limit. For smaller values of A
our formalism does not hold and hence the comparison has
been shown for A > 7¢t. The qualitative trend in both the
calculations is the same and as A increases better quantitative
consistency is observed between the two calculations. Note that
there is an overall factor of 2 difference in the ionic potential
term in our Hamiltonian and the one used in Anusooya-Pati
et al. After this checks to validate our formalism, we provide
below the details of the phase diagram of IHM in the limit
under consideration.

2. Phase diagram of IHM for U ~ A >t

The phase diagram of IHM in the limit U ~ A > ¢ has
not been explored in detail so far. There are a few numerical
results available [ 16,33] but a complete understanding has been
lacking mainly because no perturbative calculation has been

1.75 T T T T T 1 T T T T T
15 [PAT —PBT —— PAT —PBT T
Srolp pBL 1 ) [PaL —4—
15| \‘ Al Bl 1 o075k Al I Bl ]
1L 1 @a=17 i
a I 05}
0.75 “ R
05} ‘ “ 1 025t
025t 1
Py A A 0
83 2 -1 0 1 2 -
0.5 1.5
125
1
a0.25 0.75 |
05
0.25 |
0-3 0-3

FIG. 12. Single-particle DOS for U = 20t for a few values of A.
For A < U, the system has spin asymmetry with py4(®) # pq (w).
Also the gap in the DOS is larger for the down-spin channel. As
A increases towards U, both the gaps decrease eventually giving a
metallic phase for A ~ U. As A increases further again the system
becomes an insulator which has spin symmetry.

developed in this limit so far. One of the reasons is that the
formalism for hole projection, which is essential in this limit,
was missing so far in the literature. Below we provide details of
various physical quantities based on the mean field analysis of
our renormalized Hamiltonian for a 1d chain and also discuss
possible phases in higher-dimensional cases.

Single-particle density of states. In this section we dis-
cuss the single-particle density of states (DOS) pyq (@) =
—>Im Goo (k™) /7. Here o represents the sublattice A, B
and o is the spin. In the Gutzwiller approximation, we
must rescale the Green’s function G, (k,w) with the correct
Gutzwiller factor [32] just like we did for hopping, spin
exchange, and trimer terms in the Hamiltonian. Thus the
renormalized Gy, (k,w) = gt,gGga(k,w) where Gga(k,w) is
the Green’s functions calculated in the unprojected ground
state of the Hamiltonian in Eq. (19). The corresponding spectral
function which is the imaginary part of the Green’s function
also satisfies the relation Ay, (k,w) = gmAgU(k,a)) resulting
in the same relation for the single-particle density of states
Puo (). Figure 12 shows the renormalized single-particle DOS
in the projected Hilbert space for the IHM for U = 20t and
a few values of A ~ U. For A < A, the system has spin
asymmetry as seen in the top two panels of Fig. 12. There is a
gap in the DOS for both the up- and the down-spin channels,
with gap in the up-spin channel being smaller than that for the
down-spin channel. Both the gaps reduce with increase in A
as shown in panels (b) and (c) of Fig. 12 eventually becoming
vanishingly small for arange of A valuescloseto A = U where
the system is metallic. On further increasing A, the gap in the
DOS opens up again but now the system is spin symmetric
with both the gaps being equal. Figure 13 shows the behavior
of gap, as a function of A for U = 20¢.

The existence of a metallic phase intervening between the
two insulating phases of the IHM has been a debatable issue
in the literature. Though the solution of DMFT self-consistent
equations in the paramagnetic (PM) sector at half filling at
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FIG. 13. The gap in the single-particle density of states vs A for
U =20.For A < U, gap, > gap; and both decrease with increase
in A eventually becoming zero for A ~ U. As A increases further,
the gap opens up again but the gaps in the up and down channels are
equal in this phase.

zero temperature shows an intervening metallic phase [10], in
the spin-asymmetric sector, the transition from paramagnetic
band insulator (PM BI) to antiferromagnetic (AFM) insulator
preempts the formation of a parametallic phase [12,19]. But
determinantal quantum Monte Carlo results demonstrated the
presence of a metallic phase even in the spin-asymmetric
solution [17,18]. Exact diagonalization for 1d chains [33] has
also shown signatures of the presence of a metallic phase
via calculation of the charge stiffness. In all the cases, where
an intervening metallic phase has been demonstrated, it was
also shown that the width of the metallic phase shrinks with
increase in U and A. A very narrow metallic regime observed
in our approach for the IHM at half filling for U ~ A > ¢ is
completely consistent with these studies.

