
Spin, orbital, and lattice correlations 
in Fe(Te,Se) superconductors	


John Tranquada	


Strong Correlations and Unconventional Superconductivity	

KITP, UCSB	


September 22, 2014



Collaborators

Genda Gu Igor Zaliznyak

Crystal growth

Guangyong Xu

Jinsheng Wen	

Nanjing Univ.

Zhijun Xu	

LBNL

David Fobes	
 John 	

Schneeloch	


SBU

Ruidan Zhong	

SBU



Outline

• Spin correlations are short range	

!

• Characteristic Q changes with T	

!

• Likely due to orbital ordering

In superconducting FeTe1-xSex:



Fe(Se,Te) phase diagram

Katayama et al., 	

JPSJ (2010)
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• Itinerant antiferromagnets	


• At least four 3d bands cross EF	


• Degeneracy of dxz and dyz	


‣ Possible orbital ordering

Issues



Two types of spin correlations

Fe1+yTe

FeSexTe1-x

AF order in Fe1+yTe
W. Bao et al., PRL (2009)	


S. Li et al., PRB (2009)
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Spin glass: incommensurate SRO

With Se doping, the magnetic order is depressed and be-
comes short ranged. It is intriguing that magnetic order can
survive without a lowering of the lattice symmetry from te-
tragonal, although perhaps there are local symmetry reduc-
tions on the scale of the magnetic correlation length. The
incommensurability is also interesting. A uniform sinusoidal
modulation of the spin directions or magnitudes will give
incommensurate peaks at !0.5!" ,0 ,0.5", whereas we see a
peak only on the −" side. One can model this with phase-
shifted modulations on the two sublattices, but the modula-
tion length required to describe the incommensurability is
much greater than the correlation length.

We have found that a simple description of the incom-
mensurability can be obtained when the decay of correlations
between ferromagnetic nearest-neighbor spins is different
from that of antiferromagnetic spin neighbors. We will con-
sider correlations only along the modulation direction within
an a-b plane and assume that they are independent of corre-
lations in the orthogonal directions. Let us break the spin
system into perfectly correlated nearest-neighbor pairs, with
exponential decay of the spin correlations from one pair to
the next along the a axis. The neutron-scattering intensity
can then be expressed as30

I # #F#2
1 − p2

1 + p2 − 2p cos!2$h"
, !1"

where F is the structure factor for the selected pair of spins,
h is the wave-vector component along the a axis, and

p = − e−a/%, !2"

where p is the correlation function between neighboring
pairs, where the negative sign suggests that the interpair cor-
relation is antiferromagnetic, and % is the correlation length.
!In all cases discussed below, we set %=a."

Let us first consider the case of ferromagnetic spin pairs
with exponentially decaying correlations between pairs, as
illustrated in Fig. 3!b". The structure factor for this case cor-
responds to

#F#2 = 4 cos2! 1
2$h" , !3"

as indicated by the dashed line in Fig. 3!b". Plugging this
into Eq. !1" gives the solid line shown in Fig. 3!b". Note that
the calculated peaks are incommensurate, with the peak near
h=0.5 shifted to lower h. Alternatively, we can start with an
antiferromagnetic spin pair, in which case

#F#2 = 4 sin2! 1
2$h" . !4"

This yields the result shown in Fig. 3!c", with the peaks
shifted in the opposite direction. If the decay of correlations
is identical for ferromagnetic and antiferromagnetic nearest
neighbors, then we can average over these two cases, obtain-
ing #F#2=2; the resulting commensurate peaks are shown in
Fig. 3!a".

Our experimental results look similar to Fig. 3!b". This
suggests that the ferromagnetic correlations are stronger than
the antiferromagnetic ones. For the model illustrated in Fig.
3!b", the incommensurability grows as the correlation length
gets shorter. The trend in our two samples does not follow
this relationship; however, one could describe a more general
relationship between the ferromagnetic and antiferromag-
netic correlations by taking a weighted average of Eqs. !3"
and !4".

In summary, we have observed short-range magnetic or-
der in Fe1.07Te0.75Se0.25 and FeTe0.7Se0.3. In both samples, the
magnetic order is incommensurate and only observed on one
side of the commensurate wave vector !0.5,0,0.5", which
is likely a result of the imbalance of ferromagnetic/
antiferromagnetic correlations between neighboring spins.
The parent compound Fe1+&Te is not superconducting22,23

and the optimally doped sample with 50% Se has no static
magnetic order.31,32 Our samples have Se content lying in the
middle, where we see that with larger Se doping, the SDW
order becomes weaker, while the superconductivity is en-
hanced. This could imply the coexistence and competition
between SDW order and superconductivity in this
system, similar to other Fe-based9,11,13–15 and cuprate
superconductors.33–35 Interestingly, in the Fe1+&Te1−xSex sys-
tem, the SDW order and superconductivity can be tuned not
only by doping Se, but also by adjusting the Fe
content.20,36,37 It has been reported that the excess Fe acts as
a magnetic electron donor,36 suppresses the superconductiv-
ity, and induces a weakly localized electronic state.38 Our
results are completely consistent with these results—with
less Fe and more Se, the SDW order is weaker; with more

FIG. 3. !a" Inset shows the commensurate magnetic unit cell
within a single layer of Fe1+&Te, with spin arrangements in a-b
plane; solid line shows the calculated scattered intensity assuming
uniform exponential decay of spin correlations. !b" Dashed line
shows the magnetic structure factor #F#2 and solid line shows cal-
culated intensity for exponential decay of correlations between fer-
romagnetic spin pairs !inset". !c" Same as !b" but for exponential
decay of correlations between antiferromagnetic spin pairs.
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104506-3

In our elastic neutron-scattering measurements, each
sample was aligned on the !200" and !001" nuclear Bragg
peaks with an accuracy and reproducibility in longitudinal
wave vector of better than 0.005 r.l.u. For the magnetic
peaks, linear scans were performed along #100$ and #001$
directions at various temperatures. The temperature depen-
dence of the peak intensity is summarized in Fig. 1!b" and
representative scans are shown in Fig. 2. No net peak inten-
sity is observed at 60 K, but a weak magnetic peak appears at
slightly lower temperature, growing in intensity with further
cooling. For Fe1.07Te0.75Se0.25, the magnetic structure is
clearly incommensurate and the peak position is determined
to be !0.5−! ,0 ,0.5", with !=0.04. From Fig. 2!a", we did
not observe a peak at !0.5+! ,0 ,0.5". For FeTe0.7Se0.3, the
magnetic peak center is at !0.48,0,0.5", although this differs
from the commensurate position by less than the peak width.
Our observations are qualitatively consistent with the previ-
ous result23 for Fe1.08Te0.67Se0.33, where the magnetic peak is
at !0.438,0,0.5"; it appears that both the Fe and Se concen-
trations impact the ordering wave vector. We have also
searched for SDW order around !0.5,0.5,0.5" in the !HHL"
zone, but no evidence of magnetic peaks was found.

At 5 K, the peak width for Fe1.07Te0.75Se0.25 #100$ scan is
0.10 r.l.u., which corresponds to a correlation length of
6.1!1" Å. The width along #001$ is 0.20 r.l.u., giving a cor-
relation length of 4.9!1" Å. As can be seen from Fig. 2, the
peaks for FeTe0.7Se0.3 along #100$ and #001$ are broader than
their counterparts for Fe1.07Te0.75Se0.25 and the correlation

lengths are determined to be 3.8!1" Å along #100$ and
3.3!1" Å along #001$. Also, from Fig. 1!b", one can see that
the magnetic peak intensity for Fe1.07Te0.75Se0.25 is always
higher than the other one. Although the SDW order is short
ranged in both compounds and starts at around the same
temperature, %40 K, the order is apparently stronger in the
25% Se sample.

The magnetic structure of the parent compound Fe1+"Te
can be described by the schematic diagram in the inset of
Fig. 3!a", which is adopted from Refs. 22 and 23. Here the
magnetic structure consists of two spin sublattices. The spins
in both sublattices are found to be aligned along b axis.
Within each sublattice, the spins have an antiferromagnetic
alignment along a and c axes and ferromagnetic along the b
axis. The spins have a small out-of-plane component, but
here, for simplicity, we are only considering the components
in the a-b plane. With low excess Fe,22 this configuration
gives rise to magnetic Bragg peaks at the commensurate
AFM wave vector !0.5,0,0.5". The extra Fe is considered to
reside in the interstitial sites of the Te/Se atoms.23 With more
excess Fe, the ordering wave vector becomes incommensu-
rate, which can be explained by a modulation of the ordered
moment size and orientation propagating along the a axis.23

The connection between excess Fe and the transition from
commensurate to incommensurate order has been modeled
theoretically.29

FIG. 1. !Color online" !a" ZFC magnetization and !b"
background-subtracted magnetic peak intensity measured along
#100$ !normalized to the sample mass" as a function of temperature
for Fe1.07Te0.75Se0.25 and FeTe0.7Se0.3. Error bars indicate one stan-
dard deviation assuming Poisson statistics. Lines through data are
guides for the eyes.

