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The nematic state of the iron-based superconductors is studied in the undoped limit of the three-orbital
(xz, yz, xy) spin-fermion model via the introduction of lattice degrees of freedom. Monte Carlo
simulations show that in order to stabilize the experimentally observed lattice distortion and nematic
order, and to reproduce photoemission experiments, both the spin-lattice and orbital-lattice couplings are
needed. The interplay between their respective coupling strengths regulates the separation between the
structural and Néel transition temperatures. Experimental results for the temperature dependence of the
resistivity anisotropy and the angle-resolved photoemission orbital spectral weight are reproduced by
the present numerical simulations.
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Introduction.—The discovery of high temperature superconductivity in the iron-based pnictides and selenides has
provided a novel playground where several simultaneously
active degrees of freedom (DOF) determine the complex
properties of these materials [1,2]. The mechanism that
leads to superconductivity in these compounds will only be
fully understood once the spin, orbital, lattice, and charge
are all together considered in a consistent theory. The
parent compounds of most pnictides become antiferromagnetic (AFM) at a Néel temperature TN where long-range
collinear spin order develops with wave vector (, 0) in the
iron sublattice notation [2], breaking rotational symmetry
from C4 to C2 . This state is also characterized by an
orthorhombic (Orth ) lattice distortion with the longer
(shorter) lattice constant along the AFM [ferromagnetic
(FM)] direction and by the ferro-order of the dxz and dyz
orbitals that otherwise would be degenerate [1]. In materials such as the undoped 122 compounds, the structural and
magnetic transitions occur at the same temperature.
However, neutron studies performed on LaO1-x Fx FeAs
[2] indicate that the AFM transition can be preceded by a
structural transition at a temperature TS > TN [3,4].
There are two main proposals to explain these results.
(i) In one scenario, the magnetic interactions play the key
role [5–9]. In this context, the ‘‘nematic’’ state [10] at TS is
induced by breaking the Z2 symmetry that links the otherwise degenerate (, 0) and (0, ) collinear states, while at
TN the remaining Oð3Þ symmetry is broken. However,
explicit Monte Carlo (MC) calculations using purely spin
models [11,12] revealed only a tiny difference between the
two critical temperatures. This suggests that other DOF
may be needed to reinforce the nematicity mechanism
since recent experiments revealed a nematic transition
well above TN for BaFe2 As2 [13] and NaFeAs [14] that
persists into the doped regime far from magnetic transitions. (ii) In another scenario, orbital fluctuations are the
0031-9007=13=111(4)=047004(5)

crucial component [15–21], similarly as in the manganites
where orbital order occurs well above the magnetic critical
temperatures [22].
Both approaches explain some of the experimental
data, but in practice it is difficult to disentangle the
‘‘driver’’ and ‘‘passenger’’ roles of the different DOF.
The electron acoustic-phonon coupling responsible for
standard tetragonal-orthorhombic structural transitions
naively appears ruled out as a relevant DOF because  ¼
½ðax  ay Þ=ðax þ ay Þ  0:003 in the pnictides [19,20,23]
(ax , ay ¼ lattice constants), and this  is considered too
small to produce the sizable anisotropies experimentally
observed [13,23].
The purpose of this Letter is to revisit the influence of
the lattice DOF in the pnictides via its introduction into
the spin-fermion (SF) model for these materials [24–26].
This model phenomenologically considers the growing
body of experimental evidence that requires a mixture of
itinerant and localized DOF to properly address the iron
superconductors [2,27,28]. Here, the itinerant sector will
involve electrons in the xz, yz, and xy d orbitals [29]. The
localized spins represent the spin of the other d orbitals
[24,25] or alternatively, in a Landau-Ginzburg context,
the magnetic order parameter. To our knowledge, this
is the first time that all these ingredients are simultaneously studied, and the complexity of the problem
requires a computational analysis. Moreover, our numerical approach also allows us to study temperatures above
TS where all DOF develop only short-range fluctuations
[7,30], a regime difficult to reach by standard mean-field
procedures. Our main result is that a complete description
of the phenomenology of the undoped Fe-based superconductors requires the simultaneous presence of both the
spin- and orbital-lattice couplings, suggesting a degree of
complexity in these materials that was not previously
anticipated [31].
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Model and method.—The lattice SF model considered
here is based on the purely electronic model studied before
[24–26] supplemented by the coupling to the lattice:
HSF ¼ HHopp þ HHund þ HHeis þ HSL þ HOL þ HStiff :

4
1 X
ðjyi; j  jxi; jÞ;
i ¼ pﬃﬃﬃ
4 2 ¼1

Finally, HStiff is
4
1 XX
ðjRi j  R0 Þ2
HStiff ¼ k
2 i ¼1 Fe-As


X a0 12
a0 6
þ k0

2
:
Rij
Rij
hiji
Fe-Fe
Fe-Fe

(1)