The renormalized momentum distribution function
Nao (k) = [ dwAgs (k,w) = giond, (k), where nl (k) is the
momentum distribution function in the unprojected Hilbert
space. Thus the quasiparticle weight, which is the jump in
the momentum distribution function at the Fermi momentum,
is Z = g,,. Figure 14 shows g;; vs A for U = 20¢. In the
metallic regime, that is, for A ~ 20z, g;4 = g,, < 1 which
indicates that we actually have a bad metal, with very heavy
quasiparticles, intervening between the two insulators. Note
that in the insulating regime g,, does not carry the meaning
of quasiparticle weight.

Magnetization and staggered density. The staggered mag-
netization m, defined as m = (m4 — mp)/2, calculated within
the renormalized mean field theory is shown in Fig. 15. For a
given U > t, m =0 for A > U but as A approaches U, the
antiferromagnetic order sets in with a jump in m at A.. As
A decreases further, m increases approaching the saturation
value. Note that for very small values of A where m might
tend to unity, our approach does not work.

The staggered density difference § = (n4 — ng)/21is shown
in the green curve in Fig. 15 as a function of A. As expected for
A > U, islarge close toits saturation value and with decrease
in A, § reduces monotonically for A > A.. At A, there occurs

0.55 o T T T T T
{ — .
0.5 gy ]

0.45 | 1
0.4 1
0.35 | ]
03 f ]
025 | 1
0.2 | ]
0.15 ]
0.1t ]
0.05 L=V : : :

19.4 196 198 20 202 204 206

A

91 Gil

FIG. 14. Plot of g,, vs A for U = 20. In the metallic phase g;,
provides the quasiparticle weight.

achange in slope %. Note that within our approach the system
can never attain the saturation valuesm = 1 and § = 0 at which
the Gutzwiller factor for the spin exchange term g, diverges
and the perturbation theory fails.

Possible superconductivity in higher dimensions. Based on
the renormalized Hamiltonian in Eq. (19) one can see that even
at half filling for the overall lattice, there is a finite hopping
between A and B sublattices in the projected space as long
as the density difference § is nonzero. This effectively gives
a doped 7-J model for each sublattice even at half filling.
Further there are finite next nearest neighbor hopping terms
within each sublattice which appear through trimer terms in
the Hamiltonian in Eq. (19). In this renormalized Hamiltonian
there is a possibility that the metallic phase mentioned above
can turn into a d-wave superconducting phase or d + is pairing
superconducting phase in higher-dimensional systems. The
superconducting phase might survive for a larger range of U-A
space compared to the metallic phase with support of trimer
terms. This will be explored in future work.

Niagneti'zation' m ——
Density Difference 1

0.9
0.8
0.7
0.6

04t
03 r
0.2t
0.1}

FIG. 15. Staggered magnetization m and staggered density § vs
A for U = 20t. At A, ~ 19.8t, m drops to zero with a discontinuity.
At the same point a discontinuity is seen in the slope %.
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Possible half-metal phase. Depending upon the dimension-
ality of the problem and the lattice structure, it might be
easier to frustrate the antiferromagnetic order with the help of
trimer terms of Hamiltonian in Eq. (19). The overall strength
of the coefficient of various trimer terms is a nonmonotonic
function of A. In the regime A ~ U where the staggered
density difference is finite, effective next nearest neighbor
hopping obtained from Fock shift decomposition of these terms
might become significant and start competing with the nearest
neighbor hopping term. In this case even at half filling the
effective low-energy Hamiltonian does not have particle-hole
symmetry and m4 # —mg. Rather than having just nonzero
staggered magnetization m = (m4 — mp)/2, there might be a
nonzero uniform magnetization mpg = (m4 + mp)/2 as well
resulting in the ferrimagnetic order for A ~ U. Further due to
different gaps in the single-particle DOS for up- and down-spin
channels, there is a possibility that the half-metallic phase
appears as a precursor to the metallic phase mentioned above.
A similar mechanism for half metal has been seen in the
doped IHM [13] for weak to intermediate strength of U and A
where particle-hole symmetry is broken explicitly by adding
holes into the system while in the extremely correlated limit
presented in this work, trimer terms can break the particle-hole
symmetry spontaneously.

Nonmonotonic behavior of Néel temperature with A. The
renormalized Hamiltonian in Eq. (19) is illuminating enough to
predict the behavior of the Néel temperature for the AFM order
in the IHM in the large U and A regime at half filling. For U >
t but A ~ t, the IHM maps to the modified 7-J model with
an additional ionic potential term and with the spin-exchange
term given by J = 412U /(U? — A?) [16]. Note that in this
limit doublons are projected out from the low-energy Hilbert
space from all sites. In this case the Néel temperature of the
AFM order should obey J and hence increase as A increases.
In fact this was observed in DMFT+CTQMC calculation for
the THM at half filling [16] where it was shown that for U as
high as 16z, up to A little less than U, Ty ~ f/4 [34]. But for
A > U asudden drop in Ty was observed which could not be
explained based on the spin exchange coupling J.

