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We perform a variational Monte Carlo study of the nematic state in iron-pnictide superconductors within a realistic
five-orbital model. Our numerical results show that the nematic state, formed by introducing an anisotropic hopping order
into the projected wave function, is not stable unless the off-site Coulomb interaction V exceeds a critical value. This
demonstrates that V plays a key role in forming the nematic state in iron-pnictide superconductors. In the nematic state,
the orbital order and the anisotropic spin correlations are consistent with the experimental observations. We argue that the
experimentally observed anisotropic magnetic couplings and structural transition are associated with the nematic state and
can be understood in a unified framework.
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1. Introduction
Understanding the properties of normal state is believed

to be key to unveiling the pairing mechanism in high-Tc su-
perconductors. In both high-Tc cuprates and iron-pnictides,
superconductivity emerges when the magnetic ordering is
suppressed by additional charge doping or by an applied
pressure.[1–3] This phenomenon has stimulated considerable
studies on the magnetic property and its relation to su-
perconductivity. Recently, another intriguing property of
iron-pnictides was observed in the high temperature regime,
namely the electronic nematic phase, in which the discrete
lattice rotational symmetry is broken while the translational
symmetry is retained. Experiments showed that iron-pnictides
suffer a structural transition[4–8] at certain temperature TS,
across which the crystal symmetry changes from tetragonal
to orthorhombic. Although the lattice deformation is very
small ((a− b)/(a + b) < 0.01, with a and b denoting the
in-plane lattice constants), sizeable electronic anisotropy has
been observed in the in-plane resistivity measurements.[9,10]

This so-called nematic character has also been identified
in the optical conductivity spectrum,[11–13] scanning tun-
nelling microscopy,[14,15] and angle-resolved photoemission
studies[16] at a temperature even above TS.

Currently, the nature of the nematic state as well as its
relation to anisotropic magnetic couplings[17] and the struc-

tural transition is a hot topic. Based on a spin-nematic
scenario,[18–20] anisotropic spin fluctuations above TS have
been taken as the driving force for the nematic state, and they
induce the orbital polarization and drive a structural transition
at a lower temperature TS. On the other hand, in an orbital or-
der scenario,[21–24] a spontaneous breaking of the degeneracy
between 3dxz and 3dyz orbitals is considered to be responsible
for the nematic instability. The resulting unequal orbital oc-
cupations lead to anisotropic magnetic couplings and trigger a
magnetic transition at a lower temperature TN. While quite
a number of experimental phenomena have been explained
by either of the two scenarios,[20,25] some important issues
still need to be addressed. For instance, in the orbital order
scenario, both calculated anisotropy in Drude weight[22] and
anisotropic orbital occupations[26] showed the opposite sign
to the experimental observations. Therefore, a unified physi-
cal picture is needed to clarify these anisotropic properties in
the nematic state.

In our previous variational Monte Carlo (VMC)
calculations,[27] we demonstrated that the nematic state can
arise in a three-orbital model when a realistic off-site Coulomb
interaction V is considered, which is the first time that the role
of V in the formation of nematic state in iron-pnictides is iden-
tified. Here, we extend our work to a more realistic five-orbital
model.[28] In this five-orbital model, two iron 3d eg orbitals
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are included in addition to the three iron 3d t2g orbitals. Al-
though these two eg orbitals do not contribute significantly to
the density of states close to the Fermi level, their strong hy-
bridizations with the three t2g orbitals give a better fitting to the
bands obtained by the density functional theory. Moreover, in
this five-orbital model, the π-bond like nearest-neighbor (NN)
hopping is much stronger than the σ -bond one, leading to dis-
tinct NN hoppings between five- and three-orbital models (see
Fig. 3). This is consistent with the first-principles Wannier
function analysis[21] and we will show that it is important for
providing a unified physical picture in which the nematic state,
the orbital order, and the anisotropic magnetic couplings are
all associated.

The rest of the paper is organized as follows. In Section
2, the model and the variational Monte Carlo method are in-
troduced. In Section 3, we present the main results and discuss
the relations between the orbital, spin, and structure degrees of
freedom. Conclusions of this paper are given in Section 4.