FIG. 2. !Color online" Short-range magnetic order in
Fe1+"Te1−xSex. The left and right columns show the magnetic peak
profiles for Fe1.07Te0.75Se0.25 and FeTe0.7Se0.3, respectively. Top and
bottom rows are scans along #100$ and #001$, respectively. !a"–!c"
are data taken at various temperatures. For the 30% Se sample,
there is a temperature-independent spurious peak in the #001$ scans,
so in !d" we only plot 5 K data with the 60-K scan subtracted. All
data are taken with 1 min counting time and then normalized to the
sample mass. Error bars represent the square root of the total
counts. The lines are fits to the data using Lorentzian functions.
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Fe1.1Te

estimated at several positions where magnetic scattering is
nearly absent, and subtracted from all data. It had the form
of the resolution-limited (FWHM ¼ 2 meV) Gaussian
peak in energy. Data were normalized to the inelastic
scattering intensity from acoustic phonon modes near the
structural Bragg reflection ! ¼ ð1; 1; 1Þ.

Figure 1 presents an overview of the low-energy mag-
netic excitations at T ¼ 10 K. The left column shows
neutron intensity as a function of the 2D wave vector
Q ¼ ðh; kÞ in the ab plane for elastic, E ¼ 0, (a), and
inelastic, E ¼ 7:5 meV, (b), and 20 meV, (c), scattering.
Remarkably, the scattering takes the form of broad, diffuse
peaks centered near (but not exactly at) ($ 0:5, 0) and
(0, $0:5) positions, for all energies covered in this mea-
surement (E & 26 meV). Magnetic dynamics of this type
is often explained by invoking a system of itinerant elec-
trons, where wave vectors of magnetic excitations are
determined by nesting properties of the Fermi surface(s)
[9,10,17]. Such explanation clearly fails for FeTe com-
pounds, since there is no Fermi surface nesting near
(0.5, 0)—nesting occurs at (0.5,0.5) and (1,0) [20]. In
addition, as we show later, the large observed magnetic
intensity would require the entire weight of two fully spin-
polarized itinerant electronic bands.

The magnetic excitations in Fig. 1 imply robust short-
range correlations, whose well-defined real space structure
persists over a broad range of time scales. In a system of

local spins this might be a signature of an emergent coop-
erative spin texture, such as the hexagonal loops induced
by spin frustration in ZnCr2O4 [25,26]. While our attempts
to analyze the low-energy magnetic scattering in Fe1:1Te in
terms of spin waves in the Heisenberg model were unsat-
isfactory, we found that the observed scattering can be very
accurately described by a cluster model of this kind. The
right column of Fig. 1 shows fits of our data to a model in
which plaquettes of four ferromagnetically coaligned
nearest-neighbor Fe spins emerge as a new collective
degree of freedom, with short-range antiferromagnetic
correlations between the neighboring plaquettes. Such
coaligned plaquettes are locally favored by Fe interstitials,
a small amount of which is present in our sample and
which act as condensation centers for plaquette spin liquid.
The absence of magnetic scattering along the sides of the
square with vertices at ðh; kÞ ¼ ð$1; 0Þ; ð0;$1Þ is a clear
fingerprint of the plaquette structure factor, SpðQÞ %
j cosð!ðhþ kÞ=2Þ cosð!ðh' kÞ=2Þj2. With only two pa-
rameters, the intensity and the correlation length ", this
fit is nearly as good as the fit to the phenomenological
pattern of factorized Lorentzian peaks shown in
Figs. 1(d)–1(f), which was used for quantifying intensity
and position of magnetic scattering in Figs. 2 and 3.
Figure 2 shows the energy dependence of magnetic

intensity at h ( 0, corresponding to the vertical slice at
the center of Figs. 1(a)–1(c). It reveals a pronounced
maximum at E ( 7 meV and a weak, acousticlike mode
dispersing from it down to Q ¼ 0. While the origin of the
resonancelike maximum is unclear, it appears near the
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T = 10 K, Ei = 40 meV. Lattice Lorentzian Fit. Cluster Model Fit.

FIG. 1 (color online). Magnetic scattering intensity measured
in Fe1:1Te at T ¼ 10 K for energy transfers ð0$ 0:5Þ meV, (a),
ð7:5$ 0:5Þ meV, (b) and ð20$ 0:5Þ meV, (c). (d)–(f), fits to a
model cross section consisting of four lattice Lorentzian (LL)
peaks at (0, $#) and ($ # , 0), # & 0:5. A Gaussian ring of
scattering centered at (0, 0) is included in (e) to account for the
dispersive acoustic mode clearly visible in Fig. 2(a). (g)–(i), two-
parameter fits to the checkerboard cluster model described in the
text. All fits assume the magnetic form factor of Fe2þ.
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FIG. 2 (color online). Energy dependence of the imaginary
part of the dynamical magnetic susceptibility, $00ðQ; EÞ ¼
!ð1' e'E=ðkBTÞÞSðQ; EÞ at T ¼ 10 K, (a), 80 K, (d), and
300 K, (g), as a function of wave vector (0, K). (b),(e),(h) and
(c),(f),(i) show fits to the same models as in Fig. 1.
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estimated at several positions where magnetic scattering is
nearly absent, and subtracted from all data. It had the form
of the resolution-limited (FWHM ¼ 2 meV) Gaussian
peak in energy. Data were normalized to the inelastic
scattering intensity from acoustic phonon modes near the
structural Bragg reflection ! ¼ ð1; 1; 1Þ.

Figure 1 presents an overview of the low-energy mag-
netic excitations at T ¼ 10 K. The left column shows
neutron intensity as a function of the 2D wave vector
Q ¼ ðh; kÞ in the ab plane for elastic, E ¼ 0, (a), and
inelastic, E ¼ 7:5 meV, (b), and 20 meV, (c), scattering.
Remarkably, the scattering takes the form of broad, diffuse
peaks centered near (but not exactly at) ($ 0:5, 0) and
(0, $0:5) positions, for all energies covered in this mea-
surement (E & 26 meV). Magnetic dynamics of this type
is often explained by invoking a system of itinerant elec-
trons, where wave vectors of magnetic excitations are
determined by nesting properties of the Fermi surface(s)
[9,10,17]. Such explanation clearly fails for FeTe com-
pounds, since there is no Fermi surface nesting near
(0.5, 0)—nesting occurs at (0.5,0.5) and (1,0) [20]. In
addition, as we show later, the large observed magnetic
intensity would require the entire weight of two fully spin-
polarized itinerant electronic bands.

The magnetic excitations in Fig. 1 imply robust short-
range correlations, whose well-defined real space structure
persists over a broad range of time scales. In a system of

local spins this might be a signature of an emergent coop-
erative spin texture, such as the hexagonal loops induced
by spin frustration in ZnCr2O4 [25,26]. While our attempts
to analyze the low-energy magnetic scattering in Fe1:1Te in
terms of spin waves in the Heisenberg model were unsat-
isfactory, we found that the observed scattering can be very
accurately described by a cluster model of this kind. The
right column of Fig. 1 shows fits of our data to a model in
which plaquettes of four ferromagnetically coaligned
nearest-neighbor Fe spins emerge as a new collective
degree of freedom, with short-range antiferromagnetic
correlations between the neighboring plaquettes. Such
coaligned plaquettes are locally favored by Fe interstitials,
a small amount of which is present in our sample and
which act as condensation centers for plaquette spin liquid.
The absence of magnetic scattering along the sides of the
square with vertices at ðh; kÞ ¼ ð$1; 0Þ; ð0;$1Þ is a clear
fingerprint of the plaquette structure factor, SpðQÞ %
j cosð!ðhþ kÞ=2Þ cosð!ðh' kÞ=2Þj2. With only two pa-
rameters, the intensity and the correlation length ", this
fit is nearly as good as the fit to the phenomenological
pattern of factorized Lorentzian peaks shown in
Figs. 1(d)–1(f), which was used for quantifying intensity
and position of magnetic scattering in Figs. 2 and 3.
Figure 2 shows the energy dependence of magnetic

intensity at h ( 0, corresponding to the vertical slice at
the center of Figs. 1(a)–1(c). It reveals a pronounced
maximum at E ( 7 meV and a weak, acousticlike mode
dispersing from it down to Q ¼ 0. While the origin of the
resonancelike maximum is unclear, it appears near the
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FIG. 1 (color online). Magnetic scattering intensity measured
in Fe1:1Te at T ¼ 10 K for energy transfers ð0$ 0:5Þ meV, (a),
ð7:5$ 0:5Þ meV, (b) and ð20$ 0:5Þ meV, (c). (d)–(f), fits to a
model cross section consisting of four lattice Lorentzian (LL)
peaks at (0, $#) and ($ # , 0), # & 0:5. A Gaussian ring of
scattering centered at (0, 0) is included in (e) to account for the
dispersive acoustic mode clearly visible in Fig. 2(a). (g)–(i), two-
parameter fits to the checkerboard cluster model described in the
text. All fits assume the magnetic form factor of Fe2þ.
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Figure 2 – Electronic density and magnetization correlation in the 

plaquette spin liquid model. (a) - (c) Height shows electronic density 

corresponding to the isotropic atomic magnetic form factor of Fe2+ and enlarged 

by the covalence factor of 2, which best fits the data in Figure 3. Colour 

represents the amplitude, in arbitrary units, of magnetic correlation for the inter-

plaquette correlation length equal to two nearest-neighbour Fe-Fe spacings. A 

damped-wave correlation of four-iron ferromagnetic UUUU plaquettes in FeTe, 

propagating with wave vector (S��), gives rise to short-range checkerboard, (a). 