Our current renormalized Hamiltonian sheds light on this
nonmonotonic behavior of Ty since it is valid for the U ~ A
as well as for the A > U regime. In this regime the coefficient
of spin exchange term is J = 2¢2/(U + A) which decreases
with increase in A. Hence for U > ¢, for small values of
A < U, Ty follows J and hence Ty increases with A. As
A increases further Ty starts to follow the new coupling J and
starts decreasing with increase in A.

To summarize, in the strongly correlated limit of the ionic
Hubbard model, the interplay of U and A promises arich phase
diagram, and our formalism of the renormalized Hamiltonian
obtained by Gutzwiller projection of holes on one sublattice
and doublons on another sublattice, further implemented by
the Gutzwiller approximation, is illuminating enough to give
insight into this exotic physics.

IV. STRONGLY CORRELATED BINARY ALLOYS

In this section we will discuss the physics of hole projection
in the context of the strongly correlated limit of binary alloys,

modeled with the Hubbard model in the presence of a binary
disorder. The Hamiltonian for this system is

H=—t chgcja +U annu - Z(M —e)n;, (26)
(i) i i

where ¢; is the random on-site energy drawn from the proba-

bility distribution function

1% 1%
pe(er) = x6<6,~ + 5) +(1 —x)8 <e,~ - 5). Q7

Here, x and 1 — x are the fractions of the lattice sites with
energies —% and %, respectively. We label sites with €(i) =
—V /2 as A sites and sites with €(i) = V /2 as B sites. At half
filling, the above Hamiltonian is particle-hole symmetric only
if the percentages of A and B sites are equal.

Most of the earlier studies have solved this model using
variants of DMFT in the weak to intermediate limit of U/t
[27-30]. Using DMFT+QMC, this model has also been solved
at finite temperature in the limit of sufficiently large U and
V [29]. We are interested in the strongly correlated, strongly
disordered limit of this model, thatis, U ~ V > t. The single-
site energetics is similar to IHM; that is, holes are projected
out from Hilbert space at A sites and doublons are projected
out from Hilbert space at B sites. The difference here is that the
hole-projected sites and doublon-projected sites are randomly
distributed on the lattice in each disorder configuration. This
makes all three types of nearest neighbor bonds possible: AA,
BB, and AB. Also in three-site processes, as we will show later,
there are many more hopping processes possible which do not
occur for IHM. Every disorder configuration has a different
combination of two-site and three-site hopping terms due to
different environment of a site in each configuration.

A. Similarity transformation

The nearest neighbor hopping processes between two sites
can be classified as follows depending upon which sites are
involved in the hopping—A A sites, B B sites, or A B sites—and
whether the hopping process changes the number of doublons
or not:

AA - 0
H, = Ht+A—>A + H, Asat H, A—A?
BB - 0
H~" = Hz+3—>3 + H, BB T H, B—B>® (28)

HfAB = HI+A—>B + HZ+B—>A + Hl‘iA—>B + H:B—>A
+ HIOA—>B + HtOB—>A'
Since an A-type site has doublons allowed in the low-energy
sectors and holes should be projected out while on B-type sites
the reverse happens, one needs to do different similarity trans-

formations on the local Hamiltonian depending on whether the
bond is AA type, BB type, or AB type:

. 1 _
s = E(HI+A—>A —-H7 ).
. 1 _
isPP = E(HtJrB%B —H p p)
29
. GAB 1 + - @
lS = U"F V(Hf A—B _HI B—)A)
1 0 0
+ V(Ht A—B Hz B»A)'
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Note that S44 and S22 are perturbative in #/ U while S has
terms which are perturbative in ¢ /(U + V) ort/V.

If we consider the commutators of the type [S%/,H,
and [S*F,[S*F, H{11, we get terms connecting the low-energy
sector to the high-energy sector which must be removed
through suitable similarity transformation. The terms that do
not interconnect the low-energy sector and the high-energy
sector constitute the effective Hamiltonian. The effective
Hamiltonian itself is a function of disorder configuration. In a
disorder configuration, dimer terms in H¢ depend on whether
bonds are AA, BB, or AB type:

aﬁ]

He = Ho+ H) s+ H 5+ H

| _ |- _
+5[Ht A%A’Ht A»A]"'E[Ht BHB’Ht B—B

l B—A + t A—>B

1 1

— 0

+ U V[H1+A—>B’Ht B—>A]+V[Ht A—B>""t B_’A]
11 1\, 0

\vtVY (A pa + H g HY ]
11 1\, _ - 0

o Ul | R e )

(30)

B. Effective low-energy Hamiltonian in terms
of projected fermions

Now we represent the effective low-energy Hamiltonian of
Eq. (30) in terms of projected fermionic operators on A and
B sites as defined in Egs. (12) and (13). Let us first consider
the O(¢) hopping terms which are confined in the low-energy
Hilbert space and are represented as