This (lengthy) full Hamiltonian is written explicitly in
the Supplemental Material [32]. HHopp is the Fe-Fe hopping of electrons with the amplitudes selected in previous
publications to reproduce angle-resolved photoemission
(ARPES) results [the specific hopping amplitudes used
here can be read in Eqs. (1)–(3) and Table I of Ref. [29]].
The average number of electrons per itinerant orbital is
n ¼ 4=3 [29]. Our focus on the undoped case is justified:
this limit already contains the physics under discussion,
calculations are simpler than for the doped case, and the
quenched disordering effect of chemical doping is avoided.
P
The Hund interaction is canonical: HHund ¼ JH i; Si 
si; , with Si (si; ) the localized (itinerant with orbital index
) spin. HHeis is the Heisenberg interaction among the
localized spins involving nearest neighbors (NN) and
next-NN interactions with couplings JNN and JNNN , respectively, and a ratio JNNN =JNN ¼ 2=3 [26] that favors collinear order (any value larger than 1=2 would have been
equally effective).
Our emphasis will be on the coupling of spin and orbital
with the structural transition. Within the spin-driven scenario, the state between TN and TS is characterized by
short-range spin correlations i ¼ Si Siþx  Si Siþy
that satisfy hi < 0 [9], where Si is the spin of the iron
atom at site i and x, y are unit vectors along the axes. This
spin-nematic phase has been studied analytically both in
strong [5,6,33] and weak coupling [8]. The Orth distortion
i associated to the elastic constant C66 will be considered
here. This distortion is produced by coupling of lattice
withP the short-range magnetic fluctuations via HSL ¼
g i i i [8,9,34]. Here, g is the lattice-spin coupling,
i is the Orth strain
(2)

and xi; (yi; ) is the component along x (y) of the distance
between the Fe atom at site i of the lattice and one of its
four neighboring As atoms that are labeled by the index 
[35]. In this context, if the atoms could not move, the
structural distortion would not occur but the C4 symmetry
would still spontaneously break at a temperature T  > TN ,
leading to an anisotropic resistivity [23]. The spin in HSL
will only be the localized spin for computational
simplicity. From the other perspective, the orbital fluctuation theory attributes the structural transition to the coupling of P
the lattice to the Orth quadrupole operator via
HOL ¼  i i i . Here,  is the orbital-lattice coupling,
i ¼ ni;xz -ni;yz is the orbital order parameter, and ni; the
electronic density at site i and orbital  [19,20].
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(3)

The first term in Eq. (3) is the standard harmonic energy.
The second term contains anharmonic contributions to
improve the simulations’ convergence [36].
Only the Orth distortion is considered here since our aim
is to study the structural transition of the parent compounds
[20]. In equilibrium, the Fe atoms form a square lattice
with sites labeled by i and with lattice parameter a0 ; the As
atoms are at the center of each plaquette, identified with the
indices (i, ), with coordinate z ¼ a0 =2 in alternating
plaquettes
pﬃﬃﬃ so that the Fe-As equilibrium distance is
R0 ¼ 3a0 =2. In our study, each As atom is allowed to
move in the x-y plane to a new position Ri
Fe-As ¼
ðxi; ; yi; ; a0 =2Þ with respect to the Fe atom that was at
site i when in equilibrium. The distance between Fe atoms
Rij
Fe-Fe is determined globally via the variables ax and ay ,
satisfying the conboth equal to a0Pwhen
P in equilibrium,
x j and 2Na ¼ PN P jy j,
straints 2Nax ¼ N
j
y

i;
i¼1  i;
i¼1
where N is the number of sites and  ¼ 1; . . . ; 4 are the
four As atoms connected to each Fe. Note that this procedure is qualitatively different from studies of Jahn-Teller
distortions in Mn oxides where the Mn-Mn distance was
fixed [22], while here the Fe-Fe distances can change due
to the Orth distortion, leading to the global adjustments in
lattice spacings.
The Hamiltonian is here studied via a standard MC
simulation in the classical (a) localized spins Si and
(b) atomic displacements xi; and yi; . For each MC configuration of spins and atomic positions, the fermionic
quantum Hamiltonian is diagonalized via library subroutines, as extensively discussed in the manganite context
[22], rendering the study computationally demanding.
Results.—The MC simulations were performed on 8  8
square clusters using ‘‘twisted boundary conditions’’ that
effectively reduce finite size effects, as discussed before
[26]. Typically, 8000 MC steps were used for thermalization and 50 000–100 000 steps for measurements at each
temperature T and for each set of parameters. The Hund
interaction was set to JH ¼ 0:1 eV, and the classical
Heisenberg couplings to JNN ¼ 0:012 eV and JNNN ¼
0:008 eV, similarly as in Ref. [26]. Fixing some parameters to values used in previous investigations simplifies
the analysis and allow us to focus on the effects of the
lattice into a previously studied system. The stiffness constants were selected so that the dimensionless couplings
~ ¼ ð2=kWÞ and g~ ¼ ð2g=kWÞ [22] are experimentally
realistic [37] (W ¼ fermionic bandwidth). Calculations
indicate that both parameters should be smaller than 1 in
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FIG. 1 (color online). Spin magnetic susceptibility Sð;0Þ
(circles), spin-nematic order parameter hi (filled squares),
and lattice distortion  (triangles) vs T at g~ ¼ 0 and
(a) ~ ¼ 0:12 and (b) ~ ¼ 1:2. (In the latter, open squares
indicate orbital order.) TN is indicated by the dashed line.

pnictides [7,19,20,38]. The magnetic transition will be
determined by the magnetic susceptibility
Sð;0Þ ¼ NhSð; 0Þ  hSð; 0Þii2 ;

(4)

where  ¼ 1=kB T, N is the number of lattice sites,
and Sð; 0Þ is the magnetic structure factor [at the
wave vector (, 0) of relevance in pnictides] obtained
via the Fourier transform of the real-space spin-spin
correlations measured during the simulations. The structural transition is determined by the behavior of the lattice
susceptibility defined by  ¼ Nh  hii2 , where
 ¼ ððax  ay Þ=ðax þ ay ÞÞ.
Individual couplings.—To isolate the individual roles
that the spin and orbital DOF play in their interaction
with the lattice, first the case g~ ¼ 0 was studied, varying
~ At ~ ¼ 0:12, neither a sizable
T at several values of .
lattice distortion [as indicated by the triangles in Fig. 1(a)]
nor orbital order were observed, and only a Néel transition
at TN ¼ 90 K into a collinear AFM (, 0) state was found
(see the circles in the figure). To develop a more robust
lattice distortion, ~ must be increased to unphysical large
values. In fact, numerically it was observed that by varying
~ the orbital order and structural distortion are stabilized
for ~ > 0:8. However, in this ~ regime, already larger than
estimations [19,38], the Orth distortion has the longest
lattice constant along the FM direction [see Fig. 1(b) at
~ ¼ 1:2], qualitatively opposite to experimental observations [39]. As a consequence, in our model, which relies on
a particular set of hopping amplitudes chosen to fit ARPES
experiments, the physical Orth or magnetic state of pnictides cannot arise from short-range orbital fluctuations
alone [20]. Let us study next the role played by the spinlattice coupling by setting instead ~ ¼ 0 and focusing on,
e.g., g~ ¼ 0:16. In this case, a peak in  [see Fig. 2(a)]
denotes a structural transition. This transition now has
the experimentally correct Orth distortion below TN ,
i.e.,  > 0, and it occurs simultaneously with the Néel
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FIG. 2 (color online). (a) Spin magnetic susceptibility Sð;0Þ
(open circles), lattice distortion susceptibility  (filled circles),
spin-nematic order parameter hi (squares), and lattice distortion  (triangles) vs T for couplings g~ ¼ 0:16 and ~ ¼ 0. TN and
the structural transition temperature TS are indicated by the
dashed line. (b) The temperature difference between TS and
~ at g~ ¼ 0:08 and 0.16.
TN vs ,

transition at TS ¼ TN ¼ 153 K. The ordered phase now
has both long-range magnetic order and a long-range Orth
distortion with  ¼ ðax  ay Þ=ðax þ ay Þ  0:0037 (green
triangles), remarkably close to experiments, suggesting
that the small couplings to the lattice considered here are
physically reasonable. However, setting ~ ¼ 0, no orbital
order was observed, at least with the hopping amplitudes
employed here. Moreover, our study shows that TN
remains equal (within the accuracy of our effort) to TS in
the physical regime, contrary to experiments. Then, neither
the limits ~ ¼ 0 nor g~ ¼ 0 are sufficient to fully accommodate the phenomenology of the pnictides.
Combined couplings.—Our main result is that the combined effect of the coupling of the lattice to both spins and
1.0

TN

TS

TN

TS

0.5

0.0
10×

〈Ψ〉/2

0.3× χ S(π ,0)

−0.5

10 × δ
103× χδ
2

−1.0
120

140

160

180

200

220

T (K)

FIG. 3 (color online). Spin magnetic susceptibility Sð;0Þ
(open circles), lattice distortion susceptibility  (filled circles),
spin-nematic order parameter hi (filled squares), orbital order
hi (open squares), and lattice distortion  (triangles) vs T at
couplings g~ ¼ 0:16 and ~ ¼ 0:12. TN and TS are indicated by
the dashed lines. Inset: close-up of the Sð;0Þ and  peaks,
shifted vertically for better comparison.
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FIG. 4 (color online). (a) Spin-nematic order parameter hi vs
T at g~ ¼ 0:16 and for the values of ~ indicated. (b) MC resistance along the x (AFM) and y (FM) directions varying T.
Dashed lines indicate TN and TS at g~ ¼ 0:16 and ~ ¼ 0:12.

ω - µ (eV)

orbitals is needed to reach a regime with all the characteristics of the states found experimentally in pnictides. By
turning on both the spin- and orbital-lattice interactions,
our MC studies show that the structural transition moves to
a temperature higher than the magnetic transition, so that
TS > TN , as shown in Fig. 2(b) at g~ ¼ 0:16 and 0.08.
For small couplings in the experimental range, such as
~ ¼ 0:12 and g~ ¼ 0:16, the difference TS -TN is concomitantly small but it is numerically clear, with  systematically above (below) Sð;0Þ at temperatures above
(below) the critical region. More specifically, TN ¼ 156 K
from the peak in S (open black circles) in Fig. 3, and
TS ¼ 158 K from the peak in  (filled circles). The
difference in the position of the two maxima (see inset)
has been extensively analyzed, repeating MC runs with
different starting configurations and statistics, and it
appears robust. Moreover, TS -TN can be further enhanced
by increasing ~ [see Figs. 2(b) and 9 of Ref. [32]] [40]. The
intermediate phase has a broken Z2 symmetry with shortrange NN spin-spin correlations characterized by hi < 0,
indicating spin-nematic order (filled squares),  > 0 indicating Orth distortion (triangles), and hi > 0 indicating
orbital order (open squares).
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FIG. 5 (color online). Orbital-resolved spectral weight of the
SF model along the directions ð0; Þ  ð0; 0Þ  ð; 0Þ in momentum space for (a) T ¼ 165 K, (b) T ¼ 158 K, and
(c) T ¼ 145 K, at g~ ¼ 0:16 and ~ ¼ 0:12. The noninteracting
band dispersion is indicated by the solid black lines. The spectral
weight for the dxz , dyz , and dxy orbitals is indicated by the red,
blue, and green dots, respectively.
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The order of the transitions was also investigated. In
Fig. 4(a), the spin-nematic order parameter hi is shown
~ and fixed g~ ¼ 0:16. At small ,
~
varying T at several ’s
where TN ¼ TS according to Fig. 2(a), the transition is
~
abrupt as in a first-order transition. Upon increasing ,
leading to TS > TN , the transition becomes continuous as
in a second-order transition. This is in agreement with
predictions of an effective low-energy model [8].
Comparison with experiments.—As in the previous
effort employing the purely electronic SF model [26], the
resistance R along the AFM and FM directions was calculated varying T. While the reproduction of the uniaxialpressure experimental results [23] required previously an
explicit anisotropy in the Heisenberg couplings to mimic
strain, now the asymmetry develops spontaneously as
shown in Fig. 4(b). R along the FM direction becomes
larger than along the AFM direction at T  TS , suggesting
that the anisotropy observed above TS in experiments may
be due to the external strain [41,42].
Our study also reproduces the ARPES experiments
[43–45] where an asymmetry develops between the spectral weight for the xz and yz orbitals along the -X and the
-Y directions upon cooling. In Fig. 5, it is shown that
along the -X [-Y] direction, mainly near (, 0) [(0, )],
the spectral weight for the yz (xz) orbital moves closer to
(further from) the Fermi level as T is lowered, compatible
with the development of orbital order with hi > 0. The
asymmetry is obtained here without explicit symmetry
breaking at the Hamiltonian level [46]. Note also that
orbital order may only occur near the Fermi surface [47].
It is important to remark that in spite of the small values of
~ and g~ used in our effort, their influence is sufficient to
create observable consequences such as the anisotropies
in transport and ARPES. In addition, a recent pairdistribution function analysis reported the presence of
robust local Orth distortions [48], hinting that the lattice
DOF is more important than previously believed [49].
Conclusions.—In the model analyzed here, the couplings of the spin and orbital DOF with the lattice are
both important to stabilize the state that breaks the C4
symmetry above the Néel transition. The spin-lattice coupling induces the correct experimentally observed Orth
distortion, while the orbital-lattice coupling generates the
ARPES-observed orbital order and the higher temperature
structural transition. As a consequence, our study suggests
that the complex nematic properties of the pnictides’ parent compounds arise from a subtle cooperation among all
the participating degrees of freedom.
This work was supported by the U.S. Department of
Energy, Office of Basic Energy Sciences, Materials
Sciences and Engineering Division.
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