2. Model and method
We start from the following five-orbital model on a two-

dimensional square lattice:

H = Hband +U1 ∑
iα

niα↑niα↓

+ ∑
i,α<β ,σ ,σ ′

[
(U2− Jδσσ ′)niασ niβσ ′

]
+J ∑

i,α<β

(
c†

iα↑c
†
iβ↓ciα↓ciβ↑+ c†

iα↑c
†
iα↓ciβ↓ciβ↑+H.c.

)
+V ∑

〈i j〉
nin j. (1)

The first term of the Hamiltonian reads

Hband = ∑
i j,αβ ,σ

tαβ [x j− xi,y j− yi]c
†
iασ

c jβσ . (2)

The hopping integrals used here are from the Graser et al.
paper,[28] in which the orbital basis is aligned parallel to the
NN Fe–Fe direction rather than the Fe–As direction; this is
convenient for investigating the nematic state in which the two
orthogonal Fe–Fe directions are non-equivalent. Another im-
portant feature is that the σ -bond like NN dxz–dxz hopping
along the x direction is much weaker than the π-bond like one
along the y direction, e.g., |txz,xz[1,0]| � |txz,xz[0,1]|, and for
the dyz orbital. This is due to the strong deformation of the or-
bitals induced by the hybridization between Fe 3d and As 4p
orbitals.[21]

The interaction part of the model includes the intraor-
bital and interorbital Coulomb interactions U1 and U2, the
Hund coupling J, as well as the Coulomb interaction V be-
tween the NN sites. The interacting parameters are U1 = 2.0,
U2 = 1.0, and J = 0.5 in units of eV in this paper unless

otherwise stated, which correspond to the typical values of
iron-pnictide superconductors.[29–31] In our previous work, we
demonstrated that the nematic state is not stable unless V is
larger than a critical value Vc = 0.33.[27] In this paper, we vary
V from 0.0 to 0.4.

We describe the nematic state by introducing an
anisotropic hopping order (AHO) with order parameter δvar.
This kind of introducing the nematic state has success-
fully captured the nature of the nematic state in high-
Tc cuprates.[32,33] A non-interacting variational Hamiltonian
HMF is then obtained by substituting the hopping integrals
tαβ [∆x,0] and tαβ [0,∆y] in Hband by the effective hopping in-
tegrals

teff
αβ ,∆x

= (1+δvar) tαβ [∆x,0] ,

teff
αβ ,∆y

= (1−δvar) tαβ [0,∆y] . (3)

The wave function |ψMF〉 is obtained by diagonalizing the
quadratic Hamiltonian HMF. The projected wave function we
use in VMC is then constructed as follows:

|ψ〉= PG |ψMF〉= gN̂1
1 gN̂2

2 gN̂V
V gN̂J

J |ψMF〉 , (4)

where

N̂1 = ∑
i,α

niα↑niα↓, N̂2 = ∑
i,α<β

niα niβ ,

N̂V = ∑
〈i j〉

nin j, N̂J = ∑
i,α<β ,σ

niασ niβσ . (5)

Here g1, g2, and gJ are the variational parameters controlling
the number of electrons residing in the same and the different
on-site orbitals, and gV controls the number of electrons on
the NN sites. It is well-known that the ground state of iron-
pnictides is an antiferromagnetic (AFM) state at low energy,
while in this paper, we will focus on the nematic state in the
high temperature paramagnetic regime. We are interested in
the microscopic mechanism of the unusual anisotropy in the
tetragonal crystal structure.

The VMC simulations are carried out on 10×10 and
14×14 lattices with periodic boundary conditions along the
x and the y directions. We define N as the number of sites
and n as the average number of electrons per site. In this pa-
per, we investigate the undoped case with n = 6. The ground-
state energy 〈ψ|H |ψ〉 is calculated using a standard Marko-
vian chain Monte Carlo approach with the Metropolis update
algorithm,[34–37] and it is optimized with respect to the vari-
ational parameters. During the optimization, a quasi-Newton
method combined with a fixed sampling method[38,39] is used.
In the figures presented below, the statistical errors are smaller
than the symbol sizes unless otherwise stated.
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3. Results and discussion
Firstly, the condensation energy per unit cell Econd =[