A

1,low

zA—»A(l J)= _IZ CianCjiac +H.Cl,

B;,B; =t =
Hl,low HB—>B(I J)=—t Z[C,’BJCJ‘BU +H.c.]. (3l

Here, H? 4 4 involves hopping of a doublon while H,

t B—B
involves hopping of a hole:
A, B;
H o' = Hipo 5. J) + H, B—>A(l i)
=—1Y [¢],,5, + Hel. (32)

O(t?/U) dimer terms. Now we consider O(t>/U) dimer

terms obtained from —[ a—>a’Hl_(x—>ot] terms with o =
H-

A,B. LetusﬁrstlookattheAAterm U[ A T a4l ™

-+ Hf asaH 4, 4 since the first term in the commutator
requlres a hole to start with which lies in the high-energy
sector for A-type sites. The dimer term corresponding to this

commutator is

_ 0«0 . 0«0
dlmer - § : iA XJA

—Xia" X AT+ j o] (33)

This in terms of projected operators can be expressed as

J T L
5 Z[QA&CZTAUCJ‘AUC;A(, - CiA&CjAachac}Aa]
o
2 —niA)2
=J7?h<SiA-SjA—( "A)i

- ”"“)m (34)

with J =41>/U. A factor of 4 =2 x 2 comes from spin
summation and from hoppings from i to j site first or vice
versa. A similar analysis can be extended in the case of B
sites. - [H g H 5 pl ™ —4H g pHtp  p since the
first term in the commutator requires a doublon to start with
which lies in the high-energy sector for B-type sites. The dimer

term corresponding to this commutator is

2
B:.B; t 55
Hjiner = U [Xis” " X;p°°
(ij).o
—XiB”(_6XjB&(_U+j(—)i]. (35)

Again, in terms of projected operators it is

E =t T =t
5 [ctBaclBUCjBtrc]BU - thClBUCjBac]BU]

nign;
= JP, <S;B - Sip - 34,13)% (36)
There are also t>/(U + V) order terms obtained from
hopping of a spin-1/2 from site A to B and back. In Her the
corresponding term for this process is —; +v (HY, g H 5.4l
which, as explained in the section on IHM, can be expressed
as
Ai,B;
Hdlmer = JilSia-Sjp — 2 —njan;p/4] 37

with J, = Note that all the above expressions are defined

) : U+V
in projected Hilbert space.
The dimer term corresponding to [H, . H?, ] in-

volves hopping of a particle or a doublon from one site to
the nearest neighbor site and back to the initial site as shown
in Fig. 5. This process is of order 2/ V and the corresponding
expression is given in Eq. (16).
O(t*/ U) trimer terms. Since on each site there is possibility
of having an A-type site or B-type site, in total there are 8
trimer terms possible arising from various commutators in Heg;.
Trimer terms from the commutator involving only A-type sites
[HtJr - a-H 4, 4] involve hopping of a particle from the
1ntermed1ate site resulting in the formation of a doublon in
the nearest neighbor site and the other doublon unpairs in two
ways: one in the spin-preserving way, the other in the spin-flip
way, as shown in Fig. 16. Eventually we get HA44 (i, j k) as

trimer
t2
_5 [quOXk %dxd<—UXo<70' + HC]

+ Z X<T<—OXJ <—dXd<—¢7 XS)X('T + HC]

I S
= U § :[ciAac,iAach(?ckAU — Cia5CjasCjasCrac] + He.
o
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Ai Aj Ak Ai Aj Ak Ai Aj Ak
H H™,
Ty —2=4 0 ) —2=% g [

- +
Hyyn H g 4

N
H a4
—

H- )
Y =% [N

"
Ty a

LT

Hy g

FIG. 16. Trimer term on AAA sites for correlated binary alloy
model.

12 . )
=7 th[CiTAa(l — j A6 )Ck A

+CjA6chngAﬁckAa + H.c.]P;. (38)

A similar trimer term on BBB sites is obtained from
%[H[Jr s g H p_ gl In the BBB trimer terms, the effective
next nearest neighbor hopping of hole takes place, just as in
AAA terms it is the effective next nearest neighbor hopping of
a doublon which takes place. The corresponding trimer term
can be expressed as

trimer

12 _ _
HBBB — _5 Z [X?BeOX;r;dX;z_’;aX](();a + H.C.]
o
12 _ _
+5 XXX XD + Hel]
o

! = =2z = 1 z 0z
—- _ = = Z 2 _ A z =
=TU E [ciBgch6CjBackBU ciBﬁchgchGckBU]
o

2
¢ Z f -
—5 Pd(CiBgnjB&CkB(r — €iB3€jBsCjB5CkBo
o

+H.c)P,. (39

Then there are ABA- and BA B-type trimer terms, which
are of order t2/ V. Note that similar terms also appeared in IHM
and are represented in Fig. 6 and Fig. 7. Below we summarize
their forms for the case of the binary alloy model:

2
Ai,Bj, Ak t 1
Htrimer =- V Z 7D(ckAc; [njBﬁciAG
o
— Cia5Cl gy Cino )P, (40)

2

Bi,Aj, Bk t +

Htrimer = _V E Plerpo [(1 — niAa)C}Bo'
o

+ g Cins s 1YP. 1)

AAB and BBA trimer terms. Next we consider the remaining
trimer terms, namely, AAB (or BAA) and BBA (or ABB) type
terms. We would like to emphasize that these terms never
appear in strongly correlated limit of IHM presented in earlier
section and are characteristic of random arrangement of A- and
B-type sites in the binary alloy model.

The AAB trimer terms, shown in Fig. 17, arise
2
from  the commutator ~“EV[HF, HO, ]~

A AB A AB AAB
Hi ) HY )

W’T—’ t A—A Tl T t B—A W
Hy g H) 4y g
Hi g g Hlp 4

I — 1) ] — 1l
Hy g H) A

FIG. 17. AAB trimer processes for correlated binary alloy model.

—£H,  HT, , where we have defined the coupling
2
strength for this term K = % This is because the first

term of the commutator requires a hole at the intermediate
A site to begin with which is energetically unfavorable. As
shown in Fig. 17, this consists of the usual spin-preserving
and spin-flip terms. In one case, the spin at the intermediate
site remains the same as the initial state and in the other case
it flips.

A Ar,B

The fermionic representation of H,;,

J .
rimer 15 as follows:

—K Y @) [ X7 OX G XX
o

G0 vy0<«06 yd<d y0<—0o
+XkA XjB XiA XkA ]

_ 4. Atz 4. Atz
=K § :(CiAackAﬁckAEerBU — CiasCkaoCa5CjBs)
o

=K Y Plela, (1 = ntas)eino + €l clasCeascins1P.
(42)

Similarly, the BBA trimer terms appear from the commutator
+ 0 ~ _K 50 + ;
K[H y_ 5. H, B_>A]’ —aH L H] BB The ﬁ?stter'mln
the commutator requires a doublon at the intermediate site B
to start with which is energetically unfavorable. As shown in
Fig. 18, these terms also come in two variants, spin preserving

and spin flip at the intermediate site.

BBl A; .
Below we represent H ;.. ' in terms of X operators and

then in terms of projected operators as
K Y o (X XX X
o

d<0 yo<«dyd<«a& y0<o
+Xia " Xig “Xip " Xjp ]

B B A B B A B B A
Ht HY )

TIT] —=% [Jil] ——=% [
Hy p—p H)4_p
Hip p Hip 4

T — W, — T
Hp_.p H), g

FIG. 18. BBA trimer processes for correlated binary alloy model.
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~t =t =z = ~F =t =z z
-K § (CiasC1p5C1B5CjBo — CiagClpsCiBaC)Bs)
o

=-K ZP(CZTAGHIB(?CJ.BU - CiTAaCzTB&ClBonB&)P
a
43)
The terms from the commutators [H,~,  ,,H, ] and

[H 5 5. H?, ;] are the Hermitian conjugate terms of the
trimer terms in Egs. (42) and (43) and are represented by the

lower arrows in Figs. 17 and 18.

C. Gutzwiller approximation

After finding various terms in the low-energy effective
Hamiltonian for the strongly correlated binary disorder model,
we will now evaluate Gutzwiller factors for various terms in
H. of Eq. (30). The low-energy effective Hamiltonian for
binary alloys consists of certain dimer and trimer terms and
for some of these terms we have already found the Gutzwiller
factors in the section on IHM. However here, unlike in IHM,
the densities on A or B sites are not homogeneous. They are site
dependent and depend on the local environment. Let us first
consider the hopping process of O(¢) between two neighboring
sites. Within the Gutzwiller approximation

A —tZPh [c] 4 Cjao + He]Py

A

1,low

=—tZg (l ])[ClAaCjAa +HC]

Bi.B; ;
Hl,lowj = —t ZPd[C,‘TBaCjBa + H.c.]P,
o

=—1Y_ gBP.j)lc]p,cjzs +Hel,

A;,B;

R ZP[chacha +HelP

=—r2gt B el apcipe +Hel.  (44)

As explained for AB terms in the section on IHM, one can
evaluate these Gutzwiller factors by evaluating probability for
hopping process on corresponding bonds within the projected
and unprojected Hilbert space. By doing an exercise similar to
the one explained in the section on IHM, we obtain

AE /“‘m — D — 1)

N Ao jAc

n;p)(1 —n;p)

