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In the half-filled one-orbital Hubbard model on a square lattice, we study the effect of next-nearest neighbor
hopping on the single-particle spectral function at finite temperature using an exact-diagonalization + Monte-
Carlo based approach to the simulation process. We find that the pseudogap-like dip, existing in the density
of states in between the Néel temperature TN and a relatively higher temperature T ∗, is accompanied with a
significant asymmetry in the hole- and particle-excitation energy along the high-symmetry directions as well
as along the normal-state Fermi surface. On moving from (π/2, π/2) toward (π, 0) along the normal state
Fermi surface, the hole-excitation energy increases, a behavior remarkably similar to what is observed in the
d-wave state and pseudogap phase of high-Tc cuprates, whereas the particle-excitation energy decreases. The
quasiparticle peak height is the largest near (π/2, π/2) whereas it is the smallest near (π, 0). These spectral
features survive beyond TN . The temperature window TN . T . T ∗ shrinks with an increase in the next-
nearest neighbor hopping, which indicates that the next-nearest neighbor hopping may not be supportive to the
pseudogap-like features.

I. INTRODUCTION

Cuprates are archetypal systems of materials, which be-
sides showing uncoventional superconductivity, also exhibit
a wide variety of interesting but complex phases as a func-
tion of doping and temperature [1, 2]. Cu atom in the un-
doped/parent cuprates has 3d9 outermost electronic configu-
ration, which gets altered to 3d9L as a hole is doped [3]. L
indicates the fact that the doped hole resides instead on the
neighboring oxygen atoms, which forms a bridge between the
two neighboring Cu2+ as well as a square that surrounds a
Cu2+ ion. The hole binds to the Cu2+ ion leading to the
emergence of Zhang-Rice singlet [4, 5]. The electron dop-
ing, whereas, modifies the electronic configuration from 3d9

to 3d10. The low-energy physics involving either hole or par-
ticle doping have been studied quite extensively in the span
of last three decades within the one-orbital Hubbard model,
which has provided us with important insight into the under-
standing of correlation effects [6–11].

One striking feature of the doping-vs-temperature phase di-
agram of the high-Tc cuprates is the asymmetry with respect
to hole or electron doping [1, 12]. In particular, the long-range
antiferromagnetic order (AFM) is found to survive up to only
a small hole doping of∼ 1% [13] whereas it is robust against a
relatively larger electron doping of ∼ 15% [14]. On the other
hand, the d-wave superconductivity as well as the pseudogap
phase exist in a comparatively wide range of hole doping.
Recent experiments suggest that the pseudogap phase found
upon hole doping may be marked with the presence of vari-
ety of symmetry breaking phonomena including the nematic
order [15], stripe order [16–18], short- or long-range charge-
density wave [19–22], pair-density wave [23] etc., while the
possibility of coexisting more than one of these is also not
ruled out.

The one-orbital Hubbard model with only nearest-neighbor
hopping t possesses particle-hole symmetry, therefore it can-
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not describe the asymmetrical behavior of the phase dia-
gram. Earlier works suggest a crucial role for the next-nearest
neighbor hopping parameter t′ [24, 25], which allows the
hole/electron to hop within the same sublattice, in describ-
ing various spectral features [26], spin-wave excitation spec-
tra [27, 28], and the asymmetry of the phase diagram. For
the hole and electron doping, t′ is positive and negative, re-
spectively, thus bringing in frustration in the case of former.
In presence of next-nearest neighbor hopping, the AFM state
is known to be stabilized for a wide electron-doping region,
whereas even a single hole doping may prove to be detrimen-
tal to it [29]. Besides, the asymmetry introduced in the density
of states by t′ is also known to enhance the tendency towards
ferromagnetic order (FM) upon hole or electron doping [30].
Furthermore, the maximum value of the transition tempera-
ture Tc for the high-Tc cuprates may exhibit sensitiveness to
t′ [31].

Photoemission studies at a temperature well below the
Néel temperature TN in the undoped cuprates such as
Sr2CuO2Cl2 [26] shows characteristics of the quasiparticle
excitations, which have several features similar to the one ob-
served in the pseudogap and d-wave superconducting phases.
First, the quasiparticle peak is sharp near (π/2, π/2) and gets
broadened on approaching (π, 0). Secondly, the hole excita-
tion energy is the least near (π/2, π/2) while it is the largest
close to (π, 0). The broad peak near (π, 0) gets sharpened on
doping hole. One-orbital Hubbard model with only nearest
neighbor hopping or t-J model couldn’t reproduce the fea-
tures in different studies based on different approaches and a
crucial role of long-range hopping was emphasized on later,
especially, the next-nearest neighbor hopping [24, 25, 32, 33].

Recent work in the Hubbard model at zero doping for t′ = 0
indicates that the nature of hole-excitation energy retains its
features even beyond TN with the peak height almost in-
dependent of momentum along the normal-state Fermi sur-
face [34]. The peak-to-peak distance increases on going from
(π/2, π/2) to (π, 0) along the normal state Fermi surface.
However, not much is known about the variation of these
spectral features with temperature when t′ is incorporated
into a microscopic model such as Hubbard model. Does the
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peak-to-peak separation increase on including t′? If the hole-
excitation energy increases on moving from (π/2, π/2) to
(π, 0) then how does the particle-excitation energy vary? How
do these spectral features evolve with change in temperature?
Answers to these questions are of significant interest in order
to understand the role of t′ on the pseudogap-like behavior in
the half-filled Hubbard model. This is because all the earlier
work carried out using Hartree-Fock meanfield [35], dynam-
ical meanfield [36, 37], quantum Monte Carlo [11, 38, 39],
classical Monte Carlo [40, 41], Gutzwiller approximation [42]
etc., focused mostly on the hole-doped cases in the context of
d-wave superconductivity.

In this paper, we investigate the role of nearest-neighbor
hopping on the single-particle spectral function within one-
orbital and half-filled Hubbard model as a function of tem-
perature. We employ exact-diagonalization + Monte-Carlo
scheme based on parallelization to extract the characteris-
tics of single-particle spectral function at different temper-
ature. In order to handle a larger system size so that the
momentum resolution without any finite-size effect can be
achieved, traveling-cluster approximation (TCA) [43] and
twisted-boundary condition [44] are used additionally. We
arrive at the following major results for the single-particle
spectral function: on moving along the normal state Fermi
surface from (π/2, π/2) to (π, 0), (i) the hole- and particle-
excitation energy increases and decreases, respectively and
(ii) the height of the quasiparticle peak for the hole- and par-
ticle excitation decreases and increases, respectively. (iii) Be-
low TN , the spectral weight is significantly suppressed along
(0, 0) → (π/2, π/2) and (π, 0) → (0, 0) for the upper band
and along (π/2, π/2) → (π, π) and (π, π) → (π, π) for the
lower band. (iv) For T & TN , a relatively larger spectral
weight near (π/2, π/2) is continued to be noticed in compar-
ison to (π, 0). (v) The hole-excitation energy increases with
t′ and (vi) the dip in the density of states, which persists be-
yond TN becomes shallower with increasing t′ indicating that
the latter may be unfavorable for the pseudogap-like features,
which is also reflected in the behavior of momentum-resolved
spectral function.

II. MODEL AND METHOD

We start with the following one-orbital Hubbard Hamilto-
nian

H =
∑
i,δ,σ

ti,i+δd
†
iσdi+δσ − µ

∑
i,σ

niσ + U
∑
i

ni↑ni↓ (1)

where the operator d†iσ(diσ) creates (annihilates) an electron
with spin σ. δ is a vector which connects a given site to the
nearest neighboring and next-neighboring sites. ti,i+δ = -
t and t′ for the nearest and next-nearest neighbor hopping,
respectively. niσ = d†iσdiσ is the charge-density operator for
spin σ electron. U and µ are the onsite Coulomb repulsion
and chemical potential, respectively.