E
(
δ

opt
var
)
−E(0)

]
/N and the optimized AHO parameter δ

opt
var

as a function of V are presented in Fig. 1. One can see that
Econd and δ

opt
var are zero when V is less than a critical value

Vc = 0.30 in the 10× 10 lattice (0.32 in the 14× 14 lattice).
For the three-orbital model, the critical value Vc is estimated
to be about 0.33,[27] which is close to the value obtained for
the five-orbital model. These results provide conclusive ev-
idence that the off-site Coulomb interaction V plays a key
role in forming the nematic state in iron-pnictides. The er-
ror bar (not shown) in Fig. 1(b) is about 0.05, which is due to
the finite size effect, manifested as a discontinuous change of
the Fermi surface when the variational parameter δvar changes
continuously.[27]
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Fig. 1. (color online) (a) Condensation energy Econd and (b) optimized
δvar as a function of V .

Due to the development of AHO, the effective hopping in-
tegrals teff

αβ ,∆x
and teff

αβ ,∆y
defined in Eq. (3) become anisotropic.

As a result, the kinetic energies along the x and the y direc-
tions, which are defined as

Ekinx =

〈
∑

iαβσ ,∆x
tαβ [∆x,0]c†

i,ασ
ci+∆x,βσ

〉
, (6)

Ekiny =

〈
∑

iαβσ ,∆y
tαβ [0,∆y]c†

i,ασ
ci+∆y,βσ

〉
, (7)

become anisotropic, as shown in Fig. 2(a). The decrease (in-
crease) of Ekinx (Ekiny) as a function of δvar will result in a
stronger anisotropy of the kinetic energy as the nematicity is
enhanced. This behavior is very similar to the one observed in
the three-orbital model.[27] As already discussed in our pre-
vious work,[27] the derived optical conductivity and Drude
weight contain the terms that are closely related to the hop-
ping integrals and the hopping processes of electrons. The
anisotropic kinetic energy, which is obtained from the kinetic
(hopping) terms in Eq. (2), suggests that the calculated x and y
components of the optical conductivity and the Drude weight

in the nematic phase are unequal, resulting in anisotropic opti-
cal and dc conductivities as observed in Ba(Fe1−xCox)2As.[13]

The anisotropic effective hopping integrals also lead to
the anisotropy of electron occupations in the dxz and dyz or-
bitals, as shown in Fig. 2(b). While the dyz orbital occupa-
tion nyz decreases and approaches half-filling, the dxz orbital
occupation nxz increases monotonically as δvar is increased.
This kind of anisotropic electron occupation is opposite to
the one in the three-orbital model.[27] As shown in Fig. 3(a),
the leading dyz–dyz and dxz–dxz hopping integrals in the five-
orbital model are along the x and y directions, respectively,
while the two leading hopping integrals are reversed in the
three-orbital model (see Fig. 3(b)). In the nematic state with∣∣∣teff

αβ ,∆x

∣∣∣ > ∣∣∣teff
αβ ,∆y

∣∣∣, nxz > nyz or nxz < nyz is developed to ben-
efit the kinetic energy in the five- or three-orbital model due
to the different leading hopping processes. The orbital order
obtained in this work is in agreement with the experiment,[16]

where it was found that as the temperature is lowered toward
TN, the shift up and shift down of the dyz and dxz bands lead to
larger occupation of the dxz orbital.
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Fig. 2. (color online) (a) Kinetic energies, (b) electron occupations in
the dxz and dyz orbitals, and (c) NN spin correlations as a function of
δvar at V = 0.36 on the 14×14 lattice.

The physical picture of anisotropic NN magnetic
couplings[17] driven by the orbital order has already been pro-
posed by Lee et al.[21] In their picture, the dxz orbital is al-
most doubly-occupied, while the dyz orbital is almost singly-
occupied and spin-polarized. As the dyz–dyz hopping along the
x direction is much stronger than that along the y direction,
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anisotropic spin superexchanges with Jx > Jy are naturally ob-
tained. Our results shown in Figs. 2(b) and 3(a) are in qualita-
tive agreement with Lee et al.’s analysis, therefore anisotropic
NN magnetic couplings can be realized in the nematic state,
which leads to the anisotropic magnetic properties shown in
Fig. 2(c). One can see that in the normal state (δvar = 0), the
NN spin correlations along the two directions have the same
negative value. When the nematicity develops (δvar > 0), the
spin correlation along the y direction approaches 0, while the
one along the x direction is enhanced.