BB,: - (1 -
) = , 45
81 (1J) \/(1 —n;3,)(1 —n;ps) )

mjy — DA —njp)
Sin (0:)) = \/ n;4,(1 —m;p,)

Next let us consider the renormalization of O(¢?/U) dimer
terms which are also of three types depending upon the bond
under consideration in a given disorder configuration. Within
the Gutzwiller approximation, couplings in Egs. (34), (36), and
(37) get rescaled with the corresponding Gutzwiller factors to

give
Hfﬁm?r = Jg A(isj)<SiA - Sja— - n”‘{iz - ”J‘A))’
Hipel = Jng(iaJ')<SiB Sz — niB:jB>’ (46)
Hﬁmfr = Jag; B(Lj)(SiA -Sip — W)

The corresponding Gutzwiller factors are obtained, as
explained for an AB term in the section on IHM, to be

1

gl j) = :

VDAt AYD AN g )

1
2B, j) = :
VA —=nig)(I —ni )T —njp)(1 —njpy)
1

g2, j) = : 7

Viania (I —mjp)(1 —njg))

In the calculation of Gutzwiller factors for the trimer terms,
the intermediate step is unimportant; only the initial and final
states are used to calculate the probabilities. The renormalized
form of the AAA trimer term which is written in Eq. (38) is
given below:

A Aj A
lrlmer - E :

+82AA(1 ] k)ctAa jAc CiAGCkAc +HC] (48)

AAAGLj kel o (1= Ajas)eias

The processes in projected and unprojected spaces for the
calculation of g4 are shown in Fig. 19. The probability of
the process in the unprojected basis is (1 —m;a4)n;44(1 —
n;4;)’ngar (1 —ngap) and in the projected basis it is (n;4 —
1)(1 — n,-M)(l — Ile¢)2(l'lkA - 1)(1 - nkAT)- The Gutzwiller
factor then comes out to be

giATAA(i’j’k) _ \/(niA — Dy — 1)' 49)

;A4 DAt

In Fig. 19(b), the processes in unprojected and projected
spaces required for the calculation of g, are shown for
which the total probability in the unprojected basis is (1 —
04 )04 (1 =000 (1 —map)njag (1 —mja)m4, and
in the projected basis is (1 —m;4y)(1 —mjap) s — D(1 —
n;44)(1 —mj4 )04 — 1). The Gutzwiller factor then comes
out to be

: (mga — D(mip — 1)
g, j k) = \/ - A (50)
NjarA MpAc D AG

Similarly, the B B B trimer terms of Eq. (39) can be obtained
by replacing n4, with (1 —np,) and (n4 — 1) with (1 — np)
in the above two equations.

Now we consider the trimer terms of AB A and BA B types
for which we also calculated the Gutzwiller factors in the
section on IHM. The renormalized form of these terms under
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FIG. 19. (a) Processes involved in the calculation of g;, and g,, which are renormalization Gutzwiller factors for AAA trimer terms.

the Gutzwiller approximation is

HAE = S ] [ om i
.
— 8320 jK)cinsclpyino . (51)
Hna™? = —é 3 o[BG DA = nias)chy,
.
+ g8 (e g ciasch s ] (52)

Now we will calculate Gutzwiller factors for these trimer
terms shown in Fig. 6 and Fig. 7. Figure 6(a) shows hopping
of an 1 electron from an A site to its next nearest neighbor A
sites with a spin |, on the intermediate B site being preserved.
In the unprojected basis, the probability for this process to
happen is niATnfB¢(1 —map)(1 — mi41)mga4. Itis to be noted
that processes with either a down-type particle or a doublon at
the intermediate B site have been considered in the unprojected
space. Likewise, the probability for the process to happen in
the projected basis is (m;j4 — 1)(1 — nkM)néi(nkA - D -
n; 44). Therefore, the Gutzwiller factor for this process is

gftTBA(l-’j’k) _ \/(niA — D(mgs — 1)‘ (53)

n; A4 My A4

Figure 6(b) depicts hopping processes on the A sublat-
tice in which spin on the intermediate B site gets flipped.
The probability in the unprojected basis for this process
to occur is niALnjBT(l — njB\L)(l — nkAT)(l — n,-Al)njm(l —
n;p4)n 44, Whereas that in the projected basis is (mj4 —
1)11]‘B¢(1 — nkAT)(l — n,-Ai)njgi(nkA — 1) I'CSllltiIlg in the
Gutzwiller factor

A — D(ngs — 1
S4B,/ ) = Qo = W~ D (s
0 A5 Mg as (1 —mjpy)(1 —mjp))

Similarly, we can obtain the Gutzwiller factors gEA2(i, j,I)
and g248(i, j,1) from the above two equations by replacing

nu, with (1 — ngy) and (ny — 1) with (1 — np).