For antiferromagnetic UDUD plaquettes in FeTe1-x(S,Se)x, correlation with wave 

vector (S��) gives short-range bistripe, (b), while for wave vector (S�S) it gives 

collinear antiferromagnetism observed in iron pnictides, (c). (d) - (f) show 

pattern of scattering intensity corresponding to the model on the left, averaged 

over possible plaquette orientations to restore the macroscopic C4 symmetry.
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Thermal evolution of magnetic dispersion

Fig. 4. Focusing in particular on the results for the Ni04
sample, in Fig. 4(e) we see that the crossover is continuous
in temperature, but with a reasonably defined midpoint at
30! 10 K. For Ni02, the midpoint may be closer to 40 K.
In both cases, the crossover occurs at temperatures of order
3Tc. We previously observed [17] hints of this temperature
dependent modification of the dispersion in superconducting

FeTe0:35Se0:65; however, the high-temperature incommen-
surability was not as large nor as well resolved as for the
Ni- and Cu-doped samples [see Fig. 4(e)].
It is possible to see the incommensurate columns of

magnetic scattering even at low temperature when the
superconductivity is suppressed, as shown for the Cu10
sample in Fig. 3(d). A similar low-temperature spectrum
has been observed previously in non-bulk-superconducting
‘‘1:1’’ samples such as Fe1:04Te0:73Se0:27 [18] and
Fe1:10Te0:75Se0:25 [19]. Thus, whether one destroys the
superconductivity with excess Fe or by sufficient substitu-
tion of Cu (or Ni), the impact on the magnetic excitations is
qualitatively similar.
There is an evident pattern that superconducting 1:1

samples have commensurate or almost commensurate
magnetic excitations at the resonance energy, while non-
superconducting samples have incommensurate excita-
tions. Our results for the Ni-doped samples show that it
is possible for a sample to transform from the incommen-
surate phase at high temperature to the low-energy-
commensurate phase on cooling. The commensurability
appears at the energy scale of the resonance energy at
a temperature of "3Tc, which is coincidentally also
comparable to the maximum pressure-induced Tc in the
Fe1þyTe1$xSex system [20,21].
The temperature dependence of the magnetic spectrum

has motivated us to check for related changes in other
properties. We note that an x-ray scattering study of
Fe1:03Te0:43Se0:57 detected a transition to an orthorhombic
phase on cooling below 40 K. Although such a transition
has not been detected in our Ni04 sample, x-ray diffraction
measurements indicate an anomalous in-plane expansion
for T & 60 K. Similar behavior was observed in neutron
diffraction measurements of Fe1þyTe1$xSex for 0:1 % x %
0:2 (with x ¼ 0:2 being the maximum Se concentration
examined in that work) [22]; at smaller x, the transition to
the monoclinic phase was observed.
In the iron-based superconductors, it has been proposed

that there are competing electronic instabilities similar to
those in the cuprates [23,24]. The existence of a nematic
phase that is directly related to orbital order has been
proposed and discussed in detail [25]. In addition to antifer-
romagnetism and superconductivity, the material also has a
propensity toward xz=yz orbital ordering, which has been
observed directly by angle-resolved photoemission spec-
troscopy in the case of BaðFe1$xCoxÞ2As2 [26]. Such
ferro-orbital ordering has been shown theoretically to couple
strongly to the commensurate magnetic correlation in both
the strong coupling [27] and weak coupling [24] picture.
With Se doping, disorder due to the mixture of Se and Te

[28], as well as our partial substitutions for Fe, will tend to
frustrate long-range ordering. The abnormal behavior of
the in-plane lattice parameter reported in Ref. [22] and in
our Fig. 5, is likely related to local structural changes
similar to the structural phase transition in the parent

FIG. 3 (color online). Magnetic scattering intensity plotted for
the Ni04 sample in energy-momentum space at (a) 2.8 K,
(b) 15 K, and (c) 100 K. Results for the Cu10 sample measured
at 2.8 K are plotted in (d). The data have been smoothed, and
nonmagnetic sharp spurious signals [see Fig. 2(a)] have been
removed for better visual effects.

FIG. 4 (color online). Thermal evolution of the magnetic scat-
tering at @! ¼ 5 meV. The data are measured through QAF

along the transverse direction for the Ni02 sample at
(a) 100 K, (b) 40 K, (c) 15 K, (d) 2.8 K, and (e) for the Ni04
sample plotted as an intensity contour map in temperature–wave-
vector space. The data have been smoothed. The yellow and
black symbols in (e) denote the corresponding peak positions for
the Ni02 sample (yellow squares) and for a superconducting
Fe1þ!Te0:35Se0:65 sample (black circles) [17].
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Ni- and Cu-doped samples [see Fig. 4(e)].
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tering at @! ¼ 5 meV. The data are measured through QAF

along the transverse direction for the Ni02 sample at
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Magnetic interactions influenced by orbital order

the latter would have been symmetry forbidden and iden-
tical to zero. By contrast, the supposedly stronger
‘‘!-bond’’-like NN dxz ! dxz hopping along the x direc-
tion is remarkably weak. These features are qualitatively
different from those used in the previous studies [22,23].
Our distinctly different results originate mathematically
from the change of direction in the WFs’ hybridization
tails, as visualized above in Fig. 1 [21]. Physically, this
reflects the dramatic influence of the tetrahedral position-
ing of As 4p orbitals on the Fe 3d orbitals, and reveals the
importance of As atom positions and Fe-As phonon modes
in the electronic structure in general.

A simple ‘‘minimal’’ picture of the low-energy physics
now emerges from the above analysis that elucidates the
nature of C-AF magnetic structure together with the ob-
served large anisotropy. Let us again focus only on the
Fe dxz and dyz orbitals. As illustrated in Fig. 3, given
almost doubly-occupied Fe dxz orbitals and almost
singly-occupied, spin-polarized Fe dyz orbitals, the dyz
orbitals prefer AFM alignments along the directions of
the efficient hopping, to benefit from the kinetic energy
(the ‘‘superexchange’’). Within the oversimplified strong
coupling limit [21] to the second order in the hopping
parameters in Table I, the leading AFM magnetic cou-
plings among the dyz subspace are the NN coupling along
the x direction, J1x, and the NNN coupling, J2 " 0:4J1x. In
comparison, the NN coupling along the y direction, J1y "
0:1J1x, is insignificant. This large anisotropy is in good
agreement with the current experimental [5] and theoreti-
cal observations [15]. Clearly, the anisotropy owes its
origin to the orbital degree of freedom, as the rotational
symmetry is broken upon orbital polarization. Therefore,
modeling the magnetic structure with a standard
Heisenberg model [4,5,12–15] would suffer from its very
limited applicability [24], as it lacks flexibility to break the
rotational symmetry spontaneously, or to adjust the mag-
netic coupling strength according to the orbital structure.

