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Chain
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We investigate the ground-state (GS) phase diagram of the one-dimensional tight-binding Hubbard
model of spin 1/2 free fermions, with spin-dependent nearest-neighbor (7, #¢;) and next-nearest-

neighbor (t% # ti) hopping in the presence of a staggered ionic potential A , for various values of the
mass-imbalance parameter 77 = t; / ti =t,/t, (0<n<1), as a function of the frustration ratio
¢ =t /t, and the Hubbard repulsion U . Phase diagram is constructed in the case of half-filled band
and zero net magnetization, where the average density of particles per site < pT> = < pl> =1/2.

Connection between the peculiarities of the GS phase diagram of the interacting system and the
topological Lifshitz transition, with increasing £, in the GS of free particle chain is discussed. The

mean-field Hamiltonian is characterized by two order parameters, A, and A, which are determined

self-consistently. It is shown that the GS phase diagram consists of four distinct phases: band-
insulator (BI), correlated-insulator (CI), metal and half-metal. In the latter, the system shows gapped
insulating behavior for one spin component and gapless metallic — for the other. © 2023 Bull. Georg.
Natl. Acad. Sci.

ultra cold atoms, optical lattices, spin-dependent hopping

The ability to control and manipulate electron spins with an efficiency comparable to that of present-day
(charge) electronics is one of the major goals of modern spintronics [1]. Electrical current can be completely
spin polarized in a class of materials known as half-metals, as a result of the coexistence of metallic nature
for electrons with one spin orientation and insulating for electrons with the other [2]. Thus the study of
electronic models opening the possibility for realization in the ground state of phases characterized by the
presence of spin-selective metallic properties is of major importance.

Atomic gases stored in artificially engineered optical lattices constitute structures beyond those
currently achievable in actual materials and, thanks to the easy manipulation of parameters, serve as a
playground for the simulation of condensed-matter systems with unconventional properties [3]. Clean and

precisely controlled environment of ultracold atoms in optical lattices allows a direct simulation of an

© 2023 Bull. Georg. Natl. Acad. Sci.
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inaccessible in real materials physical reality onto such models. Moreover, the possibility of manipulating
the interaction strength using the Feshbach resonance [4] enables the observation of many-body phenomena
from weak to strong coupling. Optical lattices can be generated in various geometries, including bipartite
lattices with different potential minima on the two sublattices [S5]. Another advantage of the cold atoms
trapped in optical lattices is the possibility to use two atom species with different masses [6], which has
opened wide possibilities in experimental realization of low-dimensional correlated fermion models with
spin-dependent hopping. Theoretical predictions of various unconventional superfluid or superconducting
[7], insulating [8], and magnetic [9] phases in bosonic and fermionic Hubbard models with spin-dependent
hopping have further stimulated the interest in studies of correlated fermion models with the spin-

asymmetric hopping [10-15].

The Model

In this paper we consider the ground state phase diagram of the tight-binding fermions on a bipartite lattice

(sub-lattices A and B) described by the following Hamiltonian

A
H=) (-t cq+iich c,no+He) +EZ(—1)" Pro+UD. PP (1)

Here we have used standard notation, namely c,  (c, ) for fermion creation (annihilation) operators and

n,c
Lo = cz,ccnﬂg for the particle density at site » with spin projection . The mass imbalance between
fermions is included in the spin-dependent nearest-neighbor (7, >0) and next-nearest-neighbor (¢, > 0)

hopping amplitude respectively, A >0 is the amplitude of the staggered ionic potential and U is the
Hubbard interaction strength. Below we assume that the frustration ratio £ =¢ /¢_ is spin independent and

the mass-imbalance parameter is 7 = t% / ti =1, /t,. Below we restrict our consideration to the case of half-
filled band and zero net magnetization <N¢> = (N ¢> =N/2.
At 77 =1 the model (1) reduces to the Hamiltonian of the #—¢" THM, in the case of half-filled band the

prototype model to study the insulator-metal transitions with increasing ¢ in 1D (see [14] and references
therein). At ¢/ = A =0 the Hamiltonian (1) reduces to the Hamiltonian of the spin-asymmetric Hubbard
model [16], which was introduced to interpolate between the standard Hubbard model (¢, =¢,) and the

Falicov-Kimball model (z, =¢, ¢, =0) [17], and has been intensively studied during the decades. Away

from half-filling, the spin-up and spin-down particles are segregated in the ground state of the spin-
asymmetric Hubbard model for large enough repulsion [11], while at half-filling the system is an insulator

with long-range antiferromagnetic order [12].