Now we will focus on the Gutzwiller factors of the new
trimer terms which arise out of the AAB and BBA processes. The
renormalized AAB and BBA trimer terms can be expressed
as

A;, Ay, B;j . .
Htrimerk =K Z [gf‘aAB(l»ks.])Cqu(l - nkA&)CjBa
o

+nggAB(iakvj)C,‘IA(;C]JLA(}CkAaCjB(r]a
B;,B;,A; BBA,: 7 :
Htri;ner’ =-K Z [gla (J’l’l)cz]'LAanlBﬁchU
o
— BB Ly elpscipacins ] (59)

The AAB and BBA spin-preserving hoppings as depicted in
Figs. 20(a) and 21(a) are effective next nearest neighbor hop-
ping processes, the Gutzwiller factors for which are like nearest
neighbor AB hopping. If we look at Fig. 20(a) for the processes
involved in the calculation of the Gutzwiller factor gf‘TAB ,
we see that the probability of the process in the unprojected
basis is (1 — m;a4)n; 44 (1 — nkA¢)2(1 —n;p4)n;p4 and in the
projected basis it is (1 — m;44)(mi4 — 1)(1 — nkAi)znjBT(l -
n;p) resulting in the Gutzwiller factor

giB ik, ) = \/ (ia = DA =Mip) (56,

n; 44 (1 —m;py)

It is to be remembered that in the unprojected basis, processes
with either an up-spin electron or a hole at the intermediate A
site have been considered. In Fig. 21(a), processes involved in

the calculation of g}? have been depicted. The probability of

the process in the unprojected basis is (1 — n; 44)n; AT“%B L(l —
n;gy)n;py and in the projected basis is (1 —mjap)(Mi4 —
Dnjy (1 —n;p)n;py. Then, the Gutzwiller factor is

gEPA L) = \/ e N

n;41(1 —njpy)

which is the same as g{{** (i, /).

The Gutzwiller factors for spin-flip terms depicted in
Figs. 20(b) and 21(b) can be found out similarly. For
83{*%(i,k, j), the probability in the unprojected space is
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FIG. 20. (a) Processes involved in the calculation of g2, Similar AAB physical processes with hole at intermediate A site in the unprojected

basis are considered in the calculation. (b) Processes involved in calculation of g3

(T =mia0)m a4 (1T = g ap)(1 — g g apmpqymp (1 —
n;p,) and in the projected space is (1 —mjap)(miq — 1)(1 —
)1 —map)njp (1 —n;p) resulting in the Gutzwiller

factor
S (mja — DA —njp)
8Pk, j) = B (58)
N arga Mg (1 —mjp))
For ngBA( j.1,i), the probability in the unprojected space is

(I = map)m 4y (1 —mype)(1 —mypy)n;p (1 —m;p))
and that in the projected space is (I —mjap)(Mig —
Dnyprmyp ;g (1 — n;p) leading to the Gutzwiller factor

- (mia— (1 —np)
BBA(i | i) = ’ ’
g (110 \/(1 —mp)(L —mpmiag (1 —njp))

(59)

D. Insights into correlated binary alloy from the
renormalized Hamiltonian

The renormalized Hamiltonian derived above brings deep
insight towards the possible phase diagram of the strongly

(a)

Unprojected:

=
@
Z

p— =
2 2 Pw
H'w.
(:)—)—),
—| [« [«

— 1L L
Projected:
Ai Bl Bj Ai Bl Bj

]
o
I

i T

AAB

correlated binary alloy. Let us first focus at the projected hop-
ping terms given in Eq. (44) and the corresponding Gutzwiller
factors in Eq. (45). At half filling for U > ¢, if the disorder is
weak, the system will be an antiferromagnetic Mott insulator
because the hopping term is completely projected out. As
disorder increases and becomes comparable to U, the local
particle density does not remain close to one on all the sites
and the Gutzwiller factors gf‘f for various hopping processes
become finite resulting in finite kinetic energy of the electrons.
Also the Mott gap reduces with increase in V. This indicates the
possibility of a metallic phase in the system for V ~ U. This
is consistent with what has been shown within DMFT + co-
herent potential approximation [35]. In the metallic phase, the
quasiparticle weight will be given by the most probable value
of the Gutzwiller factors for hopping terms [in Eq. (45)]. Since
V ~ U, the local electron densities will not deviate much from
unity. Hence the Gutzwiller factors gf‘f are very small resulting
in very small quasiparticle weight in the metallic phase.

Let us now turn our attention to the spin exchange terms
in the low-energy Hamiltonian. For the parameter regime

(b)

Unprojected:
Ai Bl Bj Ai Bl Bj

=kf=
l

LT — YT
Projected:
Ai Bl Bj Ai Bl Bj

.

FIG. 21. (a) Processes involved in the calculation of g854. Similar BBA physical processes with doublon at intermediate B site in the
unprojected basis are considered in the calculation. (b) Processes involved in calculation of gZ84,

20
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V ~ U >t, since the effective hopping in the projected
Hilbert space becomes finite, and the electron density on each
site is not one, spin exchange terms might give rise to disor-
dered superconductivity with either d-wave pairing or d + is
pairing. Due to the presence of large binary disorder, we might
get a disordered superconducting phase coexisting with an
incommensurate/discommensurate charge density wave which
is atopic of great interest in context of high-7, superconductors
[36].

V. CONCLUSION

In this work, we have extended the idea of Gutzwiller
projection for excluding holes from the low-energy Hilbert
space, which so far has been developed only for exclusion of
doublons, e.g., in context of the hole-doped 7-J model. We
have discussed variants of the Hubbard model with on-site
potentials because of which, in the limit of strong correlations
and comparable potential terms, on some sites doublons are
projected out from low-energy Hilbert space while from
some other sites holes are projected out from the low-energy
Hilbert space. In order to understand the physics of these
systems, it becomes essential to understand how to carry out
Gutzwiller projection for holes. We defined new fermionic
operators in the case of hole-projected Hilbert space and
derived effective low-energy Hamiltonian for these models by
carrying out systematic similarity transformation. We further
carried out rescaling of couplings in the effective Hamiltonian
using the Gutzwiller approximation to implement the effect
of site-dependent projection of holes and doublons. To be
specific, we provided details of the similarity transformation
and Gutzwiller approximation for the IHM and Hubbard model
with binary disorder.

The effective low-energy Hamiltonian derived in both the
cases shines light on the possibility of exotic phases. In the
half-filled IHM, our renormalized Hamiltonian predicts a half-
metal phase followed up by a metal with increase in A for
U ~ A and a superconducting phase for higher-dimensional
(d > 2) systems. Our effective Hamiltonian also explains the
nonmonotonic behavior of the Néel temperature as a function
of A in the AFM phase of the IHM realized for U > ¢. In
the correlated binary alloy model, for both disorder and e-e
interactions being much larger than the hopping amplitude
(V ~ U > t), there is a possible metallic phase which might
turn into a very narrow disordered superconducting phase
coexisting with a discommensurate charge density wave in
two- or higher-dimensional systems with the help of effective
next nearest neighbor hopping. The nature of Gutzwiller

factors indicates that the metallic phase intervening between
the two insulating phases in the IHM or the correlated binary
alloy model will be a bad metal with very high effective mass
of the quasiparticles.

Although we have considered so far the case of the strongly
correlated Hubbard model in the presence of large binary
disorder, the formalism can be easily used even in the case of
fully random disorder V (i) € [V, V]. The strongly correlated
Hubbard model in the presence of fully random disorder has
been mostly studied in the limit of weak disorder mainly
in context of high-7, cuprates [32,37]. The case of strong
disorder has been studied in order to understand the effect
of impurities like Zn in high-7,. cuprates [38] but that too
keeping V < U so that the constraint of no double occupancy
remains intact. But for the limit of strong correlation as well
as strong disorder such that U ~ V > t the formalism of hole
projection is essential and has not been studied before. For
V(i) <0 and |V(i)| > V., where V. > ¢, holes will not be
allowed in the low-energy Hilbert space. But due to the limit
of strong correlations for the hole-doped case, doublons will
not be energetically allowed at other sites of the system which
have either V(i) > Oor V(i) < Obut |V (i)| < V.. Hence, even
in the case of fully random disorder there will be effectively two
type of sites A where holes are projected out from low-energy
Hilbert space and B-type sites where doublons are projected
out from low-energy Hilbert space, and one can easily use
the formalism we have provided for strongly correlated binary
alloys. Another situation where this physics is of relevance
is a strongly correlated Hubbard model with large attractive
impurities randomly distributed over the lattice with V(i) =
—V at the impurity sites and V(i) = 0 at other sites of the
lattice. For V.~ U > t, atthe impurity sites energetics will not
allow holes in the low-energy Hilbert space while at all other
sites of the lattice for which V(i) = 0 large U will not allow
for doublons in the low-energy sector for the hole-doped case.
Again in this situation one can use the formalism developed
here for the case of strongly correlated binary alloys.

To conclude, in this work we have provided an essential tool
which has been missing so far in the field of strongly correlated
electron systems, that is, the Gutzwiller projection for holes
allowing for doublons which happens in many correlated
systems in various possible scenarios explained above. We
have described its implementation at the level of the Gutzwiller
approximation. We would like to mention that so far we have
evaluated Gutzwiller factors under the simplest assumption of
spin-resolved densities being the same in the projected and
unprojected state. In future work we would like to extend this
work to find Gutzwiller factors in more general scenarios.
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