As shown in Fig. 3, following these two leading AFM
couplings J1x and J2, the observed C-AF structure is natu-

rally established locally, without resorting to Fermi surface
nesting. The seemingly ferromagnetic alignment along the
y axis results primarily from the NN and NNN AFM
alignment across the columns. Contrary to previous theo-
retical explanation [12–14], in our picture the observed
C-AF structure is not frustrated or competing with any
other magnetic structure (e.g.: G-AF), and thus can sustain
a high transition temperature [3].
In order to maximize the kinetic energy gain via the

superexchange processes, the orbitals not only have to be
polarized, but also need to be ordered. (Other magnetic/
orbital configurations were found to have higher energies.)
Indeed, in the above picture, all the sites are polarized the
sameway with the dyz orbital being less occupied and more
spin polarized. This can be considered an example of
‘‘ferro-orbital order’’ [22,25]. The formation of this rare
orbital order can be understood by noting the anti-intuitive
NN hopping path along the x direction (cf. Table I), domi-
nated by only hopping between dyz orbitals without dxz-dyz
cross hopping. As illustrated in Fig. 3(b), the best way to
utilize the kinetic energy in this case is indeed the ferro-
orbital, AFM magnetic alignment, since one electron from
both sites benefit from the kinetic energy. In comparison,
the more common staggered-orbital, ferromagnetic align-
ment (e.g., in undoped manganites) can utilize efficient
hoppings in only one channel [cf. Fig. 3(c)], despite the
additional benefit from the intra-atomic interactions [21].
That is, the unique hopping path leads to a rare ground state
of the undoped iron pnictides consisting of cooperative
ferro-orbital and C-AF orders.
The ferro-orbital phase is in fact directly responsible for

the tetragonal-to-orthorhombic lattice transition observed
at Ts " 155 K [3]. As soon as long-range ferro-orbital
order takes place at TOO (¼Ts), dxz orbitals becomes
more occupied macroscopically (cf. Fig. 3), leading to a
longer bond in the x direction, in agreement with the
experiment [26]. In general, it is very rare to have AFM
bond longer than the ferromagnetic one in the late transi-

TABLE I. Onsite energy (first row) and hopping integrals
among Fe 3d Wannier orbitals for the nonmagnetic case (in
eV). Fe2 and Fe3 are the NN and NNN of Fe1 (cf. Fig. 3).

hWFsjHjWFsi Fe1 z2 x2-y2 yz xz xy

Fe1 "-# !0:03 !0:20 0.10 0.10 0.34
Fe2 z2 0.13 0.31 !0:10 0.00 0.00
Fe2 x2-y2 0.31 !0:32 0:42 0.00 0.00
Fe2 yz !0:10 0.42 !0:40 0.00 0.00
Fe2 xz 0.00 0.00 0.00 !0:13 !0:23
Fe2 xy 0.00 0.00 0.00 !0:23 !0:30
Fe3 z2 0.06 0.00 !0:08 0.08 0.26
Fe3 x2-y2 0.00 !0:10 0.12 0.12 0.00
Fe3 yz 0.08 !0:12 0:25 !0:07 !0:05
Fe3 xz !0:08 !0:12 !0:07 0.25 0.05
Fe3 xy 0.26 0.00 0.05 !0:05 0.16
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FIG. 3 (color online). (a) Schematic of C-AF magnetic struc-
ture with highly anisotropic NN coupling due to orbital ordering.
(b), (c) The kinetic energy !E in the ferro-orbital and staggered-
orbital structures. t and U denote the hopping parameter and
intraorbital Coulomb repulsion, while U0 and JH denote the
interorbital repulsion and Hund’s exchange, respectively.
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Unified Picture for Magnetic Correlations in Iron-Based Superconductors
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The varying metallic antiferromagnetic correlations observed in iron-based superconductors are unified

in a model consisting of both itinerant electrons and localized spins. The decisive factor is found to be the

sensitive competition between the superexchange antiferromagnetism and the orbital-degenerate double-

exchange ferromagnetism. Our results reveal the crucial role of Hund’s rule coupling for the strongly

correlated nature of the system and suggest that the iron-based superconductors are closer kin to

manganites than cuprates in terms of their diverse magnetism and incoherent normal-state electron

transport. This unified picture would be instrumental for exploring other exotic properties and the

mechanism of superconductivity in this new class of superconductors.

DOI: 10.1103/PhysRevLett.105.107004 PACS numbers: 74.70.Xa, 71.27.+a, 75.10.!b, 75.25.Dk

Recently, high-temperature superconductivity has been
observed in a number of doped iron-based layer materials
near a static antiferromagnetic (AF) order [1–6] and with a
spin resonance [7,8], a pattern exhibited previously by the
copper oxides. Intriguingly, in contrast to the universal
insulating checkerboard AF order in undoped copper
oxides, the AF orders in this new class of superconductors
are metallic and material-dependent: ‘‘collinear’’ [Fig. 1(a)]
in undoped pnictides LaOFeAs and BaFe2As2 [4,5] and
‘‘bicollinear’’ [Fig. 1(b)] in undoped chalcogenide FeTe
[6]. This newly unveiled magnetic diversity has greatly
promoted the magnetic mechanism as a general route to
high-temperature superconductivity [9]. It is thus essential
to understand how these AF correlations developed in the
first place [10].

The fact that all the iron-based superconductors have
similar crystal structure, electronic structure, and Fermi-
surface topology [11] suggests that their metallic magne-
tism has a common origin. This is further supported by the
spin resonance in the superconducting state that appears to
be universally collinearlike [7,8]. Moreover, it was shown
[12] that FeTe could switch from bicollinear to collinear by
decreasing the anion height from the Fe plane. These
observations call for a unified picture that hosts a sensitive
competition between the collinear and bicollinear AF
orders.

However, previous model analyses did not reveal a close
relationship between these two orders. The collinear order
has been widely noted as a spin-density-wave state result-
ing from the nested Fermi-surface topology of itinerant
electrons [9]. While doubts on its validity still remain [13],
this scenario apparently does not work for the bicollinear
order. On the other hand, direct data fitting with the
Heisenberg model for local spin moments (in view of a
Mott insulator [14]) revealed dramatic changes in the
model parameters for these two orders [15], not to mention
its difficulty to account for the metallicity.

The purpose of this Letter is to show that the unified
microscopic understanding can be achieved with a model
having both components, itinerant electrons and localized
spins. It naturally possesses two competing magnetic
effects: (i) the AF superexchange coupling Jij between
the localized spins and (ii) the double-exchange ferromag-
netism [16] introduced by Hund’s rule couplingK between
the itinerant electrons and the localized spins. The com-
petition results in the formation of antiferromagnetically
coupled ferromagnetic (FM) chains in the iron plane.
These FM chains can be straight [Fig. 1(a)] or zigzag
[Fig. 1(b)]; the difference is small in energy but dramatic
in the whole pattern—the collinear (C-type) or bicollinear
(E-type) AF order. This magnetic softness is expected to
strongly scatter charge carriers above the Néel tempera-
ture, where the system has not been frozen into a specific
static order, leading to the observed rather incoherent
normal-state electron transport [1,17].
We begin with the crystal structure, which suggests

that Fe2þ is in an orbitally degenerate state, surrounded
by the exceptionally polarizable anions As, Te, or Se.

bicollinear (E)collinear (C) ca b checkerboard (G)

FIG. 1 (color online). The in-plane patterns of the spin-up
(blue balls) and spin-down (red balls) iron atoms in (a) the
collinear (C-type), (b) bicollinear (E-type), and
(c) checkerboard (G-type) AF orders. Note that bicollinear
means to follow the dashed lines for FM correlation, while a
more insightful view is to follow the zigzag thick lines (black
and gray stand for alternating electron hopping strengths) of the
E type.
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FIG. 3. Intensity map of elastic scattering near (0,1,0)
(left) and (1,1,0) (right) measured in Fe0.09(1)Te on SPINS
(Ef = 5 meV) at several temperatures, (a)–(d). Intensity of
(0,1,0) and (1,1,0) peaks obtained by numerically computing
the corresponding moments of the net neutron intensity, on
cooling (closed) and warming (open), (e). Peak (hysteretic)
and integral (non-hysteretic) intensity of (0.5− δ, 0, 0.5) mag-
netic Bragg intensity, which is seen near (0.5,0.5,0) due to the
double scattering in this configuration, (f). Dashed lines, as
in other figures, show different transition temperatures.

multiple scattering by varying the incident energy [33].
Polarized neutron scattering measurements at SPINS for
the (1,0,0) peak and the high-symmetry-allowed (1,1,0)
[Fig. 2(c) and 2(d)] reveal no spin-flip scattering, sug-
gesting that the (1,0,0)/(0,1,0) peak is not a result of
magnetic order. While this reflection is weak and un-
observable in NPD, it is consistent with Fe/Te displace-
ments from high-symmetry positions in P21/m phase,
which have been reported in most [18, 24–26], but not all
[23] earlier NPD structural refinements.

To further investigate the evolution and origin of the
(0,1,0) peak, we performed a detailed study of the tem-
perature dependence, presented in Fig. 3. Elastic neutron
scattering maps of the (0,1,0) and (1,1,0) Bragg peaks at
various temperatures [Figs. 3(a)–(d)] reveal that (0,1,0)
is absent at 80 K and present below TS . Integrated in-
tensity [Fig. 3(e)] indicates that the (0,1,0) peak appears
below ∼60 K, and first changes very slowly with temper-
ature, before experiencing an abrupt change with signifi-
cant hysteresis, typical of a first-order phase transition
and mimicking the magnetic susceptibility [Fig. 1(c)].
The hysteresis lies well below the structural (TS ≈ 60 K)
and magnetic (TN ≈ 58 K) transitions. In contrast, the
integrated intensity of (1,1,0) changes only slightly and
with only a very small hysteresis in the 30–50 K range.

