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We study the phase diagram of the ionic Hubbard model (IHM) at half filling on a Bethe lattice of infinite
connectivity using dynamical mean-field theory (DMFT), with two impurity solvers, namely, iterated perturbation
theory (IPT) and continuous time quantum Monte Carlo (CTQMC). The physics of the IHM is governed by the
competition between the staggered ionic potential A and the on-site Hubbard U. We find that for a finite A
and at zero temperature, long-range antiferromagnetic (AFM) order sets in beyond a threshold U = U,r via
a first-order phase transition. For U smaller than U,r the system is a correlated band insulator. Both methods
show a clear evidence for a quantum transition to a half-metal (HM) phase just after the AFM order is turned
on, followed by the formation of an AFM insulator on further increasing U. We show that the results obtained
within both methods have good qualitative and quantitative consistency in the intermediate-to-strong-coupling
regime at zero temperature as well as at finite temperature. On increasing the temperature, the AFM order is lost
via a first-order phase transition at a transition temperature 74 (U, A) [or, equivalently, on decreasing U below
Uar(T,A)], within both methods, for weak to intermediate values of U/¢. In the strongly correlated regime,
where the effective low-energy Hamiltonian is the Heisenberg model, IPT is unable to capture the thermal (Neel)
transition from the AFM phase to the paramagnetic phase, but the CTQMC does. At a finite temperature 7',
DMFT + CTQMC shows a second phase transition (not seen within DMFT + IPT) on increasing U beyond
Uar. At Uy > Uup, when the Neel temperature T for the effective Heisenberg model becomes lower than 7',
the AFM order is lost via a second-order transition. For U > A, Ty ~ t2/U(1 — x?), where x = 2A /U and
thus Ty increases with increase in A /U. In the three-dimensional parameter space of (U/t, T/t, and A/t), as
T increases, the surface of first-order transition at U, (T, A) and that of the second-order transition at Uy (T, A)
approach each other, shrinking the range over which the AFM order is stable. There is a line of tricritical points
that separates the surfaces of first- and second-order phase transitions.
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I. INTRODUCTION

The Hubbard model is a paradigm for studying electron
correlation effects in metallic systems in condensed-matter
physics. It has played an important role in understanding how
electron-electron interactions can give rise to many interesting
phases, including insulating, magnetic, and superconducting
phases. It is worthwhile to explore whether there are interesting
correlation effects in systems that would be band insulators
in the absence of electron-electron interactions. Perhaps the
simplest model in which one can carry out this exploration is an
extension of the Hubbard model, known as the ionic Hubbard
model (IHM), with a staggered on-site “ionic” potential A
added in. In the recent past the IHM has been studied in
various dimensions by a variety of numerical and analytical
tools [1-13]. In one dimension [1-3] 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 by many groups using
the dynamical mean-field theory (DMFT) [4,5,9,10,12,13],
determinantal quantum Monte Carlo [6,7], cluster DMFT [8],
and coherent potential approximation [11]. The solution of
the DMFT self-consistent equations in the paramagnetic (PM)
sector at half filling at zero temperature shows an intervening
correlation-induced metallic phase [5-7,9,11] for intermediate
values of the interaction U. When one allows for spontaneous
spin symmetry breaking the transition from PM band insulator
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(PM BI) to AFM insulator generally preempts the formation
of the parametallic phase [8,10], except, as shown in a recent
paper coauthored by two of us [12] using DMFT with iterated
perturbation theory (IPT) as the impurity solver, for a sliver of
a half-metal (HM) AFM phase. Upon doping one gets a broad
ferrimagnetic HM phase [12] sandwiched between a weakly
correlated PM metal for small U and a strongly correlated
metal for large U.

In this paper, we provide a detailed discussion of the
properties of the half-filled IHM on the Bethe lattice of infinite
connectivity solved using DMFT, not only at T = 0, especially
the HM AFM phase, but also at the finite temperature at a
level much more extensive than explored before [13]. The
DMFT equations are solved allowing the possibility of an
antiferromagnetic (AFM) order. We show that at any finite 7',
the system shows two phase transitions as the Hubbard U is
tuned for a fixed value of the ionic potential A. As U increases,
first the AFM order turns on via a first-order phase transition
at U, r followed up by a continuous transition at Uy > Uy p at
which the staggered magnetization drops to zero continuously.
As T increases, U increases while Uy decreases, due to
enhanced thermal fluctuations, such that the range in U over
which the long-range AFM order survives shrinks. At a certain
T;¢p, we have a tricritical point that separates the lines of the
first- and second-order phase transitions (for fixed A). In the
three-dimensional (3D) parameter space of U — A — T, there
is a line of tricritical points separating surfaces of first- and
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second-order transitions. We believe that these features of the
phase diagram of the IHM have not been pointed out earlier.

Our results come from a detailed study of the IHM model
using DMFT with two different impurity solvers, namely,
the IPT and the continuous time quantum Monte Carlo
(CTQMC, implemented using the TRIQS package [14]), which
also allows us to explore which is the interaction regime
where IPT, an approximate semianalytic impurity solver,
works well. We show that the zero-temperature phase diagram
obtained within DMFT + IPT matches well (see Fig. 2), both
qualitatively and semiquantitatively, with that obtained from
the DMFT + CTQMC (working at very low temperatures). In
both methods we find that at zero temperature, and for a finite
A, the long-range AFM order sets in beyond a threshold value
of U, which we denote Uy, via a first-order phase transition.
For U smaller than U4 the system is a correlated BI in which
the gap in the single-particle density of states (DOS) reduces
as U is increased. Both U,r and the jump in the staggered
magnetization at the transition point increase with A. Both
methods show clear evidence of the formation of a HM phase
just after the AFM order sets in, followed by the formation of an
AFM insulator (AFM I) on further increasing U. Note that the
HM AFM phase is missed out completely in the Hartree-Fock
theory.

For weak to intermediate (U ~ 6¢ and thus moderately
strong) couplings, where the interesting metallic and HM
phases are realized in this model within DMFT + IPT, there is
a good quantitative consistency between the CTQMC and IPT
results. However, in the limit of extremely strong coupling,
where energetically it is favorable to project out the double
occupancies and the IHM maps onto the effective Heisenberg
model at half filling, one starts seeing deviation between the
CTQMC and IPT results. While DMFT + CTQMC correctly
captures the physics of the effective Heisenberg model (as
was also shown in [13]), perhaps not surprisingly, IPT fails to
do so. At any finite temperature, CTQMC shows two phase
transitions as the Hubbard U is tuned. First, with increasing
U, the long-range AFM order sets in via a first-order jump
in the staggered magnetization m at Usr(T). On increasing
U further, m; first increases, reaches a maximum, and then
starts decreasing with U, finally going to zero via a continuous
transition at U = Uy (T). This transition happens when T just
crosses Ty, where Ty is the Neel temperature of the effective
Heisenberg model obtained at U = Uy.