(a)

(b)

xz

yz

yz

xz

teff
¢y

teff
¢x

teff
¢y teff

¢x

Fig. 3. (color online) The leading hopping integrals along the x and y
directions in (a) the five-orbital model and (b) the three-orbital model.

Having identified the microscopic origin of the nematic
state and the induced orbital order, we now turn to the instabil-
ity of the structural transition with a > b, which was observed
by experiments.[4–6] As shown in Fig. 4(a), the shape of the
dxz orbital combined with the dominant dxz electron occupa-
tion prefers a lattice distortion with a > b, since the repulsive
energy caused by the NN dxz–dxz off-site Coulomb interaction
can be dramatically reduced. On the other hand, for domi-
nant dyz electron occupation, a lattice distortion with a < b
is preferred, as displayed in Fig. 4(b). In the nematic state,
we have unequal electron occupations with nxz > nyz as shown
in Fig. 2(b), so the experimentally observed lattice distortion
with a > b is obtained. From this physical picture, one can see
that the off-site Coulomb interaction V not only plays a key

role in the formation of the nematic state, but also contributes
to the structural transition, across which the crystal symmetry
changes from tetragonal to orthorhombic.
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Fig. 4. (color online) Schematic diagram of the contributions of the
orbital order to the structural distortion: (a) dominant dxz occupation
prefers a structural distortion with a > b; (b) dominant dyz occupation
prefers b > a.

4. Conclusion
Our VMC study demonstrates that the nematic state is

stable in the realistic five-orbital model when the off-site
Coulomb interaction V is larger than a critical value Vc ≈ 0.30.
Miyake et al.’s ab initio calculations[40] indicated that the typ-
ical value of V is about 0.50∼ 0.90 in iron-pnictides, which is
much larger than Vc, therefore, the nematic state can be real-
ized in actual materials. The development of nematicity results
in unequal electron occupations with nxz > nyz and anisotropic
magnetic couplings with Jx > Jy, which are consistent with
the ones observed in experiments. The resulting anisotropic
kinetic energies are closely related to the experimentally ob-
served anisotropic optical and dc conductivities. In addition,
we find that the inclusion of the off-site Coulomb interaction
V is crucial for the structural distortion with a > b.

In our work, the nematic state is introduced by AHO, and
the orbital order and the anisotropic spin correlations are the
consequents of the development of AHO. Thus, we do not dis-
entangle the roles of orbital degree of freedom and spin de-
gree of freedom in the formation of the nematic state. Further
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works that directly describe the nematic state in the form of
orbital order or spin order are needed. The question of which
one is the dominant degree of freedom will be answered when
comparing the calculated results to the experimental measure-
ments.

References
[1] Lee P A, Nagaosa N and Wen X G 2006 Rev. Mod. Phys. 78 17
[2] Johnston D C 2010 Adv. Phys. 59 803
[3] Li H C, Xiang Y Y and Wang Q H 2014 Chin. Phys. Lett. 31 67404
[4] Huang Q, Zhao J, Lynn J W, Chen G F, Luo J L, Wang N L and Dai P

C 2008 Phys. Rev. B 78 054529
[5] Lester C, Chu J H, Analytis J G, Capelli S C, Erickson A S, Condron C

L, Toney M F, Fisher I R and Hayden S M 2009 Phys. Rev. B 79 144523
[6] Pratt D K, Tian W, Kreyssig A, Zarestky J L, Nandi S, Ni N, Bud’ko

S L, Canfield P C, Goldman A I and McQueeney R J 2009 Phys. Rev.
Lett. 103 087001

[7] Wang Z, Cai Y, Yang H X, Tian H F, Wang Z W, Ma C, Chen Z and Li
J Q 2013 Chin. Phys. B 22 87409

[8] Ma L and Yu W Q 2013 Chin. Phys. B 22 87414
[9] Chu J H, Analytis J G, De Greve K, McMahon P L, Islam Z, Yamamoto

Y and Fisher I R 2010 Science 329 824
[10] Chu J H, Kuo H H, Analytis J G and Fisher I R 2012 Science 337 710
[11] Dusza A, Lucarelli A, Pfuner F, Chu J H, Fisher I R and Degiorgi L

2011 Europhys. Lett. 93 37002
[12] Nakajima M, Liang T, Ishida S, Tomioka Y, Kihou K, Lee C H, Iyo A,

Eisaki H, Kakeshita T, Ito T and Uchida S 2011 Proc. Natl. Acad. Sci.
USA 108 12238

[13] Nakajima M, Ishida S, Tomioka Y, Kihou K, Lee C H, Iyo A, Ito T,
Kakeshita T, Eisaki H and Uchida S 2012 Phys. Rev. Lett. 109 217003

[14] Chuang T M, Allan M P, Lee J, Xie Y, Ni N, Bud’ko S L, Boebinger G
S, Canfield P C and Davis J C 2010 Science 327 181

[15] Allan M P, Chuang T M, Massee F, Xie Y, Ni N, Bud’ko S L, Boe-
binger G S, Wang Q, Dessau D S, Canfield P C, Golden M S and Davis
J C 2013 Nat. Phys. 9 220

[16] Yi M, Lu D H, Chu J H, Analytis J G, Sorini A P, Kemper A F, Moritz
B, Mo S K, Moore R G, Hashimoto M, Lee W S, Hussain Z, Devereaux
T P, Fisher I R and Shen Z X 2011 Proc. Natl. Acad. Sci. USA 108 6878

[17] Zhao J, Adroja D T, Yao D X, Bewley R, Li S L, Wang X F, Wu G,
Chen X H, Hu J P and Dai P C 2009 Nat. Phys. 5 555

[18] Fang C, Yao H, Tsai W F, Hu J P and Kivelson S A 2008 Phys. Rev. B
77 224509

[19] Fernandes R M, Abrahams E and Schmalian J 2011 Phys. Rev. Lett.
107 217002

[20] Fernandes R M, Chubukov A V, Knolle J, Eremin I and Schmalian J
2012 Phys. Rev. B 85 024534

[21] Lee C C, Yin W G and Ku W 2009 Phys. Rev. Lett. 103 267001
[22] Chen C C, Maciejko J, Sorini A P, Moritz B, Singh R R P and Dev-

ereaux T P 2010 Phys. Rev. B 82 100504
[23] Lee W C and Phillips P W 2012 Phys. Rev. B 86 245113
[24] Bao W 2013 Chin. Phys. B 22 87405
[25] Lee W C, Lv W C and Arham H Z 2013 Int. J. Mod. Phys. B 27

1330014
[26] Lv W C and Phillips P 2011 Phys. Rev. B 84 174512
[27] Zheng X J, Huang Z B, Liu D Y and Zou L J 2014 arXiv:1407.1411v1

[cond-mat.supr-con]
[28] Graser S, Maier T A, Hirschfeld P J and Scalapino D J 2009 New J.

Phys. 11 025016
[29] Aichhorn M, Pourovskii L, Vildosola V, Ferrero M, Parcollet O,

Miyake T, Georges A and Biermann S 2009 Phys. Rev. B 80 085101
[30] Yang W L, Sorini A P, Chen C C, Moritz B, Lee W S, Vernay F, Olalde-

Velasco P, Denlinger J D, Delley B, Chu J H, Analytis J G, Fisher I R,
Ren Z A, Yang J, Lu W, Zhao Z X, van den Brink J, Hussain Z, Shen Z
X and Devereaux T P 2009 Phys. Rev. B 80 014508

[31] Anisimov V I, Korotin D M, Korotin M A, Kozhevnikov A V, Kunes
J, Shorikov A O, Skornyakov S L and Streltsov S V 2009 J. Phys.:
Condens. Matter 21 075602

[32] Edegger B, Muthukumar V N and Gros C 2006 Phys. Rev. B 74 165109
[33] Zheng X J, Huang Z B and Zou L J 2014 J. Phys. Soc. Jpn. 83 024705
[34] Gros C 1989 Ann. Phys. 189 53
[35] Yokoyama H and Ogata M 1996 J. Phys. Soc. Jpn. 65 3615
[36] Yokoyama H and Shiba H 1988 J. Phys. Soc. Jpn. 57 2482
[37] Yamaji K, Yanagisawa T, Nakanishi T and Koike S 1998 Phys. C: Su-

percond. 304 225
[38] Ceperley D, Chester G V and Kalos M H 1977 Phys. Rev. B 16 3081
[39] Umrigar C J 2000 Phys. Rev. Lett. 60 1719
[40] Miyake T, Nakamura K, Arita R and Imada M 2010 J. Phys. Soc. Jpn.

79 044705

017404-5

http://dx.doi.org/10.1103/RevModPhys.78.17
http://dx.doi.org/10.1080/00018732.2010.513480
http://dx.doi.org/10.1088/0256-307X/31/6/067404
http://dx.doi.org/10.1103/PhysRevB.78.054529
http://dx.doi.org/10.1103/PhysRevB.79.144523
http://dx.doi.org/10.1103/PhysRevLett.103.087001
http://dx.doi.org/10.1103/PhysRevLett.103.087001
http://dx.doi.org/10.1088/1674-1056/22/8/087409
http://dx.doi.org/10.1088/1674-1056/22/8/087414
http://dx.doi.org/10.1126/science.1190482
http://dx.doi.org/10.1126/science.1221713
http://dx.doi.org/10.1209/0295-5075/93/37002
http://dx.doi.org/10.1073/pnas.1100102108
http://dx.doi.org/10.1073/pnas.1100102108
http://dx.doi.org/10.1103/PhysRevLett.109.217003
http://dx.doi.org/10.1126/science.1181083
http://dx.doi.org/10.1038/nphys2544
http://dx.doi.org/10.1073/pnas.1015572108
http://dx.doi.org/10.1038/nphys1336
http://dx.doi.org/10.1103/PhysRevB.77.224509
http://dx.doi.org/10.1103/PhysRevB.77.224509
http://dx.doi.org/10.1103/PhysRevLett.107.217002
http://dx.doi.org/10.1103/PhysRevLett.107.217002
http://dx.doi.org/10.1103/PhysRevB.85.024534
http://dx.doi.org/10.1103/PhysRevLett.103.267001
http://dx.doi.org/10.1103/PhysRevB.82.100504
http://dx.doi.org/10.1103/PhysRevB.86.245113
http://dx.doi.org/10.1088/1674-1056/22/8/087405
http://dx.doi.org/10.1142/S0217979213300144
http://dx.doi.org/10.1142/S0217979213300144
http://dx.doi.org/10.1103/PhysRevB.84.174512
http://dx.doi.org/10.1088/1367-2630/11/2/025016
http://dx.doi.org/10.1088/1367-2630/11/2/025016
http://dx.doi.org/10.1103/PhysRevB.80.085101
http://dx.doi.org/10.1103/PhysRevB.80.014508
http://dx.doi.org/10.1088/0953-8984/21/7/075602
http://dx.doi.org/10.1088/0953-8984/21/7/075602
http://dx.doi.org/10.1103/PhysRevB.74.165109
http://dx.doi.org/10.7566/JPSJ.83.024705
http://dx.doi.org/10.1016/0003-4916(89)90077-8
http://dx.doi.org/10.1143/JPSJ.65.3615
http://dx.doi.org/10.1143/JPSJ.57.2482
http://dx.doi.org/10.1016/S0921-4534(98)00283-4
http://dx.doi.org/10.1016/S0921-4534(98)00283-4
http://dx.doi.org/10.1103/PhysRevB.16.3081
http://dx.doi.org/10.1103/PhysRevLett.60.1719
http://dx.doi.org/10.1143/JPSJ.79.044705
http://dx.doi.org/10.1143/JPSJ.79.044705

	1. Introduction
	2. Model and method
	3. Results and discussion
	4. Conclusion
	References