In addition, we observed Ei-dependent scattering near
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FIG. 4. Fe–Fe (a) and Fe–Te (b) bond length in Fe0.09(1)Te
obtained by fitting the (1,0,0) and (1,1,0) intensities in the
data similar to that in Fig. 3 on cooling (closed) and warm-
ing (open symbols) to model Eq. (1). Resistivity (c) and
magnetic susceptibility (d) measured on cooling (closed) and
warming (open symbols) in the same Fe1+yTe, y = 0.09(1)
sample. Formation of Fe–Fe zigzag chains manifests itself by
the concomitant hysteretic decrease in both quantities.

(0.5,0.5,0), attributed to double scattering from out-of-
plane (0.5,0,0.5) magnetic Bragg peaks, providing an op-
portunity to probe the magnetic order parameter in the
(H,K, 0) plane simultaneously with (0,1,0) and (1,1,0),
which would have been otherwise inaccessible. As in the
NPD data [Fig. 1(f)–(g)], the integral intensity exhibits
no hysteresis, in contrast with peak intensity.

Here we fit the temperature dependence data to a
simple structure factor model where we have introduced
small displacements of Fe (along a) and Te (along b) from
their high symmetry positions in the a–b plane,

|F(100)|2 = 4[bFe sin(2πδ
Fe
x )]2, (1)

|F(010)|2 = 4[bTe sin(2πδ
Te
y )]2,

where bFe and bTe are the neutron scattering lengths
and δFe

x and δTe
y are the atomic displacements in r.l.u.

The observed broad structure of the (1,0,0)/(0,1,0) and
(1,1,0) peaks results from a–b twinning in our crystal,
combined with the presence of displacements both along
a and b directions, suggesting a low-temperature space
group with lower symmetry than P21/m, e.g. P1c1, [33].
Although other lower symmetry groups may also be con-
sidered, the slight difference between them is in the stack-
ing of the a–b planes, an unessential feature undetectable
in powder diffraction [23–25]. The essential common as-
pect of these space groups, unequal Fe–Fe bonds forming
zigzag patterns, Fig. 1a, is still described by Eq. 1.

In Fig. 4 we present the resulting temperature de-
pendence of the bond lengths between Fe–Fe nearest-
neighbors [Fig. 4(a)] and Fe–Te nearest-neighbors
[Fig. 4(b)]. The data indicate that the Fe–Fe bonds
shorten (and correspondingly lengthen) from ∼2.70 Å,
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FIG. 1. P4/nmm unit cell of the square-lattice structure of
FeTe in the a-b plane, (a), and formation of zigzag chains by
atom displacements from high symmetry positions allowed
in P21/m structure, overlain with the bicollinear magnetic
structure, (b). Magnetic susceptibility measured on cooling
and warming upon zero-field cooling to different initial tem-
perature, (c). Magnetic, (d)–(f), and structural, (g)–(i), in-
tensity measured by neutron powder diffraction on cooling
and warming. Peak magnetic intensity in (f) shows hysteresis,
while integral magnetic intensity does not. Closed symbols in
(i) show the intensity at the (2,0,0) center of mass (COM) po-
sition, open symbols with lines show peak intensities on two
sides of the COM. Both decrease below Tc ≈ 60 K, indicating
peak splitting. Open symbols show the integral intensity of
nuclear (2,0,0) peak.

field-cooled (FC) and zero-field-cooled (ZFC) suscepti-
bilities, suggesting a putative glassy behavior. Here we
uncover the true nature of this transition and show it has
profound consequences for the magnetic and electronic
properties.

Neutron measurements were carried out using the Hy-
brid Spectrometer (HYSPEC) and the POWGEN diffrac-
tometer at the Spallation Neutron Source and the Pow-
der Diffractometer (HB-2A) at the High Flux Isotope
Reactor (Ei = 35 meV) at Oak Ridge National Labora-
tory, and the Spin Polarized Inelastic Neutron Spectrom-
eter (SPINS) at the NIST Center for Neutron Research
(Ei = 5 meV). At SPINS, a cooled Be filter after the sam-
ple was used to minimize intensity at harmonics of the
desired wavelength. A single crystal (m = 18.45 g) with
a mosaic of 2.2◦ full width at half maximum (FWHM),
grown by horizontal Bridgman method [14], was mounted
on an aluminum holder. The crystal was aligned with c-
axis vertical, measuring elastic scattering in the (H,K, 0)
plane. The powder sample was obtained by grinding
a similar single crystalline piece. Magnetic susceptibil-
ity and resistivity on a comparable single crystal were
measured at Brookhaven National Laboratory using a
Quantum Design Magnetic Property Measurement Sys-
tem (MPMS). Sample compositions were determined to
be y = 0.09(1) using the methods described in Ref. [18].
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FIG. 2. Elastic neutron scattering from Fe0.09(1)Te at 80 K
(a), and 5 K (b), measured on HYSPEC (Ei = 7.75 meV).
(1,0,0) and (0,1,0) Bragg peaks, which measure Fe displace-
ments from high-symmetry positions in the a-b plane, are seen
at 5 K but not at 80 K. Panels (c) and (d) show scans through
(1,0,0) and (1,1,0) peaks with polarized neutrons measured at
SPINS, confirming the non-magnetic nature of (1,0,0).

Fig. 1 presents a partial overview of the structural and
magnetic temperature dependence observed in this sys-
tem. Fig. 1(c) shows magnetic susceptibility data on a
small single crystal sample with different ZFC/FC his-
tories, performed by varying the temperature at which
FC was initiated, illustrating that the observed hystere-
sis in the 30–50 K range does not result from glassy
magnetic state because it is field-history-independent.
In Figs. 1(d)–(k) we present results of neutron pow-
der diffraction (NPD) data on a sample having similar
transition temperatures to our single crystal samples.
Figs. 1(d) and 1(e) focus on the magnetic q ≈ (0.5, 0, 0.5)
peak upon cooling and warming, respectively. Note
that near the onset of magnetic order, the wave vec-
tor is incommensurate, becoming commensurate at lower
temperatures. As shown in Fig. 1(f), the integral in-
tensity displays no hysteresis, unlike the peak intensity
[Fig. 1(g)]. Figs. 1(h) and 1(i) show the temperature de-
pendence of the (2,0,0) and (2,0,1) structural peaks. The
structural transition is revealed by peak splitting and an
abrupt change in peak intensity at TS ≈ 59(1) K. Neither
the integrated [Fig. 1(j)] nor peak [Fig. 1(k)] structural
intensities display hysteresis.

In Fig. 2 we present elastic neutron scattering maps
of our single crystalline sample measured on HYSPEC
at 80 K [Fig. 2(a)] and 5 K [Fig. 2(b)]. At 80 K the
signal is dominated by broad diffuse magnetic scatter-
ing centered around (±0.5, 0) and (0,±0.5), but at 5 K
we observe additional Bragg peaks at (1,0,0) and (0,1,0)
positions (equivalent due to the presence of twinning in
the crystal), not observed above the structure transition
TS ≈ 60 K. These Bragg reflections are expected in nei-
ther the low temperature P21/m nor high temperature
P4/nmm symmetries for atoms in their high symmetry
positions, i.e. Fe (0.75, 0.25) and Te (0.25, 0.25) [23, 33].
Additional peaks at 5 K have been identified as spurious
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FIG. 3. Intensity map of elastic scattering near (0,1,0)
(left) and (1,1,0) (right) measured in Fe0.09(1)Te on SPINS
(Ef = 5 meV) at several temperatures, (a)–(d). Intensity of
(0,1,0) and (1,1,0) peaks obtained by numerically computing
the corresponding moments of the net neutron intensity, on
cooling (closed) and warming (open), (e). Peak (hysteretic)
and integral (non-hysteretic) intensity of (0.5− δ, 0, 0.5) mag-
netic Bragg intensity, which is seen near (0.5,0.5,0) due to the
double scattering in this configuration, (f). Dashed lines, as
in other figures, show different transition temperatures.

multiple scattering by varying the incident energy [33].
Polarized neutron scattering measurements at SPINS for
the (1,0,0) peak and the high-symmetry-allowed (1,1,0)
[Fig. 2(c) and 2(d)] reveal no spin-flip scattering, sug-
gesting that the (1,0,0)/(0,1,0) peak is not a result of
magnetic order. While this reflection is weak and un-
observable in NPD, it is consistent with Fe/Te displace-
ments from high-symmetry positions in P21/m phase,
which have been reported in most [18, 24–26], but not all
[23] earlier NPD structural refinements.