Within DMFT + IPT, at any finite 7, only the first phase
transition is seen as the Hubbard U is tuned. Within IPT also
the AFM order sets in with a first-order jump at U 4 . However,
as U increases further, the AFM order saturates to unity and
never goes to zero again. Thus, the second phase transition
from the AFM I to PM phase at large U is not captured by IPT.

Consistent with this, the thermal phase transition for the
half-filled IHM is correctly captured within IPT only for weak
to intermediate U, but is correctly described by the CTQMC
for strong correlations as well. For all values of U > Uyp,
the thermal transitions to the PM phase shown by IPT are
always first order. On the other hand, CTQMC shows a first-
order transition only for small values of U/t. For U > 2A,
the staggered magnetization falls to zero across a continuous
transition with increase in 7. From weak to moderately strong
values of U/t, the transition temperature increases with U/t
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in both methods. However, for U > 2A, while the transition
temperature keeps increasing with U within IPT, it goes as
12U /(U? — 4A?) within CTQMC, following the physics of
the Heisenberg model as it should.

The rest of this paper is organized as follows. In Sec. I we
present the details of the model and the calculational methods
used. Section II describes in detail the 7" = 0 phase diagram
of IHM at half filling within IPT and CTQMC. Here we see a
good qualitative and quantitative consistency between the two
methods for a large range of parameters. Section III has details
of the finite 7 phase diagram within IPT and its comparison
to that obtained using CTQMC. We focus specifically on
the regime of extreme correlations, where CTQMC works
well but IPT does not. We end this paper with conclusions
and discussions. In Appendixes A and C we present detailed
discussions on the nature of the phase transition at 7 = 0 while
Appendix B shows a comparison of results within the DMFT
and the Hartree-Fock (HF) theory.

II. MODEL AND METHODS

The model we consider has tight-binding electrons on
a bipartite lattice (sublattices A and B) described by the
Hamiltonian

H=—t Y [chcio+Hel+AY ni—AY n

icA,jeB,o i€eA ieB
+U2niTni¢_MZni- (D
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 chosen to be u = U/2,
so that the average occupancy per siteis ((n4) + (ng))/2 =1,
corresponding to “half filling.”

A. Dynamical mean-field theory

Here we study this model using the DMFT approach. The
DMFT approximation is exact in the limit of large dimen-
sionality [15,16] and has been demonstrated to be successful
in understanding the metal-insulator transition [15,16] in the
usual Hubbard model, which is the A = 0 limit of Eq. (1). We
focus in this paper on the AFM sector of Eq. (1), for which it
is convenient to introduce the matrix Green’s function,

Ao . CAd(k’iwn) —€k -

Caplicion) = < —a ;Bg<k,iwn)> @
where «, 8 are sublattice (A, B) indices, o is the spin index, k
belongs to the first Brillouin zone (BZ) of one sublattice, i w,, =
(2n 4+ DnT, and T is the temperature. The kinetic energy is
described by the dispersion €k, and {ap)y = iwy F A + 1 —
> Ay (fwy,). Within the DMFT approach the self-energy is
approximated as purely local [15]. Thus, the diagonal self-
energies X, (iw,) are k independent and the off-diagonal self-
energies vanish (since the latter would couple the A and B
sublattices).

The DMFT approach includes local quantum fluctuations
by mapping [15,16] the lattice problem onto a single-site
or “impurity” with local interaction U hybridizing with a
self-consistently determined bath as follows. (i) We start with
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a guess for Y., (w"), my, and én and compute the local
Gooliwy) = Yy GS,(K,iw,) rewritten as

po(€)
é-AU(iwn)gBa(iwn) — 62 ’

where, for « = A(B), @ = B(A), and py(¢) is the bare DOS
for the lattice considered (see below). We actually need to
solve the problem for only one sublattice and use the relations
GAU(iwn) = _GBG(_iwn)and Yac(w,) =U — Xps(—iwy,)
valid at half filling. (ii)) We next determine the “host Green’s
function” [15,16] Gy, from the Dyson equation Q'(;xlg (lw,) =
G;; (iwp) + Zyo(iw,). (ii1) We solve the impurity problem to
obtain Xy, ((w,) = Ty [Gows (w,)]. (iv) We iterate steps (i),
(i), and (iii) until a self-consistent solution is obtained.

G (i0n) = Cao (i) / " de 3)

B. IPT as impurity solver

We use as our “impurity solver” in step (iii) a generalization
of the IPT [15,17] scheme, which has the merit of giving
semianalytical results directly in the real frequency (0™ =
+i0%) domain. The IPT ansatz T!/7(w%)=SHF +
Ago Effg(w*) is constructed to be (a) exact for U/t < 1, (b)
exactfort/U = 0, and (c) exact in the large w limit forall U /¢,
which imposes various exact sum rules. Here S2F = Un,; is
the HF self-energy with

1 0
Ngo = ——/ dolm Gyu(w™) @
v —0oQ
and
3 o0
Tt =U]] / d€; [fao (€1)Pas(—€2)Pac(€3)]
ji=1Y >

» [fleDf(—€) f(e3) + f(—fl)f(éz)f(—és)].

wt —€+6 —€3

&)
This has the form of the second-order self-energy with
Pus(€) = —Im[Gous (,;)]/7, where Gyt (0F) = Gl (w™) —
T HF is the Hartree corrected host Green’s function and
f(e) is the Fermi function. From condition (c) above we
find that Ago = na&(l - na&)/[”Oa&(] — Noas )], with Noae =
—% fi) o dolmGoy, (w™). Note that at half filling, since ng, =
1 — nps, Ago is same for both sublattices. For simplicity, here
we present the results for the solution of the DMFT equations
on a Bethe lattice of connectivity z — oo. The hopping
amplitude is rescaled as t — r/,/z to get a nontrivial limit,
and the bare DOS is then given by pg(€) = /412 — €2/(2mt?),
which greatly simplifies the integral in Eq. (3).

C. CTQMC as impurity solver

In this section we describe briefly the state-of-the-art im-
purity solver, the CTQMC using the hybridization expansion
method [18], in the context of the IHM. The impurity model
(IM) at site o corresponding to the IHM can be written as

Hiyo = Z(Ek - SaA)f/jagfkaa + Z Vka[f/jagcaa + H.c.]
ko ko

+ Unging) — (11— 5a8) Y chyCao ©6)

o
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where s, = 1(—1) for ¢ = A(B). H;) o describes the “impu-
rity” in sublattice o coupled to the bath of f fermions through
the hybridization term Vj,. It is straightforward to show,
within a Grassmann functional integral formalism, that we
can integrate out the fermionic bath variables in the partition
function for the IM. After this step the partition function at site
o becomes

Zo = / Dlcl. coun] e, ™

where céw and ¢, are Grassmann variables representing the
fermionic “impurity” degrees of freedom at a site belonging
to the « sublattice, and S, is the functional,

B
Sy = — Z/o drdt/cgw(t)g&xla(z — )Coue (1)

B
+ / dtUngs(T)ng (7). (8)
0

Here g(;;a (iw,), the host Green’s function at site «, is related
to the hybridization amplitude V;, via the relation

Gous ((W3) = 1wy + S0 A + 11 — Age (i,), ©)

2 . . . .
where Ago(iv,) =Y, m is the hybridization

function. On the Bethe lattice of infinite connectivity, the
self-consistent hybridization function for the IHM is given
by Ayo(iwy,) = 2Ggp(iw,), giving a simple relation between
host Green’s function and lattice Green’s function as

G (W) = (W, + 54 A + 1 = 1 Go(ic,).  (10)

Hence, S,, can be reexpressed as
B
Su=Sihet+ Y / dtdt'c),, (1) Auo(t — T')Cous (T)
0
o

= Spe+ Y S (11)

where
B ; 9
Spe = EG /0 drcy,, (1) <_8r -+ saA)

B
X Coug () + U f dtnoe(Dngey (@), (12)
0

The partition function, Z, given by Eq. (7) can then be
expanded as a power series in ST, as

1 B B , ,
za=ZOQZW/O dn.-.drkfo dt'y - --dt/idetA,
k

X (TICOam (fl )C(ngrl(f/l) v COaak(Tk)C(T)ag'k (t/k))sﬁ,r’

13)

Aaalo«r’l(fl,fll) Aaalaa’ka (Tl»flk)
A, = . " " (14)

Aaakow’l(fk"f/l) Aaakaa’k(Tk’T/k)
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FIG. 1. (Color online) A pictorial representation of a configura-
tion generated by the CT-HYB algorithm with one up-spin and one
down-spin electron. The total length of the segment in the 7 space for
which an electron with spin o lives is L,, and Oy, is the total length
of overlap (in t space) for which electrons with both 1 and | spins
are present.

and
Zow = / Dlcl,, Cono le Sk, (15)

In our case the matrix A,, is block diagonal in “up” and “down”
spin labels. Then the above equation simplifies to

Ze 21 /ﬂ
= — dt{ ---dt]
Zoa l:[kﬂzzo ko2 Jo o

B
x/ dt'{ ---dt'; detAy,
0

X <T7C0°‘” (TIU)C(T)(XU (Tl/a) +* Coao (TIS)C(TMU (T]éj)>5" :

loc

(16)

The CT-HYB algorithm generates ‘“‘configurations” corre-
sponding to the terms in Eq. (16) with weights proportional
to their contributions to the partition function Z. One such
configuration is shown in Fig. 1.

The CT-HYB algorithm can calculate important quantities
such as the finite temperature imaginary-time Green’s func-
tion, the density, the double occupancy, etc. For example,
the occupancy n,, is estimated from the average length of
all the segments, ny, = (Lys)mc/B; the double occupancy
is obtained from the overlap Oy4; of segments as D, =
(Outy)mc/B; ete. For details, see [18].

The DMFT self-consistency loop run as follows. (1) One
starts with a guess for the local Green’s function G4, (iwy,),
where fora« = A,B, @ = B,A. (2) The host Green’s function
for the « sublattice, Go,o(iw,,), is calculated using Eq. (10).
(3) Using the host Green’s function Gy, (iw,) the impurity
solver calculates G4, (iw,). Then step (2) is invoked again,
and the process is repeated until G 4(p) - (i w,) converges. We
implement CT-HYB using the TRIQS package [14].

III. T = 0 PHASE DIAGRAM OF THE HALF-FILLED IHM

The zero-temperature phase diagram of the half-filled ITHM
obtained from the DMFT + IPT study and the DMFT +
CTQMC study (at T = 0.02¢) is shown in Fig. 2. With
increasing U there occurs a first-order transition between
the PM BI and an AFM phase, characterized by a nonzero
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FIG. 2. (Color online) Phase diagram of the model in Eq. (1) at
half filling obtained using DMFT for the Bethe lattice with IPT at
T = 0 (solid lines) and CTQMC done at T = 0.02¢ (dashed lines).
A first-order transition takes place at U, such that for U > U, the
system has long-range AFM order, while for U < Uy it is a PM
BI. For Uy > Upyp, the spectral gap in one of the spin components
vanishes, resulting in a HM AFM phase for U = Upgy,. For larger
values of U the system is an AFM I. Note that the transition points
obtained using the two methods are in fairly good agreement with
each other.

staggered magnetization mg,, at some threshold U = Uur
(which is an increasing function of A). Inside the AFM phase,
a HM phase appears at U = Uy y > Ugp, where the gap in
the single-particle DOS vanishes for one spin component while
the other spin component has a nonzero spectral gap. When
U increases well above Uy, the system becomes an AFM
I, where the gap in the DOS for both spin components is
controlled by, and increases linearly with, U.

The phase diagram in Fig. 2 has been obtained from an
analysis of various physical quantities, which we describe in
detail below.

Single-particle density of states. In this section we discuss
the single-particle DOS pgo(w) = — D, ImG oo (k,0T) /7,
calculated using DMFT + IPT. Here o represents the sublat-
tice A,B and o is the spin. Since at half filling ps,(w) =
pBo(—w), we focus only on the total DOS p, (@) = pas (@) +
pBs(w). Figure 3 shows how p, (w) evolves as a function of U
forafixed A = 1.0z. Atsmall U < Unp (=3.0t for A = 1.01),
there is spin symmetry in the DOS, and p, (@) has a finite gap
which decreases as U/t increases, as shown in greater detail
and clarity in Fig. 4. We call this phase a PM BI as it is
adiabatically connected to the U = 0 BIL.

For U > U, the spin symmetry in the DOS is lost, as seen
in the top two plots of Fig. 3. The spectral gap in the up-spin
component of the DOS is smaller than that for the down-spin
component, as can be seen more clearly in the inset of Fig. 4.
We note that at half filling, even in the symmetry-broken phase,
there is no net moment; i.e., ny = n;, = 1/2. This is because
of the symmetry relations of the Green’s function (discussed
earlier), which implies that n4, = 1 — np, and thus the total
density of particles with spin o is n, = 3[n4s +ngs] = 1/2,
although from the top two plots of Fig. 3 it might seem that
there is a net moment. The point is that Fig. 3 shows only
the low-w DOS, where the area under the DOS for the up-spin
component is larger than that for the down-spin component due
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FIG. 3. (Color online) The single-particle DOS, p,(w), calcu-
lated within DMFT + IPT, plotted as a function of w for different
values of U/t for A = 1.0t at n = 1. The red curves are for the
up-spin component and the blue dotted curves are for the down-spin
component. For U < U,p = 3.0t, the DOS is the same for both
spin components, with a nonzero spectral gap which decreases as
U/t increases, and the system is a PM BIL. For U > Uy, the DOS
becomes different for the two spin components. At U = 3.1t > Upyp,
the DOS for the up-spin component has a vanishingly small gap, while
the down-spin DOS still has a finite gap. This is in close vicinity of
the HM AFM point Uyy,. At larger U values, there is a finite gap
in the DOS for both spin components, and the system is an AFM 1.

to smaller spectral gap for the up-spin component. However,
the weight loss for the down-spin component in the low-w
regime is compensated by its large w part and the condition
for no-net moment n, = 1/2 holds. For U > U,r, what the
system has is a staggered moment, my; = nay —nay = np| —
npy, as discussed in more detail below.

As U increases above Uy, the gap in the up-spin compo-
nent of the DOS decreases rapidly and becomes vanishingly
small at a critical value U = Upgy (equal to 3.09¢+ when

2.5
04 | AT —e—
N STy S e Lo
! b i
151 27 yp 29 -
en i

115 2 25 3 35 4
Uit

FIG. 4. (Color online) The spectral gaps E,4 and E,, obtained
from the DOS within DMFT + IPT, plotted as functions of U for
A = 1.0t atn = 1. The red points are for the up-spin component and
the blue points are for the down-spin component. For U < Uuf in
the BI phase, E,4 = E,, and both decrease with increasing U/t. At
U = Uyp, there occurs a jump separating the two gaps, such that
Eg; is less than E, . E,4 becomes vanishingly small (<0.01¢) at
U = 3.1t, close to the HM AFM point. Both E,; and E,, increase
with increase in U/t in the AFM I phase (U > Upyy). The inset
shows E, in the vicinity of the transition point.
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FIG. 5. (Color online) (Top) Staggered magnetization m, plotted
as a function of U/t at half-filling. A first-order phase transition takes
place with the onset of m; at Usr. (Bottom) Staggered occupancy
on plotted as a function of U/t at half filling. én is nonzero for all
values of U/t and a discontinuity occurs in §n at U, r. In both panels
the points connected with solid lines represent the data obtained from
DMFT + IPT at T = 0 and the points connected with dashed lines
show data obtained within DMFT 4+ CTQMC at T = 0.02¢. There is
quantitative consistency between the two methods for a range of A
values. The phase transition is clearly first order in both methods.

A = 1.0t), while the down-spin component still has a finite
spectral gap (see Fig. 4). Thus, the IHM has a HM phase
at a quantum critical point Uy, embedded within the AFM
regime. This prediction is further reinforced below from the
low-w analysis of the spectral function. As U increases further,
the spectral gap in the DOS opens up again for the up-spin
component as well, with both spectral gaps increasing with
U/t. This is the AFM insulating (AFM I) phase.

Staggered magnetization and staggered occupancy. The
staggered magnetization my, defined as my; = (m 4 — m;p)/2,
calculated within both the DMFT + IPT (T = 0) and the
DMFT + CTQMC (at T = 0.02¢), is shown in Fig. 5. For a
given value of A, the staggered magnetization m; is zero below
the corresponding U 4 r and becomes nonzero for larger U, with
a discontinuous jump at Usp corresponding to a first-order
phase transition between the PM BI and the AFM phase. Note
that in the presence of the staggered potential, which opens up
the gap in the DOS characteristic of the BI phase, the AFM
instability does not occur unless U exceeds a finite threshold
value Uy r. The larger the value of A, the larger is the value
of U required to overcome the effect of A and turn on the
magnetization. Thus, both U, and the jump in m; at Usp are
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increasing functions of A. The bottom panel of Fig. 5 shows
the staggered occupancy, i.e., the difference in filling factor on
the two sublattices, defined as én = (np — n4)/2. Due to the
staggered on-site potential, this difference is always nonzero,
even though the Hubbard U tries to suppress it. For U < Uy,
on decreases monotonically and rapidly as a function of U.
At Upur, there occurs a discontinuity in dn. For U > Ugup,
dn decreases more slowly with increasing U, but eventually
becomes rather small in the AFM I phase, asymptotically
approaching zero (as t A /U?) as U — oo.

Note that for all the A values, m; obtained using the
CTQMC solver is slightly smaller than that from the IPT
solver, while the transition point U4 r obtained using CTQMC
is larger than that within IPT. This is because CTQMC
captures the effects of quantum fluctuations better than IPT.
Overall, however, in the small-to-intermediate U/t regime,
there is good quantitative correspondence between the low-
temperature CTQMC data and the T = 0 data obtained within
DMEFT + IPT. Also, the nature of the phase transition is the
same in both methods.

The results in Fig. 5 have been obtained by solving the
DMEFT + IPT equations starting from a small U value and
increasing U slowly. When the DMFT equations are solved
starting from a large U guess and then decreasing U slowly,
one gets a different curve for m; (and also for én) (Fig. 13).
A comparison of the ground-state energies of these two spin-
asymmetric solutions for the DMFT equation with the ground-
state energy of the PM sector shows that the real transition
point U, is the one where m; becomes nonzero for the first
time coming from the small U side. The hysteresis analysis
discussed in Appendix A for A = 1.0¢ confirms the nature of
the transition from the PM to the AFM phase as being first
order. However, for very small values of A, where both the
transition point Usr and the jump in magnetization at the
transition point are very small, numerically it is difficult to
see the nature of the transition. Since in the small U regime
the HF theory also works well (as shown in Appendix B), we
have carried out a Ginzburg-Landau (GL) expansion of the
ground-state energy within the HF theory and confirmed that
the phase transition from the PM to the AFM phase is of first
order for any nonzero A (for details, see Appendix C).

Low-w analysis of the spectral function. To understand the
trend of the spectral gap and to confirm the existence of the
HM AFM phase, we have carried out a low-w analysis of
the self-energy and the single-particle spectral function. The
IPT self-energy oo (0h) =X, (w) +iZ) () has T)(w)
vanishing for |w| < 3E,, in both insulating phases. This can
be understood from the imaginary part of £2) of Eq. (5), which
comes from a three-fermion intermediate state. However, this
is an artifact of the neglect of collective modes (spin waves) in
DMFT. In reality, since there are gapless spin waves that can
be excited, the imaginary part of self-energy will be zero only
for |w| < Eg and the phase-space constraints would make
the result for X/ just above threshold quite small. In the
discussion below, we assume that X, (w) = 0 for |o| < Eg,.

In both insulating phases, X/, (w) can be written at low @
as a Taylor expansion X, (w) = X/, (0) + (1 — Z;l)a) + -,
where Z, can be shown to be independent of «. The spectral
function is defined by Ageo(€,0) = (—1/7)IMG 4oy (€,0™).
Since X, =0 for |w| <3E,, we find from Eq. (2)
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FIG. 6. (Color online) I'y and I', [see Eq. (18)] plotted as
functions of U/t for A = 1.0z. Points connected with solid lines are
obtained within DMFT + IPT (T = 0) and points connected with
dashed lines are obtained within DMFT + CTQMC (T = 0.02¢).
Note that 'y changes sign within the AFM phase for U > Uur and
crosses zero at Uy = 3.09¢ within IPT and Upjy, = 3.25¢ within
CTQMC for T = 0.02¢.

that Agye (€,0) = 8(ry (w) — €2), withry () = [0 + 1 — A —
Yoo+ pu+A—-3Xp (w)]. As € is real, w’s which
satisfy r,(w) < 0 lie within the gap. The energy gap is then
given by 7, (Eg;) = 0, which, using the low-energy form of
X/ given above, leads to the result

Ego = Zo|A — U2+ =), (0 = 0)|
= Zy|A+U/2 = %} (0=0), (17

where we have used the particle-hole symmetry. Let us write
¥ (w=0)= Sy + Unys where the second term on the
right-hand side is the self-energy within the HF approximation.
Then one gets a more elaborate form for the expression of the
gap, which is given below:

Eoo = Z5|A = U/2(6n +omy) + Sa 6|
= Zs|A = U/2(6n + omy) = Spo| = Zs|Ts|. (18)

Figure 6 shows I'; as a function of U for A = 1.0¢ obtained
within DMFT + IPT and DMFT 4 CTQMC (T = 0.02¢).
Within the CTQMC, the Green’s function can be calculated
only at Matsubara frequencies, and thus the single-particle
DOS and the spectral gaps cannot be obtained directly from the
CTQMC data. However, the low-energy part of the self-energy
can be used to get an estimate of the spectral gap even from
the CTQMC data. Specifically, in the CTQMC data, we have
extrapolated the self-energy to zero frequency and obtained
approximate values of S, .

For U < Uyp, in the PM BI phase, I'y =T, > 0 and
decreases as U/t increases for a given A. At U, I'y becomes
different from I'|. As U/t increases further, within the AFM
phase, I'y decreases and becomes negative for U > 3.1t
within IPT and U > 3.25¢ within CTQMC. Thus, it must pass
through a zero, making E,4 zero inside the AFM phase, at
Upy = 3.09¢(3.25¢) for A = 1.0t within IPT (CTQMC). On
the other hand, Iy remains always positive, giving a nonzero
spectral gap for the down-spin component for all values of
U/t including Ug),. Note that Z, is always positive and less
than 1 by definition and that I, obtained from CTQMC and
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FIG. 7. (Color online) The kinetic energy (K4) and (K,) plotted
as functions of U/t for A = 1.0¢. The points connected with a
solid line are obtained within DMFT + IPT (7T = 0) and those
connected with a dashed line are obtained within DMFT + CTQMC
(T =0.02¢). The kinetic energy decreases with increase in U/t
deep in the PM BI phase, which indicates states becoming more
extended with increasing U, while it increases in the AFM I phase,
suggesting localization. For Usr < U < Upy, (I@T) decreases with
U/t,reaching a minimum at Uy, while (I@ 1) increases with increase
in U/t as in the AFM I phase.

IPT show good quantitative correspondence for U < Uyp. As
U increases further, |I',| within IPT becomes much larger
than that within CTQMC. Within both methods, we do see
a HM AFM phase at Uy > Uyp, inside the AFM phase of
the correlated BI. Note that the HM AFM phase is missed
out completely in a simple mean-field theory like HF theory,
though the BI to AFM transition is captured (see Appendix B).

Kinetic energy. We have also studied the spin-
resolved kinetic energy (KE) which is defined as (IC,) =
—%f?oo do [ deepy(€)ImGYg(e,wh). Figure 7 shows the
(K,) obtained within DMFT + IPT (T = 0) and DMFT +
CTQMC (T =0.02t). To calculate the KE within
DMFT + CTQMC, which gives the Green’s function at
fermionic Matsubara frequencies, we use 7'y, G4 p(iw,) =
—1 [dof(@)ImG z(w*), where f(w) is the Fermi distribu-
tion function, and get a finite temperature version of the above
expression for the KE,

(K,) = 2T/deep0(e)ZG;’,B(e,iwn), (19)

where G g(€,iw,) is the off-diagonal element of the full
Green’s function defined in Eq. (3).

Inthe PM Bl phase, as the spectral gap reduces with increase
in U, (K,) decreases until the correlation starts pushing the
spectral weight from low energy to higher energy region. Once
this happens, even though the spectral gap is decreasing within
the BI phase, there occurs a slight increase in (K ).

In the AFM I phase, the KE for both spin components
increases with increase in U due to the increase in the spectral
gap. In the regime for Usr < U < Uy, (I@T) decreases with
increase in U just like in small U limit of the BI phase.
On the other hand, (K 1) starts increasing with U like in the
AFM 1 phase. Note that the KE for the up-spin component
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FIG. 8. (Color online) Average double occupancy Do =(nq4hq,)
on sublattice « = A,B vs U for A = 1.0z. Points connected with
a solid line are calculated within DMFT + IPT (T = 0) and points
connected by a dashed line are calculated within DMFT + CTQMC
(T = 0.027). Due to the staggered potential, D4 < Dj for all values
of U/t, with Dy showing a monotonic decrease with U /t. Note that
D,, within both methods matches fairly well for U < 6.

is minimum at Up s, where the spectral gap is zero for the
up-spin component and we have a HM AFM.

Double occupancy. Within IPT the average double occu-
pancy at site «, Dy = (ng4nq,) can be calculated using the
equation,

1 .

Do = (natna)) = 7 [T;lwnGaa(lwn) + Hala UC)}’

(20)
with ¢ = B,A and e = (U + s A). Within CTQMC we
calculated D, by directly calculating the trace of ng4hgy.
Figure 8 shows D, for A = 1.0t at T = 0 obtained within
IPT (T = 0) and CTQMC at T = 0.02¢. For the IHM, since a
nonzero A/t prefers to put more holes on the A sublattice
and more double occupancies on the B sublattice, for all
values of U/t, Dy < Dp. As U/t increases Dp shows a
monotonic decrease with a discontinuity at Usp. D4, on the
other hand, first increases slightly as U increases below Uy g
and then starts decreasing with U. Figure 8 clearly shows that
up to moderately strong values of U/t, the average double
occupancy within IPT is quantitatively very close to that
obtained within CTQMC.

All of the above analysis shows clearly that for the U/t
range from weak to moderately strong, the IPT and CTQMC
results match well. In our discussions in the following sections
we focus on the differences between two approaches that arise
when one looks at the extremely correlated regime of the IHM.

IV. EXTREMELY CORRELATED REGIME OF THE IHM
AND FINITE T PHASE DIAGRAM

In this section we consider the extremely correlated regime
of the IHM, namely, U > ¢,A. In a regular Hubbard model
(A = 0), the limit of U > ¢ effectively projects out doubly
occupied sites from the Hilbert space. For the IHM, at half
filling, the energy cost for having a double occupancy on the
A(B) sublattice is U &+ 2A. Thus, it is only for U > ¢ and
U > 2A that one obtains the extremely correlated regime of
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FIG. 9. (Color online) (Top) The staggered magnetizationvs U/t
for T =2¢t/35 and A = 1.0¢ calculated within DMFT 4+ CTQMC.
As U increases, first the AFM order turns on at U, with a jump in
ms. As U increases further, at Uy > U,r, the AFM order goes to
zero continuously. (Bottom) The staggered magnetization m; vs U/t
for T = 0.4t and A = 1.0¢ calculated within DMFT + IPT. As U
increases, m; keeps increasing and finally saturates to its maximum
value.

the IHM where doubly occupied sites are projected out. In this
limit, at half-filling, the effective low-energy Hamiltonian for
the IHM is again the Heisenberg model,

Hep = J Y [Si - S; —minj /4], @1
(ij)

but the spin-exchange coupling is now J = J/(1 — x?), with
x =2A/U and J =4t>/U. The Neel temperature Ty of
the Heisenberg model is proportional to J, which therefore
depends upon U . In dimensions higher than 2, for temperatures
lower than Ty, the system has AFM ordering, but the order
is lost via a continuous transition as T increases past Ty. In
a finite T calculation for the half-filled IHM, as U increases
beyond 2A, J reduces and eventually at some Uy where the
corresponding Ty(U = Uy) > T the magnetization is lost.
Thus, at any finite T, as one increases U, two phase transitions
should be seen for the half-filled IHM. First at U 4z, where the
magnetization sets in via a first-order transition, typically, and
then at alarger Uy > U4, where the magnetization is lost via
a continuous phase transition.

This is exactly what we see in the CTQMC result, as
seen in Fig. 9, which shows the staggered magnetization vs
U/t for A = 1.0t and T = 2¢/35. We see that the staggered
magnetization turns on with a first-order phase transition at
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Uar, increases with increasing U initially and then starts
decreasing with further increase in U, finally vanishing at
Un > Uur. However, this second phase transition is not
captured within DMFT + IPT, for which the finite T the phase
diagram is basically similar to the 7 = 0 phase diagram. Once
the AFM order sets in at U4 r, as we keep increasing U beyond
Uar, the staggered magnetization keeps increasing and never
becomes zero, as shown in Fig. 9. Thus, though the suppression
of double occupancy for large U is captured correctly to
some extent within IPT, spin physics and the physics of the
virtual hopping resulting in the effective Heisenberg model
is not captured. Hence, while IPT interpolates between the
weak-coupling and the strong-coupling regime (by satisfying
the atomic limit), at the end it does rely on a second-order
perturbation theory and, especially for issues that crucially
involve spin physics, its validity breaks down in the regime of
extremely strong correlations.

V. THERMAL PHASE DIAGRAM

Finally, we discuss how the AFM order is lost as the
temperature 7'/t increases for a fixed value of A and U. The top
panel of Fig. 10 shows the finite temperature results obtained
within DMFT + IPT for A = 1.0¢ and a few values of U/t.
As shown here, the staggered magnetization goes to zero via a
clear first-order phase transition at 74 7. On the other hand, as
shown in the bottom panel of Fig. 10, within CTQMC the AFM
order goes to zero via a first-order transition, as the temperature
T/t increases, only for small values of U/t. For U > 2A, the
AFM order is lost continuously with a second-order phase
transition at Ty.

Further, the transition temperature from the AFM phase to
the PM phase has a very different dependence on U and A
within IPT and CTQMC, especially for U > 2A. Within IPT,
the transition temperature increases with increase in U for a
fixed A irrespective of whether we are in the intermediate-
coupling regime or in the regime of extreme correlations. To
be more specific, it follows U, and does not follow J for
U > t,A, whence the latter decreases with increase in U.
This shows clearly that IPT does not capture the spin physics
of extreme correlations correctly.

Within CTQMC, as is clear from Fig. 10 for A = 1.0¢, as
U/t increases, first the transition temperature T4 increases
with increase in U/t for U/t < 5. This trend is similar to
what is seen within IPT. However, as U/t increases further,
the physics of the effective Heisenberg model starts playing
a role and the transition temperature starts decreasing with
further increase in U as it is governed by J. For U >> 2A, as
A increases, the spin-exchange coupling J increases which is
reflected clearly in the behavior of Ty in Fig. 11. These results
are consistent with earlier DMFT + CTQMC work [13].
Figure 11 shows the transition temperature 7 as a function
of A/t for a few values of U/t. We have shown comparison
of Ty obtained within CTQMC with that of the Heisenberg
model with spin-exchange coupling of J. For U > 2A, J /4
is a very good approximation to Ty. However, for U ~ 2A,
H.g is not the correct low-energy Hamiltonian of the model
and we do not expect Ty to be given by J/4. In fact, in
Fig. 11, we see that Ty decreases as A increases beyond U /2
in contrast to what one would get from J /4.
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FIG. 10. (Color online) (Top) The staggered magnetization m; vs
T/t for A = 1.0t and various values of U obtained within DMFT +
IPT. (Bottom) m; vs T/t obtained within CTQMC for A = 1.0r for
various values of U. Note that within IPT m; drops to zero via a
first-order phase transition at 74y, which increases monotonically
with U/t. However, within CTQMC, for small values of U, though
my goes to zero via a first-order transition, for larger values of U/t
there is a clear continuous transition as a function of T, in contrast
to the IPT results. Also the transition temperature within CTQMC

shows an increase with U only up to U = 5.0¢ and starts decreasing
with further increase in U/t.

e-=U/t=16.0
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~-=U/t=10.0 |

FIG. 11. (Color online) Neel temperature 7y vs A/t obtained
within DMFT + CTQMC for the IHM at half filling for various
values of U/t. We see that for A <« U, Ty follows J /4 very closely.
However, for U ~ 2A, Ty starts deviating from .J and decreases with
increase in A/U.
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FIG. 12. (Color online) (Top) The left panel shows mg vs U/t for
A = 1.0r and various values of 8. These results are obtained within
DMFT + CTQMC. The mg turns on via a first-order transition at
Uar(T) (shown as blue points in the right panel) while it is lost
continuously at Uy (T) (shown as red points in the right panel). As T
increases, the U range, Uy (T) — Uap(T), in which the system shows
AFM order, shrinks to zero. A tricritical point, shown as a black point
in the right panel, separates the lines of first- and second-order phase
transitions. (Bottom) Phase diagram for the IHM at half filling in
T — U — A space obtained within CTQMC. The surface made by
the points connected by solid lines is the first-order transition surface
from the PM to the AFM phase and the surface made by the points

connected by dashed lines is the second-order transition surface from
the AFM to a PM phase.

Finally, we present the full magnetic phase diagram within
DMFT + CTQMC inferred from calculations for a range of
parameter values in Fig. 12. As shown in the bottom panel
of Fig. 12, in the 3D T — U — A space, there is a surface of
first-order phase transitions from PM BI to AFM 1. Also there
is a surface of second-order phase transition across which the
AFM order is lost continuously (although, as we have noted,
this surface does not show up in IPT). These two surfaces are
separated by a line of tricritical points. This can be seen more
clearly in the top panel of Fig. 12. Here the left panel shows
mg vs U/t for various values of 7. As T increases, the value of
U 4 r corresponding to the first-order transition, where the AFM
turns on with a jump, increases. This is because there are more
thermal fluctuations and a larger U is required to stabilize the
AFM order. Also, for the same reason, the AFM order does not
survive for very small values of J and thus the Uy at which the
AFM order is lost by a continuous transition decreases. These
two transition points, namely U4 (point of first-order phase
transition) and Uy (point of second-order phase transition),
come close as T increases. There is a tricritical point which
separates the two lines of first- and second-order transitions.
For A = 1.0¢, from the CTQMC data we have generated, the
tricritical point seems to lie on the top of the dome of AFM
region shown by a black point in the top-right panel of Fig. 12,
but, to be certain about this, the calculations need to be done
on a finer mesh of U/t values.
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VI. DISCUSSION AND CONCLUSION

In conclusion, in this paper we have presented several new
results from a DMFT study of the IHM at half filling, i.e., the
Hubbard model in the presence of a staggered potential, which
makes the system a BI for U = 0. As we turn on the on-site
repulsion U in this BI, first an AFM order sets in via a first-
order transition at U = Uyup. This is followed by a quantum
phase transitiontoa HM AFM phase at U = Uy > Uyp. For
still larger values of U, this system becomes an AFM 1. Up to
moderately strong values of U (e.g., U/t = 6.0 for A = 1.0¢),
the IPT captures the effects of electron-electron correlations
quite well and yields essentially the same results as CTQMC.
However, in the extremely correlated regime, where U > Az,
DMFT + IPT does not work well, as becomes clear when one
does a finite temperature study. At any finite 7, while the
IPT continues to show only one first-order phase transition
at which the AFM order turns on, the CTQMC shows, in
addition, a second, continuous transition back to a PM phase,
with its physics determined by the Heisenberg model. As T
increases, the values of U corresponding to the first- and the
second-order transitions approach each other, shrinking the U
range for which the long-range AFM order is stable. There is
a line of tricritical point 7., that separates the two surfaces
of first- and second-order phase transitions. To the best of our
knowledge, this feature of the IHM has not been discussed
earlier in the literature.

Recently there has been a DMFT 4+ CTQMC study [19]
of the half-filled IHM within the PM sector, which shows a
first-order phase transition between Mott insulator and metallic
phases terminating at a critical point, just as in the Hubbard
model at half filling. However, this critical point lies inside the
dome of the AFM region shown in top right panel of Fig. 12 and
will be realized only if the AFM order is suppressed, either
by lowered dimensionality (e.g., quasi-2D systems) or due
to frustration (e.g., by the presence of next-nearest-neighbor
hopping, or a frustrated lattice). We hope to study these issues
in future work. At the end we would like to mention that
recently the IHM has been realized in ultracold fermions [20]
on a 2D honeycomb lattice and it can be extended to
higher dimensional layered honeycomb lattice by introducing
perpendicular hopping. Though our numerical study is on the
Bethe lattice of infinite connectivity, we expect the qualitative
physics to be the same for any bipartite lattice in d > 2, which
has a compact DOS like the DOS of the Bethe lattice of infinite
connectivity. By choosing a large-enough A, it might be
possible to realize an AFM phase for the IHM in experiments
where the AFM order turns on with a first-order transition
and is lost by a second-order transition by tuning U. It would
be interesting to look for signatures of the various effects we
have discussed, including the quantum phase transition, in the
experimental measurements in such systems.
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APPENDIX A

To characterize the nature of a phase transition, one
normally studies its hysteresis behavior. We have solved the
DMFT + IPT self-consistent equations, first starting from
small U value and increasing U (AF-I) and then starting
from large U value and decreasing U (AF-II). We see a
clear hysteresis in the behavior of staggered magnetization
my and dn. In Fig. 13, we have shown results for the staggered
magnetization for A = 1.0¢. We see that in the AF-I solution,
mg becomes nonzero for U > 3.0¢t. On the other hand, in
AF-II solution, m, remains nonzero up to U = 3.2¢. To get the
transition point U4 r, we compare the ground-state energy in
the PM phase with that in the AF-I solution and AF-II solution.

Figure 14 shows the ground-state energy for A = 1.0¢ as
a function of U/¢. For U < 3.0¢, the PM phase is stable. For
U > 3.0t, E,4,4 for the AF-I sector becomes lower than the
ground-state energy in the PM phase. Notice that the E,,; of
the AF-II sector becomes lower than the Eg,4 of the PM sector
for larger value of U/t. Thus, the AFM state becomes stable
when for the first time m; becomes nonzero coming from the
small U side. We call this point U 4 r, which gives the boundary
between PM BI and the AFM phase in Fig. 2.

APPENDIX B

For the model in Eq. [1] of the paper, the self-energy within
the HF approximation is given by

U
Yao=Ulng,) = 3[1 —dn + omy],

U
Ypo=Ulng)) = 3[1+8n—oms]. B
Here my; = (m 4 — m_p)/2 is the staggered magnetization
with m., = nyy —ney and o = A, B is the sublattice index.
on = (ngp —ny)/2 is the staggered occupancy, i.e., the differ-
ence in the filling factor of the two sublattices.
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FIG. 14. (Color online) The ground-state energy E,,  plotted as
a function of U/t for A = 1.0¢. The red curve is E,; obtained by
solving the DMFT + IPT equation for the model in Eq. (1) in the spin-
symmetric sector while the blue and the green curves show the E,,
obtained by solving the DMFT + IPT equations in the AFM sector.
The blue curve is obtained by solving the self-consistent equations
coming from the small U side and the green one is obtained coming
from the large U side. The AFM order sets in for U > U,p = 3.0¢,
for which the E,,, of the AFM sector is lower than that for the PM
sector.

Since the bare Green’s function (with U = 0) is given by

. —1
n+A+ —€]
e o k ) . (B

éOa(k’iwil) = ( € iw A T
—ex  —

the HF corrected Green’s function is given by

, (B3)
—€k Wy, — 8 + 1L

a iw, + g5 + fi —€
Gg(k,ia),,):<w 8o T H k )

Here i = pu — % = 0O 1is the chemical potential and g, = A —
%(Bn + omy), which gives a gap E,, = |g,| in the single-
particle spectrum of o spin component. Using this Green’s

function, one gets the following self-consistent equations for
the physical quantities defined above:

1 08
ms =5 / depo(e); 7o B = fI=Es))

(B4)

1 8o
sn = E/dEpo(E)Xa: £ o - Eo ()] = fIEs ()]}

(BS)

_ 1 d E E B6
n—E/ ep0<e)§j{f[ S©1+ fI-E.©]). (B6)

Here E,(¢) = /€> + g2, flE;(e)] = m is the
Fermi function, and py(€) is the bare DOS of the lattice under
consideration.

We have solved the self-consistent equations for the Bethe
lattice of infinite connectivity and the results obtained at half
filling (n = 1) and zero temperature are as follows. For small
U/t the system is a BI with m; = 0 and a nonzero §n. At
U = Uyp afirst-order phase transition takes place with a jump
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U/t

FIG. 15. (Color online) (Top) Plots of m, and 6n vs U/t for A =
1.0t and n = 1 within the HF theory. (Bottom) Spectral gap E,, for
the up- and down-spin components within the HF theory. As soon as
the magnetic order turns on, both E,4 and E, start increasing with
U/t. Thus, the HM phase, seen in the DMFT calculation just after the
onset of the AFM order, is missing here and the system is an AFM |
forall U > Uypr.

in m; to a nonzero value as shown in Fig. 15. For U > Uyp,
the system is an AFM 1. Figure 16 shows the phase diagram at
half filling within the HF theory. For comparison we have also
shown the phase diagram within DMFT + IPT at half filling.
The threshold U p required to turn on the magnetization is
smaller in the HF theory as compared to its value within the
DMEFT + IPT. This is because quantum fluctuations captured
in DMFT are missing in the HF theory; as an effect, the

45
il DMFT+IPT o
HF e
35| AFM I e

3 L
25
27 o
1.5
1 L
0.5t
0

U/t

PM BI

0 02 04 06 08 1 12 14 1.6
A/t

FIG. 16. (Color online) Phase diagram at half filling at 7 = 0 for
Bethe lattice of infinite connectivity. Red circles are the data obtained
from DMFT + IPT study while the blue circles are the data obtained
from the HF theory.
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magnetic order survives up to smaller values of U. However,
the HF phase transition line approaches the DMFT line as A /¢
gets smaller. The bottom panel of Fig. 15 shows the spectral
gaps Egs. Just after the AFM order sets in, the spectral gaps
for both spin components start increasing with U/t, which is
in contrast to what is seen in the DMFT calculation, where the
gap for one of the spin components keeps decreasing with U /¢
even for U > Uyp, leading to a HM point at Upy > Uyp.
Thus, within the simple HF theory, where the self-energy is
independent of w, there is no HM phase at half filling.

APPENDIX C

The ground-state energy within the HF theory is

Ega=—Y Ey(e)— Y Ey(€)—U Y (nar)(na,),
k k

a=A,B

(CDH

where, as before, E, (€x) = v/ g2 + €7 withg, = A — Z(3n +
omy). The last term in Eg,g can be reexpressed as %(8112 —
mf). Following the GL theory, we do the Taylor series
expansion of Eg,, for small m:

Egna ~ Eo +m?E"(ms = 0) + m*E"" (my = 0) + - --

=E +6—1m2+ém4+£m6+~-~ (C2)
— £0 2 s 4 K 6 s .

Here E” is second derivative of E,,, and so on. To decide
about the nature of the phase transition, it is sufficient to
look at the signs of the coefficients a, b, and ¢ [21]. For
b,c >0, if a > 0, my = 0 is the only point of minima of the
ground-state energy. As a changes sign, the system undergoes
a second-order phase transition to the magnetically ordered
phase with m? = - (—b + +/b? — 4ac). Forc > O and b < 0,
we have a first-order phase transition at b = —4./ca/3, where
tl;e rlr}ilgnetization m; changes discontinuously by the amount
()14,

Expressions for the GL coefficients in the Taylor series
expansion of the ground-state energy in Eq. (C2) are given
below:

U
Eg=-2) E(&) - 58n2,
k

z—U+2(E>zz: Lo

2= 2) £ E)" :

b (U 1 s s
1=(3) Zigeptt o5

c o (U\° 1 ) . .

Here E(e;) = Ea(ek)|ms:0 =V 6/3 + 827 with 8= 8o |ml:() =
A — %(Sn and r = %

We have numerically calculated the coefficients a, b, and
¢ and found that for all values of A and U/t studied, ¢
is always positive, while b is always negative. a > 0 for
U < U, and becomes negative for U > U;, where the value
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of U; depends upon A/t. For the Bethe lattice of infinite
connectivity, the integrals involved in the above equations can
be done analytically and we get the following expressions for
the GL coefficients

¢y Y 42\ QP+ [ 4P
o ) ()
é = S(U—/2)4 2 442 <_4_t2>
4 7wr2g(d? + g2) |:(g 4t9)E =
2
— (2 +40K (J‘Lz) }
g
c 96((]/2)6 42
;= syl ()

2
o)k ({%) } (C3)

with cl(g) =32+ 32¢> +18g* — g% and c2(g) =16+
24g> + g* — g6, Here K(x) = [J*[1 — xsin?(6)]7'/2d0 is
the complete elliptic integral of the first kind and £(x) =
foﬂ/ *[1 — xsin®(8)]"/2d6 is the complete elliptic integral of

00 02 04 06 08 1.0
g

0r
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—200¢
—-300¢
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ok ‘ ‘
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FIG. 17. (Color online) Plots of the GL coefficients a, b, and ¢
vs g for U = 2.0z. One can see that a changes sign as g increases,
while b < 0 and ¢ > O for all values of g.
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the second kind. Figure 17 shows the plots of GL coefficients
a, b, and c [obtained from Eq. (C3)] vs g for a fixed value of
U.Asg — 0, /C(—‘;Lj) — 0, while 5(—%) — 00. Thus, for
g < 2t, which is the regime of interest, b is always negative.

PHYSICAL REVIEW B 91, 235108 (2015)

Thus, following the GL approach [21] we conclude that the
transition from the PM BI to the AFM phase in the half-filled
IHM is always of first order in nature, even for very small
values of A/t.
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