For the simulation, the grand-partition function used corre-

sponding to the original Hamiltonian given by Eq. (1) is

Z =

∫
DψDψ̄e−A[ψ,ψ̄], (2)

where the action [45]

A =

∫ β

0

dτ
∑
i,δ,σ

ψ̄iσ(τ)((∂τ − µ)δi,i+δ + ti,i+δ)ψi+δσ(τ)

+ U
∑
i

(
n2
i (τ)

4
−
(
~Si(τ) · r̂i

)2
)
. (3)

ψiσ(τ) and ψ̄iσ(τ) are the Grassman variables corresponding
to the operators diσ and d†iσ , respectively. The form of inter-
action term used in Eq. (3) follows from

ni↑ni↓ =
n2
i

4
− (Siz)

2. (4)

Siµ = 1
2

∑
α,β d

†
iασ

µ
αβdiβ is the µth component of local

electron-spin operator. Siz = ~Si · r̂ when the unit vector r̂ is
oriented along z axis. The Hubbard interaction has the SU(2)
rotational symmetry in spin space, therefore

ni↑ni↓ =
n2
i

4
− (~Si · r̂i)2, (5)

where the unit vector r̂ may now be oriented along any arbi-
trary direction.

To make further progress, we use Hubbard-Stratonovich
(HS) transformation to decouple the Hubbard interaction by
introducing two auxiliary fields, a scalar field φi(τ) coupled
to the charge density ni and a vector field mi coupled to the
spin of electron σi. This modifies the grand-partition function
to

Z =

∫ ∏
i

dψ̄idψidφidmi

4π2U
e−A(ψ̄i,ψi,φi,mi) (6)

with contribution to the action due to the on-site interaction
being

Aint =

∫ β

0

dτ
∑
i

{
iφi
∑
σ

ψ̄iσψiσ −mi ·
∑
σσ′

ψ̄iσ~σσσ′ψiσ′

}
+

1

U

∑
i

(φ2
i + m2

i ). (7)

In the simulation, the Hubbard-Stratonovich fields are
treated as classical fields so that time (τ) dependence is ig-
nored. Next, we use saddle-point approximation for the scalar
field φi, for which, the spatial fluctuation is ignored, so that
(U/2)〈ni〉 = U/2 at half filling. Thus, the effective Hamilto-
nian can be shown to be

Heff =
∑
i,δ,σ

ti,i+δd
†
iσdi+δσ − µ̃

∑
i

ni −
U

2

∑
i

mi · ~σi

+
∑
i

U

4
m2
i

= He +Hcls, (8)
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where µ̃ = µ − U/2. The field mi are scaled by mi →
U
2 mi so that it can be turned into a dimensionless field. Note
the term in the effective Hamiltonian Hcls = U

4 m
2
i , which is

treated as classical in the simulation process.

The equilibrium configurations for the auxiliary field {mi}
are generated according to the following distribution

P{mi} ∝ Trd,d†e−βHee−βHcls (9)

where the trace over the fermionic degree of freedom cannot
be calculated exactly due to the terms in He coupled to the
classical fields. Therefore, the equilibrium field is generated
through MC sampling. In each MC update process, He is di-
agonalized and then the eigenvalues are used to calculate the
change in free energy of the system. ED + MC method al-
lows an access only to a small system size. The observables
generated in the simulation suffer from the finite-size effect
and therefore limiting the access to a good momentum reso-
lution. However, the limitation can be overcome upon com-
bining three steps in the simulation process. For each update
process, instead of considering the full lattice, only a small
cluster of sites around the update site is considered. Thus, the
process involves the diagonalization of Hamiltonian for the
cluster (size Nc×Nc) centered around the update site. The
computational cost is reduced by a factor of ∼ Nc/Nl, where
Nl ×Nl is the original system size [43]. We use Nl = 40 and
Nc = 8 throughout the current work. The simulation can be
further sped up by using parallelized update process, where
Np, a factor of total number of available processors, sites can
be updated simultaneously. The computational cost reduction
in this step is achieved up to a factor of ∼ 1/Np [34, 46]. In
order to reduce the finite size effect further, we make use of
twisted-boundary condition (TBC) [44], where a superlattice
is formed by repeating the original system of size Nl×Nl and
associated field in x- and y-direction Nt times. The spectral
function calculated for such a superlattice is equivalent to the
spectral function of an effective system size NlNt×NlNt. In
order to calculate the spectral function, which is to be dis-
cussed later, we use Nt = 6 which allows us to access an
effective system size of 240 × 240.

The simulation process is started at a temperature, which
is nearly twice of TN , and then the system is cooled down
in small steps of temperature. At each temperature, first thou-
sand MC sweeps are used to reach equilibrium field configura-
tion {mi}. In the next thousand sweeps, data related to struc-
ture factor, spectral function etc. are obtained for different
thermal configurations so as to carry out thermal averaging.
We set U to be 4t, which is not far from the screened value
as recent works suggest [47]. Since the Hubbard model can
be mapped to the Heisenberg model with the exchange cou-
pling 4t2/U , it can be noted that with larger U , one expects a
larger broadening in the spectral function. This follows from
the softening of the AFM state with increasing U .
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FIG. 1. The (a) long- and (b) short-range AFM correlations as a func-
tion temperature for different t′ = 0.1, 0.2, 0.3 and 0.4. The long-
range correlation function shows relatively sharper rise for larger t′.
The short-range correlation function as defined in the text does not
vanish beyond TN and it may show weak dependence on t′.
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FIG. 2. The DOS as a function of energy ω at different temperatures
T/TN = (a) 1.0 and (b) 1.5 for various t′ = 0.1, 0.2, 0.3 and 0.4.
Unlike t = 0 case, the dip in the DOS may vanish completely at
higher temperature when the next-nearest neighbor hopping is incor-
porated.

III. RESULTS

Fig. 1(a) shows the structure factor for the AFM state with
ordering wavevector Q = (π, π) given by

S(Q) =
1

N2

∑
i,j

〈mi ·mj〉eiQ·(ri−rj), (10)

where ri is the position vector of site i and mi is the magnetic-
vector field at that point. Two features are easily noted. First,
the structure factors for different t′ approach the same value as
T → 0, which agrees with the Hartree-Fock approximation at
low temperature. Then, the rise in S(Q), which is indicative
of the onset of long-range AFM order, becomes sharper with
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FIG. 3. (a) t′ − T phase diagram based on the onset temperatures
TN and T ∗ described in the main text, where paramagnetic metallic
(PM), pseudogap-like (PG) and AFM-insulating (AFM-I) phases are
shown. The region occupied by the pseudogap-like phase is reduced
with increasing t′ indicating antagonistic behavior between the two.

FIG. 4. Quasiparticle dispersion for t′/t = 0.3 along the high sym-
metry directions for three different temperatures at T/TN = (a) 0.5,
(b) 1.0, and (c) 1.5.

increasing t′ because TN gets smaller. It may be recalled that
S(Q) remains largely unaffected by the system size except in
the vicinity of T ∼ TN [34].

Fig. 1(b) shows the onset of short-range magnetic order de-
fined by

φ1 =
1

4N

∑
〈i,j〉

〈mi ·mj〉, (11)

where 〈i, j〉 denotes summation over nearest neighbors. It ap-
pears that φ1 is not independent of t′. In particular, it dimin-
ishes with a rise in t′ when T & TN . Below TN , however,
the behavior of short- and long-range magnetic order is simi-
lar. Therefore, an important question arises, is non vanishing
of the short-range magnetic correlation function linked to the
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FIG. 5. A(k, ω) along the high-symmetry directions for t′/t = 0.3
at three different temperatures T/TN = (a) 0.5 , (b) 1.0, and (c) 1.5.
The curves from the bottom to top correspond to various points along
the direction (0, 0)→ (π, π)→ (π, 0)→ (0, 0).

pseudogap-like features in the spectral function? Perhaps, the
nature of rise in the structure factor in the vicinity of TN as
well as short-range magnetic correlations can be an indicator
for the pseudogap-like feature. As we will see below that a
sharper rise in the structure factor indicates a smaller temper-
ature window for the pseudogap-like features and vice-versa.

Fig. 2 shows the density of states (DOS) calculated for
T/TN = 1 and 1.5 using

N(ω) =
∑
q,λ,i

|ψq,λ(i)|2δ(ω − Eq,λ). (12)

Here, Eq,λ and ψq,λ are the eigenvalues and eigenvectors for
the whole superlattice. It is not difficult to notice the persisting
pseudogap-like dip in the DOS at the Néel temperature and
beyond. However, most interestingly, the dip becomes shal-
lower with rising t′ and it can be seen to be almost absent for
t′ ∼ 0.4 near T/TN ∼ 1.5 and beyond, whereas it is present at
T/TN ∼ 1. Thus, the next-nearest neighbor hopping appears
to be unfavorable for the pseudogap-like features beyond TN .
This can be noticed also in the t′ − T phase diagram where
the temperature windows for both the long-range AFM order
as well as for the pseudogap-like phase shrinks with rising t′.
We have chosen onset temperature of the AFM order to be
the temperature where S(Q) starts to rise from zero. Simi-
larly, the onset temperature T ∗ of the pseudogap-like phase
, marked by presence of dip in the density of state, is deter-
mined by the condition when there is no further change in the
dip of the DOS or the dip disappears as temperature rises.

Next, we examine the evolution of quasiparticle dispersion
as a function of temperature using the single-particle spectral
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FIG. 6. A(k, ω) as a function of ω for (a-c) t′/t = 0.1 and 0.3 (d-f)
at three different temperatures T/TN = 0.5, 1.0, 1.5. The curves at
the bottom and top correspond to the points (π/2, π/2) and (π, 0),
respectively, while the others to the points in between as one moves
from (π/2, π/2) to (π, 0) along the normal-state Fermi surface.

function

A(k, ω) =
∑
q,λ

|〈k|ψq,λ〉|2δ(ω − Eq,λ), (13)

where 〈k|ψq,α〉 =
∑
l

∑
i〈k|l, i〉〈l, i|ψq,λ〉, and l, i are super-

lattice and site indices, respectively. Fig. 4 shows the quasi-
particle dispersion for t′/t = 0.3 a value close to the one
obtained through various estimates for high-Tc cuprates [28,
48, 49]. Well-formed but asymmetrical gap can be seen
near (π/2, π/2) as well as (π, 0). The hole- and particle-
excitation energies are the least near (π/2, π/2) and (π, 0),
respectively. The gap does not disappear even at T/TN = 1
and beyond, which is evident from the suppression of spec-
tral weight at the Fermi level. More specifically, the gap dis-
appears near (π/2, π/2) relatively more quickly with rising
temperature and it can be seen to persist near (π, 0) even at
a relatively higher temperature. Another band with a rela-
tively smaller spectral weight is found along (0, 0) → (π, 0),
(0, 0) → (π/2, π/2), and (π/2, π/2) → (π, 0), which disap-
pears near TN and beyond. In order to look at the comparison
of size of quasiparticle peak for the particle and hole excita-
tions, we also plot A(k, ω), along the high-symmetry direc-
tions as shown in the Fig. 5. The spectral weight is the largest
near (0, 0) and (π, π), it is the least near (π, 0) and moderate
in the vicinity of (π/2, π/2).

Further, we look at the evolution of the gap structure along
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FIG. 7. The hole-excitation energy calculated with the help of spec-
tral function A(k, ω) as one moves along high-symmetry direction
(π/2, π/2) → (π, 0). The number 0 and 0.5 along k correspond to
(π/2, π/2) and (π, 0), respectively.

the normal-state Fermi surfaces as a function of temperature
for different t′ (Fig. 6). At lower t′ = 0.1, the asymme-
try in the particle-hole excitation is weak, however, the gap
along the normal-state Fermi surface survives at TN and be-
yond. On the contrary, the particle-hole asymmetry is much
more evident for a relatively larger t′ ∼ 0.4 as expected.
Near (π/2, π/2), the hole excitation energy is significantly
smaller in comparison to the particle excitation energy. As
one moves along (π/2, π/2)→ (π, 0), the hole-excitation en-
ergy increases while the particle-excitation energy decreases.
Secondly, there is a significant asymmetry in the quasiparti-
cle peak size. It is the largest for the hole excitation near
(π/2, π/2) in comparison to the particle excitation. These
features are reversed as one moves towards (π, 0).

Fig. 7 shows the hole-excitation energy along the normal
state Fermi surface as a function of next-nearest neighbor hop-
ping. The excitation energy increases almost linearly on mov-
ing from (π/2, π/2) to (π, 0) for all t′. It is also nearly inde-
pendent of t′ in the vicinity of (π/2, π/2), whereas it exhibits
an almost linear rise as t′ approaches (π, 0). The energy de-
creases with a rise in temperature as the spectral weight con-
tinues to get transferred to the Fermi level. For T & TN and
higher t′, the energy nearly vanishes.

IV. DISCUSSION

One important consequence of inclusion of t′ is the shift
of spectral weight to higher and lower values of the quasipar-
ticle energy depending on whether t′ induced energy change
4t′ cos kx cos ky is positive or negative for a given quasiparti-
cle momentum. This feature can be seen in our results, espe-
cially when T < TN and the lower and upper bands are ac-
companied with significant suppression of spectral weight in
parts of the high-symmetry direction. The spectral weight is
shifted towards the Fermi level near (π, 0) and away to a large
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energy near (π, π) or (0, 0). These features are in agreement
with the results obtained via cluster-perturbation theory [50].
More importantly, our calculation establishes that the gap at
the Fermi level does not disappear near T ∼ TN and beyond
though the gain in the spectral weight does take place with
rising temperature.

In this work, we have restricted our study to the half-filled
Hubbard model, which corresponds to zero doping. However,
majority of the theoretical and experimental works have fo-
cused on the hole-doped cuprates because that leads to the ap-
pearance of unconventional high-Tc d-wave superconductiv-
ity. The doping, however, introduces not only the d-wave su-
perconductivity but a variety of other complex phases includ-
ing the nematic, pair-density wave, striped spin and charge
order, charge-density wave etc. The origin of these phases in
the hole-doped cuprates are yet to be completely understood.
On the other hand, the simulations that we applied to the half-
filled Hubbard model provide us with important insight into
the role of next-nearest neighbor hopping with regard to the
spectral features and therefore fill in the long-standing gap.

The model used in the simulation is not applicable away
from half filling because the spatial and thermal fluctuations
in the charge degree of freedom is ignored as we have used
the auxiliary field associated with the charge-degree of free-
dom at the saddle-point approximation. An appropriate mod-
ification in the model would be necessary to study the role of
spin as well as charge fluctuation on the single-particle excita-
tion. Moreover, the absence of the Brinkman-Rice peak of the
quasiparticle excitation near the Mott transition for a moderate
U is a consequence of the fact that besides treating the charge
degree of freedom at the mean-field level, our approach also
ignores the temporal fluctuations in the auxiliary fields.

Findings on the role of next-nearest neighbor hopping
t′ shows a very good qualitative agreement of momentum-
dependent spectral features with experiments for the undoped
cuprates. Interestingly, these features are qualitatively sim-
ilar to what are observed for the hole-doped cuprates espe-
cially in the direction (π/2, π/2) → (π, 0) along the normal
state Fermi surface in the pseudogap and d-wave supercon-
ducting phase. Within the scheme used in the current work,
study of spectral function for the hole-doped case will nec-
essarily involve at least the competition between two tenden-
cies, i.e., AFM ordering and d-wave superconducting, which,
in turn, will require the inclusion of auxiliary fields associ-
ated with d-wave superconductivity also. It will be of strong
interest to see the consequence of such a competition on the
momentum-dependent gap structure in the d-wave state as it
will help to find the answer to questions such as does the d-

wave gap get enhanced because of the AFM ordering tenden-
cies? Answer to that question may help in gaining insight
into the role of t′ in increasing the superconducting-transition
temperature. Here, it may be recalled that our findings also in-
dicate momentum-dependent gap structure at higher tempera-
ture even in the absence of any long-range magnetic order. We
also find that the temperature window, where the pseudogap-
like features exists, shrinks with an increase in t′. This raises
another pertinent question about the compatibility of the pseu-
dogap phase with t′ while it may be noted that a larger t′ is
known to enhance Tc.

V. CONCLUSION

To conclude, we have examined in details, role of the next-
nearest neighbor hopping on the single-particle excitation near
AFM ordering temperature and beyond. Our findings based
on an approach free of any finite size effect, while taking into
account the thermal and spatial fluctuations, provides impor-
tant insight into nature of possible hole and particle excitations
along the high-symmetry direction in the half-filled Hubbard
model. The spectral gap along high-symmetry, which per-
sists even beyond AFM ordering temperature, shows a very
good qualitative agreement with the experiments on undoped
cuprates whereas the results also indicate that the long-range
hopping may not be favorable for the pseudogap phase. On the
other hand, the increase in the gap size along the high symme-
try direction especially along nodal to anti-nodal point often
used in the context of cuprate supercondctors, grows with an
increase in the next-nearest neighbor hopping. Here, we have
restricted ourself to the case of only one auxiliary field cor-
responding to the magnetic moment. However, the approach
adopted in this work can suitably be modified to incorporate
other auxiliary fields. These auxiliary fields may correspond
to the d-wave superconductivity or to the charge-density wave.
Such a study of momentum-resolved spectral function incor-
porating multiple auxiliary fields can provide critical insight
into the origin of the pseudogap phase observed in the high-
Tc cuprates.
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lath, L. Patthey, and H. Berger, Phys. Rev. Lett. 100, 196402
(2008).

[22] W. A. Atkinson, A. P. Kampf, and S. Bulut, New J. Phys. 17, 1
(2015).

[23] D. F. Agterberg, J. C. S. Davis, S. D. Edkins, E. Fradkin, D. J.
V. Harlingen, S. A. Kivelson, P. A. Lee, L. Radzihovsky, J. M.
Tranquada, and Y. Wang, Ann. Rev. of Cond. Mat. Phys. 11 231
(2020).

[24] B. Kyung and R. A. Ferrell, Phys. Rev. B 54, 10125 (1996).

[25] C. Kim, P. J. White, Z.-X. Shen, T. Tohyama, Y. Shibata, S.
Maekawa, B. O. Wells, Y. J. Kim, R. J. Birgeneau, and M. A.
Kastner, Phys. Rev. Lett. 80, 4245 (1998).

[26] B. O. Wells, Z. -X. Shen, A. Matsuura, D. M. King, M. A.
Kastner, M. Greven, and R. J. Birgeneau, Phys. Rev. Lett. 74,
964 (1995)

[27] A. Singh and P. Goswami, Phys. Rev. B 66, 092402 (2002).
[28] T. Tohyama and S. Maekawa, Phys. Rev. B 49, 3596 (1994).
[29] A. Singh and H. Ghosh, Phys. Rev. B 65, 134414 (2002).
[30] S. Pandey and A. Singh, Phys. Rev. B 75, 064412 (2007)
[31] E. Pavarini, I. Dasgupta, T. Saha-Dasgupta, O. Jepsen, and O.

K. Andersen, Phys. Rev. Lett. 87, 047003 (2001).
[32] A. Nazarenko, K. J. E. Vos, S. Haas, E. Dagotto, and R. J. Good-

ing, Phys. Rev. B 51, 8676(R) (1995)
[33] K. Tanaka, T. Yoshida, A. Fujimori, D. H. Lu, Z.-X. Shen, X.-J.

Zhou, H. Eisaki, Z. Hussain, S. Uchida, Y. Aiura, K. Ono, T.
Sugaya, T. Mizuno, and I. Terasaki, Phys. Rev. B 70, 092503
(2004).

[34] H. A. Rashid and D. K. Singh, Phys. Rev. B 107, 125139
(2023).

[35] R. B. Laughlin, Phys. Rev. B 89, 035134 (2014).
[36] M. V. Sadovskii, I. A. Nekrasov, E. Z. Kuchinskii, Th. Pr-

uschke, and V. I. Anisimov, Phys. Rev. B 72, 155105 (2005).
[37] E. Z. Kuchinskii, I. A. Nekrasov, Z. V. Pchelkina, J. Exp. Theor.

Phys. 104, 792 (2007).
[38] A. Macridin, M. Jarrell, T. Maier, P. R. C. Kent, and E.

D’Azevedo, Phys. Rev. Lett. 97, 036401 (2006).
[39] D. Duffy and A. Moreo, Phys. Rev. B 52, 15607 (1995).
[40] D. K. Singh, S. Kadge, Y. Bang, and P. Majumdar, Phys. Rev.

B 105, 054501 (2022).
[41] H. A. Rashid, G. Goyal, A. Akbari, D. K. Singh, SciPost Phys.

Core 6, 033 (2023).
[42] R. Sensarma and V. Galitski, Phys. Rev. B 84, 060503(R)

(2011).
[43] S. Kumar and P. Majumdar, Eur. Phys. J. B 50, 571 (2006).
[44] J. Salafranca, G. Alvarez, and E. Dagotto, Phys. Rev. B 80,

155133 (2009).
[45] H. J. Schulz, Phys. Rev. Lett. 65, 2462 (1990).
[46] A. Mukherjee, N. D. Patel, S. Dong, S. Johnston, A. Moreo,

and E. Dagotto, Phys. Rev. B 90, 205133 (2014).
[47] S. W. Jang, H. Sakakibara, H. Kino, T. Kotani, K. Kuroki and

M. J. Han, Sci Rep 6, 33397 (2016).
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