To further investigate the evolution and origin of the
(0,1,0) peak, we performed a detailed study of the tem-
perature dependence, presented in Fig. 3. Elastic neutron
scattering maps of the (0,1,0) and (1,1,0) Bragg peaks at
various temperatures [Figs. 3(a)–(d)] reveal that (0,1,0)
is absent at 80 K and present below TS . Integrated in-
tensity [Fig. 3(e)] indicates that the (0,1,0) peak appears
below ∼60 K, and first changes very slowly with temper-
ature, before experiencing an abrupt change with signifi-
cant hysteresis, typical of a first-order phase transition
and mimicking the magnetic susceptibility [Fig. 1(c)].
The hysteresis lies well below the structural (TS ≈ 60 K)
and magnetic (TN ≈ 58 K) transitions. In contrast, the
integrated intensity of (1,1,0) changes only slightly and
with only a very small hysteresis in the 30–50 K range.

In addition, we observed Ei-dependent scattering near
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FIG. 4. Fe–Fe (a) and Fe–Te (b) bond length in Fe0.09(1)Te
obtained by fitting the (1,0,0) and (1,1,0) intensities in the
data similar to that in Fig. 3 on cooling (closed) and warm-
ing (open symbols) to model Eq. (1). Resistivity (c) and
magnetic susceptibility (d) measured on cooling (closed) and
warming (open symbols) in the same Fe1+yTe, y = 0.09(1)
sample. Formation of Fe–Fe zigzag chains manifests itself by
the concomitant hysteretic decrease in both quantities.

(0.5,0.5,0), attributed to double scattering from out-of-
plane (0.5,0,0.5) magnetic Bragg peaks, providing an op-
portunity to probe the magnetic order parameter in the
(H,K, 0) plane simultaneously with (0,1,0) and (1,1,0),
which would have been otherwise inaccessible. As in the
NPD data [Fig. 1(f)–(g)], the integral intensity exhibits
no hysteresis, in contrast with peak intensity.

Here we fit the temperature dependence data to a
simple structure factor model where we have introduced
small displacements of Fe (along a) and Te (along b) from
their high symmetry positions in the a–b plane,

|F(100)|2 = 4[bFe sin(2πδ
Fe
x )]2, (1)

|F(010)|2 = 4[bTe sin(2πδ
Te
y )]2,

where bFe and bTe are the neutron scattering lengths
and δFe

x and δTe
y are the atomic displacements in r.l.u.

The observed broad structure of the (1,0,0)/(0,1,0) and
(1,1,0) peaks results from a–b twinning in our crystal,
combined with the presence of displacements both along
a and b directions, suggesting a low-temperature space
group with lower symmetry than P21/m, e.g. P1c1, [33].
Although other lower symmetry groups may also be con-
sidered, the slight difference between them is in the stack-
ing of the a–b planes, an unessential feature undetectable
in powder diffraction [23–25]. The essential common as-
pect of these space groups, unequal Fe–Fe bonds forming
zigzag patterns, Fig. 1a, is still described by Eq. 1.

In Fig. 4 we present the resulting temperature de-
pendence of the bond lengths between Fe–Fe nearest-
neighbors [Fig. 4(a)] and Fe–Te nearest-neighbors
[Fig. 4(b)]. The data indicate that the Fe–Fe bonds
shorten (and correspondingly lengthen) from ∼2.70 Å,
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FIG. 3. (color online) (a) Normalized nematic susceptibility
⁄2‰Ï/C66,0 = 1≠C66/C66,0 of FeSe and Ba(Fe,Co)2As2 (from
Ref. [21]). Data on FeSe are found to be practically identical
to Ba(Fe,Co)2As2 with the same Ts. (b) 1/T1T of FeSe and
Ba(Fe,Co)2As2 (from Ref. [34, 35]) for in-plane field, demon-
strating very distinct behavior in the two systems. Arrows
mark Ts of BaFe2As2, Ba(Fe0.98Co0.02)2As2 and FeSe.

TN . The former observation has been taken as a charac-
teristic of the spin-nematic state, in which spin fluctua-
tions are at the origin of ab anisotropy [29]. The small
value of Rab in FeSe hence suggests the absence of a spin-
nematic state at low T in FeSe.

Fig. 3 summarizes our results concerning the phe-
nomenological nematic susceptibility ‰Ï, derived from
the Young-modulus data [33] and 1/T1T , which are
closely related in the spin-nematic scenario [6, 7]. Re-
markably, ⁄2‰Ï/C66,0 of FeSe fits very well into the
Ba(Fe,Co)2As2 series (Fig. 3(a)), showing that the ne-
matic susceptibility and the electron-lattice coupling are
very similar, as already argued above. The temperature
dependence of 1/T1T of FeSe, on the other hand, clearly
does not fit into the Ba(Fe,Co)2As2 series (Fig. 3(b)).
In particular, the large spin-fluctuation contribution to
1/T1T , observed up to room temperature in lightly doped
Ba(Fe,Co)2As2 [34], is not found in the FeSe data. Our
results for FeSe therefore put the spin-nematic scenario,
in which the lattice softening is the result of increased
spin fluctuations [4, 6, 7], into question, even if the scal-
ing of C66 and T1 of Ref. [7] needs not to be strictly valid
for non-finite Ts and TN [7].

The NMR relaxation data show that the onset of mag-
netic fluctuations coincides approximately with Ts and
that FeSe appears to be close to a magnetic instability
at low temperatures. The result seems to suggest that
the structural transition triggers the emergence of mag-
netism. This, however, does not hold under hydrostatic
pressure, where spin fluctuations are enhanced [14], while
Ts is rapidly suppressed [36]. Possibly, FeSe tends to a
tetragonal-type magnetic order, which naturally would
not couple strongly to the orthorhombic distortion, as is
also suggested by the magnetic-field anisotropy of 1/T1T .
A magnetic state within a quasi-tetragonal structure has,

for example, been observed in Na-substituted BaFe2As2
[37, 38].

In summary, we have shown that FeSe exhibits a sur-
prisingly similar shear-modulus softening as found in the
122 compounds, suggesting a common origin of the struc-
tural transition in these systems. Spin fluctuations only
emerge below Ts in FeSe and are therefore argued not
to be the driving force of its structural transition. This
leaves orbital ordering as a possible driving force and,
in fact, ARPES measurements [16, 18] find evidence for
the orbital ordering scenario. Namely, a strong orbital
anisotropy, which is greater than expected from the small
structural distortion ” alone, is observed below Ts. Fi-
nally, our results naturally raise the question of the ori-
gin of superconductivity in FeSe, since both orbital and
magnetic fluctuations have been considered as a pairing
glue for superconductivity in the iron-based materials. If
superconductivity were mediated by orbital fluctuations,
one might expect a strong coupling between ”, C66 and
Tc, which is, however, not observed. Spin-fluctuations,
on the other hand, may be a candidate to mediate su-
perconductivity, which is also suggested by their close
correlation with Tc under pressure [14]. They appear
not to be of the typical stripe-type nature and, thus, not
strongly coupled to the structural distortion. Inelastic
neutron scattering would be useful in order to clarify the
exact nature of the incipient magnetism in FeSe.
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Figure 3 (a)-(f) T dependence of the second E-derivative of ARPES images taken at 50, 70, 80, 90, 100, and 110 K at twinned M point 
(hQ = 60 eV) . Orange and green broken curves represent xz and yz orbital band, respectively.  
 
second E-derivative of the ARPES image [Fig. 1(k)] 
emphasizes that D and J bands (E band) are clearly 
detected by s (p) -polarization configuration. The band 
dispersions obtained from the EDC peaks in Fig.1 (l) 
show that the D and E�bands are nearly degenerate at the 
BZ center, whereas the J band is located at around E - EF 
= -50 meV. At 30 K, the multiple structure of the bands at 
the BZ center becomes clearer [Fig. 1(m,n)]. The energy 
positions of the D��E and J hole bands in the orthorhombic 
phase, as shown in Fig. 1(o), are consistent with previous 
ARPES on FeSe [25,26]. Ref.25 reported that the D and E 
hole bands predominantly include xz/yz orbital character. 
The opposite polarization dependence of D and E bands 
[Fig.1 (m,n)] is also consistent with this interpretation. By 
comparing the second E-derivative images in Fig.1 (k) 
and (n), a clear T dependence for these D and E bands is 
recognized. As schematically shown in Fig.1 (o), the 
separation between D and E bands at the * point at 30 K 
is estimated to be ~30 meV, in contrast to the value found 
at 120 K. The energy scale of the electronic modification 
is nearly comparable to that for the xz/yz orbital order at 
the BZ corners.  