The Mean-Field Hamiltonian

Since the translational symmetry of the system is explicitly broken by the A term, it is convenient to
introduce a unit cell with two sites and operators
=b

Comots = s> Comos =Upgr m=12,..., N/2 2)

and define the mean-field state as GS of the following single-particle Hamiltonian

T ' A0‘ a
H = Z {[_tcalyn,o'(bm,c + bmfl,c) + to‘ (a:z,o'amﬂ,c + bi:,cbmﬂ,c) + HC:' _7(pm,ﬁ - pbm,o')}’ (3)
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t.a,,and p) =b! b  arespinc fermion density operators on odd (“a”) and even index

m,G'm,c m,c-m,c

where p;  =a
(“b”) sites respectively and A, and A, are variational parameters which minimize the GS energy for the

fixed particle filling.

The Hamiltonian (3) can be easily diagonalized in the momentum space. Taking the Fourier transform
1 ik(m—1/2) 1 ik
amc = = a Gel " s bmc =T b'cel m‘ (4)
IR W

We rewrite the Hamiltonian in the following form

A '
H = Z {_2% cos%(a,fcbkc + b,jaakc) +2t! cos k(azoakc + b,jsb,m) + 76(920‘11“; - bz,cbko )}. (5)
k,a
Employing the Bogoliubov rotation
ako‘ = Cos (pkcakc + Sin (kaBkc H bko' == Sin (pkcakc +cos (Pkcho' ’
and choosing tan2¢, =4t cos(k/2)/A, we obtain
H =3 | E; (k)af oy, + E; (BB, | (6)
k,c
where
E:(k)=2t. coski\/4t§ cos’(k/2)+ A% /4, (7)

and n<k<m

In GS of the half-filled system, N /2 lowest energy states are filled and the rest N /2 are empty. For
t. =0, E (k) and E_(k) do not overlap and are separated with a direct gap equal to A_;all "a" — states
are occupied whereas all "B" - states are empty; the system is in the insulating state. However at
t>1° =05t J1+(A, /4t)° +|AG| /8 bands overlap, all the states with energy below the Fermi energy
Ey =—t> /2t are occupied, the system becomes metal with gapless excitation spectrum. One can reverse
the problem and determine the value of critical ionicity parameter

0, ) <0,5¢t,
Af = )
At —t /tl, t) >0,5¢,

®)

corresponding to the metal-insulator transition point for the given 7, and ¢/ parameters, respectively. For

|AU| > A; the system is in the insulating phase, while for |AG| <A in the gapless metallic phase. The

energy per site in half-filled GS:

EC =2(tia(kpc,1<c)—t; sin kFG], )
Tl K,
where (k... ) is difference between two incomplete elliptic integrals of the second kind:
E(kFU’K"):E(TC_ZkFG’KGJ_E(k;G’Ko)’ (10)

with the modulus 1, =1/y/1+(A, /4,) (0<x, <l) and Kk, =0 for |A[>AS and

ki, = arcsin(,[(Afj)2 Al /42;) for |AG| <AL
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Self-Consistency Equations

We close this subsection by evaluating the GS charge distribution and the energy density. The on-site charge
density is defined as:

1 "
where Sp_ is a charge imbalance between odd and even sublattices, induced by the ionic A term.
In half-filled GS (a,0,,)=1 for |k|>k, and (BB, )=1 for [k|>m—k,. This gives

op, = Ak, F(ky ,x,)/4nt , where F(k; ,Kk,) is difference between two incomplete elliptic integrals

of the first kind 7 (k,. ,x,) = F(n_zk“‘ ,KGJ—F(k;(’ ,KG] :

Respectively, more common order parameters, characterizing the charge (CDW) and the spin (SDW)
density distributions in GS are:

Spc = chp" - Zc

The energy expectation value (per site) of the Hamiltonian (1) with respect to GS of (3) is

A
Emf(AmAﬂ:Z{ .

The variational parameters A, and A are determined from the GS energy minimization requirements.

A x F (k. ,x, A
G 04(1 ) o Y ovp, =Y oleke reika)
TC (o2 (e}

4t

(e} (e}

2_A5p0+E§}+U[%+6pT6pl}. (12)

From the extrema of the mean-field GS energy, we obtain the self-consistency (SC) equations:
A, =A-2U8p . (13)

We numerically solved the SC equations (13) to determine the various phases and phase transitions of

the model. In the case where solution is not unique, we compare the energies to find out which solution
corresponds to the minimum. We fix ¢, =1 and consider the case where all four hopping parameters in

units of ¢, are #, =nt,, © =Ct,, t; =nCt,. Under these conditions, the critical staggered potentials are
related as A} =mAZL. Solutions of the SC equations which corresponds to the minimum of GS energy
cluster in following three groups: for both spin projections |AG| > A, — insulating phase and |AG| <A —
metallic state; and yet the third where only one |A,,| is below the critical value and the system is in half-

metallic state (see Fig. 1). Due to the explicitly broken translational symmetry, for arbitrary 0 <mn <1 all

phases are characterized by the coexisting patterns of the alternating charge and spin density modulations
(see Fig. 2). At weak repulsion the GS is realized with A| > A, >0 while at large U with A| >-A, >0.

Thus with increasing U the system experiences transition from a band-insulating phase with dominating

CDW order into the correlated-insulating phase with dominating SDW order.
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Fig. 1. The variational parameters A, (blue) and A, (red) as a functions of the Hubbard repul-sion U for

A=1,m=0.5 and various values of the asymmetry parameter (£=10.6,0.7,0.8,0.9). Phase transition points are

indicated by vertical dashed lines. Horizontal blue and red lines correspond to critical values of the parameter A}

(blue) and A{ (red). The ground state phases are colored in the following way: band-insulator (blue), correlated (Mott)

insulator (violet), metal (green) and half-metal (yellow).
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Fig. 2. The charge and spin order parameters as functions of the Hubbard repulsion U for A =1, =0.5 and various

values of the asymmetry parameter ( =0.6,0.7,0.8,0.9). Phase transition points are indicated by vertical dashed lines.

The ground state phases are colored in the following way: band-insulator (blue), correlated (Mott) insulator (violet),

metal (green) and half-metal (yellow).
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Fig. 3. The ground state phase diagram of the model (1) as a function of the Hubbard repulsion U and frustration
parameter C for A=1 and various values of the asymmetry parameter (£=0.9,0.7,0.5,0.1). The phases are colored

in the following way: band-insulator (blue), correlated (Mott) insulator (violet), metal (green) and half-metal (yellow).

Phase Diagram

Our findings are summarized in Fig. 3. Due to the explicitly broken translation symmetry by the A term

and mass imbalance, all GS phases are characterized by coexisting long-range-ordered CDW and SDW
patterns. At { < 0.5 only the insulating phases are realized: with increasing Hubbard repulsion the

transition from the BI phase with dominating CDW order at U <U_ into the correlated insulator phase
U > U, takes place. The critical value of the Hubbard repulsion depends on mass-imbalance parameter m

and decreases with enhancement of the latter. At £ > 0.5 the phase diagram is richer. With increasing ¢,

both insulating phases are unstable towards transition into the half-metal phase, and with further increase
of the frustration ratio, the half-metal phase experience transition in the metal phase. All transitions are of
the first order.
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