In order to conclusively assign the xz and yz 
orbital component at the BZ corners, we detwinned the 
single crystals by applying tensile strain along one of the 
tetragonal (S,S) direction. The tensile strain brings the 
orthorhombic ao axis along its direction, at T < Ts. As 
illustrated in Figs. 2(a) and (b), M along ky and M along 
kx points are thus separately recorded by using 
Geometries 1 and 2. The obtained ARPES images at M 
along ky and M along kx are shown in Figs. 2(c) and (d), 
respectively. In Fig. 2(c), the electron-like He’ band 
touching EF and the hole-like Hh’’ band at E - EF = -50 
meV can be identified from the peak positions of the 
EDCs and MDCs, while they are absent in Fig.2 (d). In 
the enhanced color scale as shown in Figs. 2(e) and (f), on 
the other hand, a hole-like Hh’ band approaching EF 
becomes visible only in Geometry 2.These observations 
of band dispersions around M along ky and M along kx are 
summarized in Figs. 2 (g) and (h), by plotting the EDC 

and MDC peaks. According to the band calculations on 
FeSe, the yz (xz) orbital forms a saddle point at the BZ 
corners, with the electron-like band along *-M ||ky (*-M 
||kx) and the hole-like band along *-M //kx (*-M //ky) 
direction. The present ARPES data on detwinned single 
crystals indicates an upward shift of the yz band and a 
downward shift of the xz orbital band at low T. We 
mention that the direction of the energy shift in the xz/yz 
orbital bands of FeSe is also common to the Ba122 and 
Na111 systems. 

Now we move on to the detailed T dependence 
of the band dispersions at the BZ corner across Ts. Here 
we used the strain-free twinned single crystals in order to 
extract the intrinsic T dependence, without the influence 
of uniaxial pressure. Figures 3(a-f) show the second 
E-derivative of the ARPES image at the M point. In the 
image at 50 K as shown in Fig. 3(a), the He’, He’’ and Hh’’ 
bands are clearly emphasized. By tracking the He’ and Hh’’ 
bands, respectively representing the nonequivalent yz and 
xz orbitals, a drastic change appears at 90 K [Fig. 3(d)]. 
Above 90 K, the overall band dispersions are almost 
T-independent and the xz/yz orbital bands become 
degenerate.  

In order to precisely estimate the onset T of the 
xz/yz orbital ordering, the EDCs at the M point are shown 
for 20 - 140 K in Fig. 4 (a). The peak positions of the 
EDCs can be determined by the bottom positions of the 
second-derivative curves (not shown). At 20 K, the peaks 
of the EDC are located at 3, 55, and 115 meV, 
corresponding to He’(yz), Hh’’(xz) and Gh (xy) bands, 
respectively. With increasing T, the two peaks of He’ and 
Hh’’ get closer and merge into a single peak at ~90 K, in 
contrast to the Gh band (xy), which remains nearly 
T-independent. The peak energies of EDC for the He’ and 
Hh’’ bands, Eyz and Exz, are plotted in Fig. 4(d). This 
clearly indicates that the energetically nonequivalent xz 
and yz orbitals become degenerate at 90 K.  

The order parameter of the orbital order, as we 
here define by )o(T) = Eyz - Exz, shows the value of )o ~ 
50 meV at the lowest T and To ~ 90 K [Fig. 4(e)].  

Shimojima et al., arXiv:1407.1418ARPES (2nd deriv) from detwinned crystal



Anomalous expansion: evidence of orbital correlations?

compounds, but occurring on a much smaller length scale.
With the suppression of long-range order of structural
modulations, long-range orbital ordering will also dimin-
ish. However, point-contact measurements on both the
1:2:2 and 1:1 compounds have shown that electronic nem-
aticity arising from orbital fluctuations exists even above
the structural transition temperature [29,30]. This indicates
that even without long-range order, orbital correlations can
still play an important role. The abnormal temperature
dependence of the in-plane lattice parameters could be
related to a freezing of local orbital correlations. We sug-
gest that the crossover we observe at!3Tc reflects such an
orbital freezing ‘‘transition’’ in the presence of disorder.

On the other hand, Fermi surface topology is also
believed to affect the magnetic response in the Fe-based
superconductors. Incommensurate magnetic response has
been observed in a number of Fe-pnictide systems, and in
some cases has been attributed to nesting between electron
and hole Fermi pockets [31,32]. In the 1:1 compounds, the
low Fermi energies [33] measured at both the electron
(!F " 10# 1 meV) and hole pockets (!F " 4#
2:5 meV) mean that nesting effects should be quite sensi-
tive to temperature. It is notable that our observed changes
in magnetic dispersion of the Ni04 sample occur at T !
!F=kB for the hole pockets measured for a Ni-free sample
[33]. Indeed, there are other signatures showing a change
of electronic correlations in the 1:1 systems in the same
temperature scale around 3Tc. We find that Pallecchi et al.
[34] observed a systematic sign change in the thermoelec-
tric power for 0 $ x $ 0:45 (with 0.45 being the maximum
x studied) at temperatures comparable to that of the incom-
mensurate to commensurate transition observed in our
measurements. The changes in the thermopower provide
direct evidence for modifications of the electronic density
of states close to the Fermi level. This is consistent with
changes in the optical conductivity of a sample with
x ¼ 0:45 by Homes et al. [35,36]. Between room tempera-
ture and 100 K, there is strong, frequency-independent
damping of the conductivity. By 18 K, a few degrees above
Tc, the damping is reduced for energies below 20 meV.

The degree of temperature-dependent transformation of
the magnetic spectrum is unusual among unconventional
superconductors. For example, in superconducting
YBa2Cu3O6þx systems [4–6], the spin resonance develops
at commensurate wave vectors below Tc, while above Tc

the spectrum of magnetic excitations broadens in Q but
does not show any dramatic change in structure [37]. In
superconducting La2'xSrxCuO4 the spin resonance occurs
at lower energies where the spin fluctuations are incom-
mensurate [38,39], both in the normal and superconducting
phases. Returning to the analogy with electron-phonon
coupling, strong interactions can lead to a modification
of the spectrum through a structural phase transition, as
occurs [40] in Nb3Sn at a temperature above the super-
conducting Tc. In the present case, strong interactions
appear necessary to cause the transformation from incom-
mensurate to commensurate magnetic excitations.
Strong spin correlations near QAF are needed for most

electronic mechanisms of pairing [23,41–44]. In such a
scenario, the momentum of the repulsive spin excitations
couples the nearly nested hole and electron pockets, and in
turn allows a superconducting gap to develop on both sets
of pockets, though with opposite phases. Obviously, an
incommensurate spin correlation of a very different mo-
mentum (about a quarter of the Brilloiun zone away) would
seriously impair the development of superconductivity in
this kind of weak coupling scenario. More generally speak-
ing, such a large change in the momentum reflects a
dramatic change of the short-range spin and orbital corre-
lation that hosts the superconductivity. It is thus not sur-
prising that superconductivity can be entirely absent within
such a different correlation. On cooling, do the electronic
and magnetic correlations adjust themselves to enable the
spin-fluctuation mechanism? If so, what are the energetic
tradeoffs associated with this transformation? And can
interactions strong enough to achieve this transformation
lead to effectively the same pairing mechanism as the one
identified from a weak-coupling approach? We hope that
these questions will be addressed by future investigations.
We thank Igor Zaliznyak for useful discussions. Work at

BNL is supported by the Office of Basic Energy Sciences,
U.S. Department of Energy under Contract No. DE-AC02-
98CH10886. Work at Berkeley is supported by the same
office through Contract No. DE-AC02-05CH11231. The
research at ORNL was sponsored by the Scientific User
Facilities Division, Office of Basic Energy Sciences, U.S.
DOE. Z. J. X. and J. S.W. contributed equally to this work.

[1] D. J. Scalapino, Physica (Amsterdam) 470, S1 (2010).
[2] F. Weber, A. Kreyssig, L. Pintschovius, R. Heid, W.

Reichardt, D. Reznik, O. Stockert, and K. Hradil, Phys.
Rev. Lett. 101, 237002 (2008).

[3] F. Weber and L. Pintschovius, Phys. Rev. B 82, 024509
(2010).

FIG. 5 (color online). Lattice parameters a (red circles) and c
(blue squares) measured on the Ni04 sample.
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Fig. 4. Focusing in particular on the results for the Ni04
sample, in Fig. 4(e) we see that the crossover is continuous
in temperature, but with a reasonably defined midpoint at
30! 10 K. For Ni02, the midpoint may be closer to 40 K.
In both cases, the crossover occurs at temperatures of order
3Tc. We previously observed [17] hints of this temperature
dependent modification of the dispersion in superconducting

FeTe0:35Se0:65; however, the high-temperature incommen-
surability was not as large nor as well resolved as for the
Ni- and Cu-doped samples [see Fig. 4(e)].
It is possible to see the incommensurate columns of

magnetic scattering even at low temperature when the
superconductivity is suppressed, as shown for the Cu10
sample in Fig. 3(d). A similar low-temperature spectrum
has been observed previously in non-bulk-superconducting
‘‘1:1’’ samples such as Fe1:04Te0:73Se0:27 [18] and
Fe1:10Te0:75Se0:25 [19]. Thus, whether one destroys the
superconductivity with excess Fe or by sufficient substitu-
tion of Cu (or Ni), the impact on the magnetic excitations is
qualitatively similar.
There is an evident pattern that superconducting 1:1

samples have commensurate or almost commensurate
magnetic excitations at the resonance energy, while non-
superconducting samples have incommensurate excita-
tions. Our results for the Ni-doped samples show that it
is possible for a sample to transform from the incommen-
surate phase at high temperature to the low-energy-
commensurate phase on cooling. The commensurability
appears at the energy scale of the resonance energy at
a temperature of "3Tc, which is coincidentally also
comparable to the maximum pressure-induced Tc in the
Fe1þyTe1$xSex system [20,21].
The temperature dependence of the magnetic spectrum

has motivated us to check for related changes in other
properties. We note that an x-ray scattering study of
Fe1:03Te0:43Se0:57 detected a transition to an orthorhombic
phase on cooling below 40 K. Although such a transition
has not been detected in our Ni04 sample, x-ray diffraction
measurements indicate an anomalous in-plane expansion
for T & 60 K. Similar behavior was observed in neutron
diffraction measurements of Fe1þyTe1$xSex for 0:1 % x %
0:2 (with x ¼ 0:2 being the maximum Se concentration
examined in that work) [22]; at smaller x, the transition to
the monoclinic phase was observed.
In the iron-based superconductors, it has been proposed

that there are competing electronic instabilities similar to
those in the cuprates [23,24]. The existence of a nematic
phase that is directly related to orbital order has been
proposed and discussed in detail [25]. In addition to antifer-
romagnetism and superconductivity, the material also has a
propensity toward xz=yz orbital ordering, which has been
observed directly by angle-resolved photoemission spec-
troscopy in the case of BaðFe1$xCoxÞ2As2 [26]. Such
ferro-orbital ordering has been shown theoretically to couple
strongly to the commensurate magnetic correlation in both
the strong coupling [27] and weak coupling [24] picture.
With Se doping, disorder due to the mixture of Se and Te

[28], as well as our partial substitutions for Fe, will tend to
frustrate long-range ordering. The abnormal behavior of
the in-plane lattice parameter reported in Ref. [22] and in
our Fig. 5, is likely related to local structural changes
similar to the structural phase transition in the parent

FIG. 3 (color online). Magnetic scattering intensity plotted for
the Ni04 sample in energy-momentum space at (a) 2.8 K,
(b) 15 K, and (c) 100 K. Results for the Cu10 sample measured
at 2.8 K are plotted in (d). The data have been smoothed, and
nonmagnetic sharp spurious signals [see Fig. 2(a)] have been
removed for better visual effects.

FIG. 4 (color online). Thermal evolution of the magnetic scat-
tering at @! ¼ 5 meV. The data are measured through QAF

along the transverse direction for the Ni02 sample at
(a) 100 K, (b) 40 K, (c) 15 K, (d) 2.8 K, and (e) for the Ni04
sample plotted as an intensity contour map in temperature–wave-
vector space. The data have been smoothed. The yellow and
black symbols in (e) denote the corresponding peak positions for
the Ni02 sample (yellow squares) and for a superconducting
Fe1þ!Te0:35Se0:65 sample (black circles) [17].
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Fe at the 2a site might be correlated with the Fe occupation
at the 2c site with a higher magnetic moment on 2a for lower
occupancies on 2c.

The tetragonal to monoclinic phase transition determines
the branching of the Fe-Fe bond distances, as evidenced in
Fig. 9 for FeTe. In the monoclinic field the arrangement of
the Fe-Fe bonds gives rise to a stripelike pattern oriented
along the y axis, different from that observed at low tempera-
ture in orthorhombic REFeAsO !Fig. 10". Probably the dif-
ferent spin orderings of the Fe sublattices taking place in
FeTe and REFeAsO can be ascribed to the different arrange-
ments of the Fe-Fe bond lengths occurring at low tempera-
ture that determine different magnetic exchange paths.

Samples with x=0.10,0.15,0.20 retain the tetragonal
P4 /nmm structure in the whole inspected range, no evidence

for a selective peak broadening can be detected !structural
data at 2 K in Table IV" and the magnetic scattering is com-
pletely suppressed. In a previous NPD investigation18 on
Fe1+yTe1−xSex compounds a pronounced increase in the full
width at half maximum of the 200 diffracting peak was ob-
served below 150 K for samples with 0.125!x!0.50; this
behavior was related to a decrease in the lattice symmetry.
The microstructural analysis by means of the Williamson-
Hall method !see below" of our samples with 0.10!x
!0.20 indicates that not only the h00 peaks broaden on cool-
ing but a similar behavior characterizes, e.g., also the hh0,
the hhh peaks, and in general all those peaks with a strong
component lying in the ab plane. This kind of peak broad-
ening must be therefore related to structural strains taking
place on cooling in the ab plane, rather than to a structural

(a) (b)

(c) (d)

(e)

FIG. 8. !Color online" Evolution of the cell parameters as a function of T below 300 K.
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Dynamic orbital correlations and spin fluctuations
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FIG. 3. (Color online) Inelastic neutron scattering measurement
(data from Xu et al.20) of Fe1−xNixTe0.5Se0.5 with x = 0.04 along the
transverse direction to QAFM for (a) the high-temperature normal
state (T > Tfluc) and (b) the superconducting state (T < Tc). An
incommensurate-to-commensurate transformation is observed as the
sample is cooled down.

state which is not seen in experiments. This inconsistency can
be easily resolved by the inclusion of the Gaussian fluctuation
model presented in this paper. As seen in Fig. 4, while
the incommensurate peaks for T > Tfluc similar to Ref. 16
are reproduced in our calculations, the spectral weights of
these incommensurate peaks are gradually shifted to (π,0) as
the static and fluctuating orbital correlations are taken into
account. Another subtle point worth mentioning is that there is
no soft mode at q⃗ = (π,π ) in our results, which is an important
advantage of the itinerant model over the local moment model
mentioned in Ref. 21.

IV. DISCUSSION

First, we would like to discuss the nature of the magnetic
excitations in spin-based scenarios proposed for iron-based
superconductors. For the local spin scenario with frustrating
J1-J2 interactions, it is generally hard to obtain peaks at
incommensurate wave vector in the spin excitation spectrum
in the paramagnetic state. One possibility is to include
more longer-range spin interactions (e.g., J3).26 Even so,
it would be difficult to understand why the system would
start from an incommensurate spin excitation spectrum at
high temperature and then evolve into a stripelike AFM
with a commensurate wave vector. For the SDW scenario,
there are only incommensurate magnetic excitations in the
high-temperature normal state, as seen in Ref. 20, and hence
this model is not applicable. As a result, we conclude that
the incommensurate-to-commensurate transformation in the

FIG. 4. (Color online) Demonstration of the evolution of
the imaginary part of the spin susceptibility along q⃗ = (π,qy)
as the temperature is lowered from high temperature. The parameters
in the tight-binding model are the same as in Fig. 1, and a
broadening in the q⃗ space of q0 = 0.1π is introduced with the form of
ImχB (q⃗,ω) =

∑
q⃗ ′ e−(q⃗−q⃗ ′)2/q2

0 Imχ (q⃗ ′,ω)/
∑

q⃗ ′ e−(q⃗−q⃗ ′)2/q2
0 for ease

of comparison with the experimental data in Fig. 3. For T > Tfluc,
orbital fluctuations do not affect the magnetic excitations. In this case,
HOO is completely turned off. For Tfluc > T > Ts , the system does
not have long-range orbital order but rather has fluctuating orbital
correlations, which can be described at the Gaussian level (in the plot,
λ2 = 30 meV is used). For T < Ts , an orbital order is formed and the
magnetic excitation is commensurate. The orbital order parameter in
the plot is φ = 20 meV.

magnetic excitations is a unique signature favoring orbital-
based over spin-based scenarios. However, we also recognize
the fact that the size of the instantaneous moments is too
large to be described by a purely itinerant model in all current
existing neutron scattering data. This suggests that one needs
to take into account the orbital correlations emerging from
an itinerant model to obtain the spin interactions correctly.
Additional inelastic neutron scattering measurements in the
high-temperature normal state are certainly necessary to
resolve the long-standing controversy between the orbital-
based and spin-based scenarios.

Second, we comment briefly on materials. FeSe is a
known iron-based superconductor exhibiting only a structural
transition and no magnetic transition,27,28 and hence it is
a promising prototype for the orbital-based scenario as
well as the incommensurate-to-commensurate transformation
in its magnetic excitation spectrum. The families of iron-
based superconductors whose structural and magnetic tran-
sition temperatures are well-separated, including LaOFeAs,29

CeOFeAs,30 NaFeAs,31–34 etc., should also be good candidates
to realize the physics outlined in this paper. There have been
neutron scattering measurements for parent compounds of 122,
for example, BaFe2As2,35 CaFe2As2,36,37 and SrFe2As2,21
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Conclusions

• Spin correlations are short range	

!

• Characteristic Q changes with T	

!

• Likely due to orbital ordering

In superconducting FeTe1-xSex:


