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We study the crystal structure of the tetragonal iron selenide FeSe and its nematic phase transition to the
low-temperature orthorhombic structure using synchrotron x-ray and neutron scattering analyzed in both real
space and reciprocal space. We show that in the local structure the orthorhombic distortion associated with the
electronically driven nematic order is more pronounced at short length scales. It also survives to temperatures
above 90 K, where reciprocal-space analysis suggests tetragonal symmetry. Additionally, the real-space pair
distribution function analysis of the synchrotron x-ray diffraction data reveals a tiny broadening of the peaks
corresponding to the nearest Fe-Fe, nearest Fe-Se, and next-nearest Fe-Se bond distances as well as the
tetrahedral torsion angles at a short length scale of 20 Å. This broadening appears below 20 K and is attributed
to a pseudogap. However, we did not observe any further reduction in local symmetry below orthorhombic
down to 3 K. Our results suggest that the superconducting gap anisotropy in FeSe is not associated with any
symmetry-lowering short-range structural correlations.

DOI: 10.1103/PhysRevB.105.064505

I. INTRODUCTION

The discovery of superconductivity in FeSe [1] with a
critical temperature Tc ≈ 8 K prompted intense research into
this remarkable family of materials [2–4]. FeSe, structurally
the simplest of the iron-based superconductors, was consid-
ered to be an ideal candidate for studying the mechanism of
unconventional multiband superconductivity. In spite of the
expectations, more than a decade of research proved FeSe
is a rather unusual superconductor with several fascinating
properties in the normal state, i.e., above Tc.

A structural transition from the parent tetragonal
(P4/nmm, No. 129) crystal structure to the orthorhombic
Cmma (new symbol Cmme, No. 67) space group occurring
at a temperature Ts ≈ 90 K is considered to be driven
by electronic degrees of freedom and hence is referred
to as a nematic transition. However, the energy scale
of this nematic order ranges from 10 to 50 meV, as
determined from angle-resolved photoemission spectroscopy
(ARPES) experiments, and is controversially discussed in the
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literature [5–7]. At ambient pressure, the nematic transition
is not accompanied by a long-range magnetic order [8].
Recent reports on pair distribution function (PDF) analysis of
scattering data have shown that the short-range orthorhombic
distortions are already present at room temperature with a
growing domain size upon decreasing temperature [9–12].

Even though the primary order parameter of the phase
transition at 90 K is considered nematic and to be of elec-
tronic origin, the exact nature of the order parameter remains
unknown [13]. Several possible order parameters have been
suggested, which include spin [14], charge [15], and or-
bital [16] degrees of freedom; antiferroquadrupolar order [17];
stripe quadrupolar order [18]; and collective modes such as a
Pomeranchuk instability [15,19] of the Fermi surface. Indeed,
in a quantum material such as FeSe, the order parameters
cannot be considered independent and competing. Instead, the
order parameters are composite and intertwined, as suggested
by recent theoretical studies [20].

Below Ts, FeSe displays two more anomalies [21–29]
before entering the superconducting phase at 8 K. The
anomaly at T ∗ ≈ 75 K was identified in nuclear magnetic
resonance (NMR) [16,25], muon spin relaxation (μSR) [26],
Kohler’s scaling behavior of magnetoresistance, and Hall ef-
fect [21,24] measurements. Since all these techniques probe
the underlying magnetic response of the sample, the temper-
ature T ∗ is considered an onset temperature of anisotropic
spin fluctuations. Upon further lowering the temperature to
T ∗∗ ≈ 30–20 K, an inflection was observed in the Hall, See-
beck, and Nernst coefficients [21,27,29]. Kohler’s scaling was
found to be reestablished below T ∗∗ [21–24]. Although the

2469-9950/2022/105(6)/064505(8) 064505-1 Published by the American Physical Society

https://orcid.org/0000-0002-1366-651X
https://orcid.org/0000-0002-5387-8947
https://orcid.org/0000-0001-6916-8256
https://orcid.org/0000-0003-3674-3378
https://orcid.org/0000-0002-7301-8629
https://orcid.org/0000-0001-8675-7482
https://orcid.org/0000-0002-9242-6601
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.064505&domain=pdf&date_stamp=2022-02-09
https://doi.org/10.1103/PhysRevB.105.064505
https://creativecommons.org/licenses/by/4.0/


SAHANA RÖSSLER et al. PHYSICAL REVIEW B 105, 064505 (2022)

signature of T ∗∗ was identified in many different techniques,
its interpretation differs in the literature. Several authors
have proposed giant superconducting fluctuations [29,30] or
a pseudogap related to preformed Cooper pairs assuming that
the system is in the crossover regime between weak-coupling
BCS and strong-coupling Bose-Einstein condensate (BEC)
limits [27,29]. A breakdown of quantum critical fluctuations
owing to a temperature-induced Lifshitz transition was pro-
posed based on the results of μSR measurements [26]. A
study based on transmission electron microscopy suggested
a possible crystal symmetry lowering below 20 K [8].

For the mechanism of superconductivity in Fe-based mate-
rials, several different pairing scenarios are considered [3,31–
34]. Experimental studies based on scanning tunneling
microscopy/spectroscopy and ARPES for FeSe have reported
highly anisotropic superconducting gaps with either deep gap
minima [35–37] or the existence of nodes [27,38]. Detailed
mappings of the Fermi surfaces have found a �-centered hole
pocket and an X -centered electron pocket with the gap minima
along the ky axis for the � pocket and along the kx axis for
the X pocket [27,36]. This strong anisotropy in the supercon-
ducting gap symmetry has been attributed to orbital selective
interactions [39–43]. Moreover, inelastic neutron scattering
studies have identified a prominent role of spin-orbit coupling
(SOC) in FeSe [44], which provides anisotropy to the spin
channel. Through the SOC, the spin degrees of freedom cou-
ple to the lattice [45,46].

With the motivation to probe the couplings of the elec-
tronic degrees of freedom to the crystal structure, we
performed synchrotron powder x-ray diffraction and powder
neutron scattering experiments in the tetragonal, nematic, and
superconducting phases of FeSe. The powder diffraction ex-
periments allow the highest resolution in order to distinguish
the possible symmetry lowering below orthorhombic and give
direct access to pair distribution functions as the best tool
for probing the local structure. These experiments enable us
to identify whether any incipient structural ordering modes
are associated with the observed anomalies in the physical
properties at different temperatures.

II. EXPERIMENT

Polycrystalline FeSe samples were synthesized by follow-
ing the procedure described in Ref. [47]. The samples were
characterized using laboratory x-ray diffraction.

The synchrotron x-ray diffraction was carried out at the
ID22 beamline [wavelength λ = 0.354144(6) Å] of the Eu-
ropean Synchrotron Radiation Facility (ESRF, Grenoble)
using a special He-flow cryostat or a cold N2-gas blower
(cryostream) adapted to the diffraction setup. At ID22, nine
scintillation detectors preceded by Si analyzer crystals were
used. This allowed an extremely high resolution but also
caused long counting times in PDF measurements. The pow-
der sample was loaded into a 0.5 mm glass capillary sealed
with wax to allow good thermal contact of the sample with
an exchange gas. Here, we would like to note that the very
high photon flux of the ID22 beamline causes local heating of
the sample. Hence, the x-ray beam was attenuated by about
70% for our measurements. Further attenuation of the beam
did not change the lattice parameters or the temperature of the

tetragonal-orthorhombic transition, indicating a stable local
sample temperature.

The x-ray diffraction data were collected at temperatures
from 5 to 150 K in the 2θ range 2◦ � 2θ � 90◦ using the
cryostat due to system constraints and in the range 2◦ � 2θ �
120◦ for measurements using the cryostream. In both cases
the scanning rate was 4◦/min. For PDF analysis, the data were
collected by summing several scans for a total counting time
of 385 min per measured temperature to achieve the necessary
data quality for analysis.

The neutron scattering experiments were performed at
Institut Laue Langevin (ILL, Grenoble). For these measure-
ments, FeSe powder samples were synthesized in several
batches, and about 5 g of impurity-free [48] FeSe powder were
selected. The sample was filled in a vanadium container.

The neutron diffraction experiments were performed using
two different instruments. For the reciprocal-space structure
analysis (Rietveld refinement) the data were collected on
the high-resolution powder diffractometer D2B (λ = 1.596 Å)
in the temperature range 3–90 K in the heating cycle (ILL
D2B data [49]). For real-space PDF analysis, the diffraction
patterns were collected with the D4c instrument [50] (λ =
0.4959 Å) at temperatures of 150 and 7 K upon cooling and in
the temperature range 3–150 K plus 298 K upon heating (see
ILL D4c data [49]). However, since no hysteresis was found
in the structural data, we present here only the data collected
in the heating cycle.

Reciprocal-space refinement of the x-ray and neutron
diffraction data was performed using the Rietveld method im-
plemented in GSAS [51] and JANA2006 [52]. Moderate effects
of preferred orientation caused by the large anisotropy of the
crystal structure were accounted for by the March-Dollase
formalism [53,54].

The x-ray PDF curves G(r) were computed using the
PDFGETX3 program [55]. The neutron D4c data reduction
was performed using standard instrument-dependent software
available at the ILL. The CORRECT program [56] was then
used to conduct the necessary corrections (see, for example,
Ref. [57]) to the diffraction data for sample and container
attenuation, multiple scattering, and normalization of the
diffraction intensity to an absolute scale using a vanadium
standard. The resulting S(Q) data were then Fourier trans-
formed to a PDF using the standard sine integral.

III. RESULTS

Here, we first outline a few advantages of using both
synchrotron x-ray and neutron scattering experiments for
structural analysis. For the reciprocal-space structure analy-
sis, neutron data are often preferred because the reflection
intensity does not go down with Q = 4πsinθ/λ, so that we
can observe a higher number of intense reflections and use
them in the structure refinement. Moreover, neutrons offer a
broader and more symmetric peak shape, whereas x rays may
show different sorts of anisotropic reflection broadening due
to the sample’s microstructure. Such anisotropic broadening
is undesirable for the structure refinement.

For the real-space structure analysis, the x rays and
neutrons provide complementary information. With the in-
struments at the ID22, we reached larger Qmax values using
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FIG. 1. A comparison of parameters obtained from the reciprocal-space refinement of neutron (D2B) and x-ray (XRD) diffraction data, as
well as real-space analysis of G(r) in different r ranges (using both x-ray and neutron data, assigned as XRD and N, respectively, in the legend).
(a) Ratios of lattice parameters b/a and (b)–(e) anisotropic displacement parameters U11, U22, and U33, obtained from both reciprocal-space
refinements of D2B measurements and real-space Rietveld analysis of D4c G(r) functions for different r ranges. In the G(r) refinements, we
fixed U11 = U22 for both Fe and Se. The legend in (a) applies to all panels. The error bars for the D2B and XRD data shown in (a) are smaller
than the symbol size.

both the cryostat (≈ 25 Å−1) and the cryostream (≈ 29–
30 Å−1). Additionally, the high Q resolution of ID22 allows
us to analyze the data up to several nanometers [58]. In the
case of neutrons, the usable neutron wavelengths at the D4c
diffractometer are 0.3, 0.5, and 0.7 Å. However, the neutron
flux is too low at λ ≈ 0.3 Å to get good data for the PDF anal-
ysis in a reasonable amount of time. Therefore, we used the
next-shortest available neutron wavelength λ ≈ 0.5 Å, which
gives Qmax ≈ 23.6 Å−1. Further, the x-ray measurements are
complementary to neutrons in the sense that, for neutrons
the weight of G(r) is larger for Fe than for Se. For the x
rays, the opposite is true. Thus, by combining the two tech-
niques, we are able to maximize the information about the
low-temperature structure of FeSe.

Analysis of the interatomic distances made use of the re-
duced PDF G(r), which is the sine Fourier transform of the
experimental total scattering function S(Q), defined as [59,60]

G(r) = 4πr [ρ(r) − ρ0]

= 2

π

∫ Qmax

Qmin

Q[S(Q) − 1] sin(Qr) dQ,

where ρ(r) is the atomic number density function and indi-
cates the probability of finding an atom at a distance r from
another atom and ρ0 is the average atom number density. The
G(r) function measures deviations from the average atomic
density. Provided that the scattering lengths of two atoms
involved in a certain G(r) peak take the same sign, a positive
peak in the G(r) pattern indicates a range of r values for which
the probability of finding interatomic vectors is greater than
that determined by the number density, while the opposite
holds for negative G(r) values.

With a focus on investigating local structural distortions as-
sociated with the anomalies observed at temperatures T ∗ and

T ∗∗, we compare the parameters obtained from the analysis
of the neutron and x-ray diffraction data for the orthorhombic
crystal structure with Cmma symmetry using the so-called
real-space Rietveld method [61]. In Fig. 1(a), the ratio of
lattice parameters b/a obtained from the reciprocal-space Ri-
etveld analysis (average value of b/a) and G(r) analysis for
different r ranges are plotted. For the x-ray diffraction data,
only the average b/a ratio and that for the r range 2–7 Å
are presented for clarity. Compared to the average values,
the b/a ratio increases for refinements focusing on the short-
range parts of the G(r) functions, which suggests that the
orthorhombic strain is locally enhanced. In the neutron case,
for the 2–7 Å range, the b/a ratio displays a plateau in the
temperature range 75–105 K, with the extent of this plateau
reaching up to 150 K when the r interval is the shortest. A
similar tendency is also seen in the x-ray diffraction data for
the 2–7 Å range, but in this case there are insufficient data
points to determine the temperature range of the plateau. Note
that 75 K corresponds to the temperature T ∗, which is consid-
ered the onset temperature of spin fluctuations [21,24,26].

We should also note that in the 2–5 Å range, the G(r) sam-
ples mainly distances between atoms in the same FeSe plane,
while for larger r ranges interplane contacts have increasing
weight in G(r). This result suggests a larger crystallographic
coherence of the orthorhombic distortion in the ab plane com-
pared to the direction along the c direction. Consistently, the
residuals are much smaller in the 2–5 Å fit than in the 2–7 Å
range (e.g., at 90 K, Rw is 0.029 and 0.059, respectively,
for the neutron case). For the r ranges of 2–7 and 2–5 Å
a kink can be seen around 20 K, which coincides with the
electronic anomaly observed at T ∗∗. Figures 1(b)–1(e) display
the anisotropic displacement parameters U (Fe) and U (Se)
refined in different r ranges. To avoid correlations among the
parameters, we assumed U11 = U22 for both Fe and Se in
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FIG. 2. Schematic representations of FeSe unit cells in (a) tetrag-
onal and (b) orthorhombic structures. (c) and (d) ab plane of the
tetragonal and orthorhombic structures, respectively. The lattice
parameters a, b, and c; interatomic distances; and the torsion an-
gle φ are marked. Here, the notations dFeSe and dFeFe represent
nearest-neighbor interatomic distances, and NNN dFeSe represents
the next-nearest-neighbor interatomic distances. To distinguish three
different Se-Se distances dSeSe, the numbers (1), (2), and (3) are
used, which represent nearest-, next-nearest-, and next-next-nearest-
neighbor Se-Se, respectively.

the G(r) refinements. The anisotropic displacement parame-
ters from the reciprocal-space refinement are systematically
higher than those obtained from the refinement of the real
space. This difference is well seen in both U11 and U33 and
suggests that displacements of atoms with respect to the av-
erage structure occur along and perpendicular to the FeSe
planes.

In the following, we describe the results of the real-space
structural analysis of synchrotron x-ray diffraction data in
the temperature range of 5–150 K. To visualize the local
distortions described below, in Figs. 2(a) and 2(b), we display
schematic diagrams of FeSe unit cells in the tetragonal and
orthorhombic structures, while Figs. 2(c) and 2(d) show the
corresponding structures in the ab plane. These plots depict
the lattice parameters a, b, and c; the interatomic distances;
and the torsion angle φ of the FeSe4 tetrahedra. In Figs. 3(a)
and 3(b), the short-range parts of the G(r) curves at different
temperatures are presented. Due to the wavelength used and
the geometrical constraints of the cryostat (2θmax = 90◦) only
the data up to Qmax = 25 Å−1 have been used. The peaks
below r < 3 Å and the one around 4.5 Å have straightforward
attributions to single Fe-Se and Fe-Fe interatomic distances
(see labels in Fig. 3). Conversely, the peaks in the 3.3–4.0 Å
range contain three different Se-Se contributions plus one
from Fe-Fe. In all cases, peak broadening is apparent upon

FIG. 3. (a) and (b) Low r range of G(r) calculated at different
temperatures using synchrotron x-ray diffraction. Here, the notations
AFe−Se, BFe−Fe, and C′

Se−Se represent nearest-neighbor interatomic
distances, CFe−Se and DSe−Se represent next-nearest-neighbor inter-
atomic distances, and EFe−Se represents next-next-nearest-neighbor
interatomic distances. (c) The peak positions obtained by the direct
analysis of G(r) functions (symbols) and by the reciprocal-space
Rietveld analysis (dashed lines). (d) The temperature dependence of
FWHM values obtained from the G(r) peaks displayed in (a) and (b).
The error bars in (c) are smaller than the symbol size.

lowering temperature. At 5 K, the peaks AFe−Se, BFe−Fe, and
EFe−Se are broader than at 15 and 30 K, which is contrary to
the expected structural effect when the G(r) peak width arises
only from the thermal atomic vibrations. The CFe−Se, C′

Se−Se,
and DSe−Se peaks display some nonmonotonic behavior, too.
However, due to the superposition of different contributions,
it is more difficult to attribute this finding to certain single
interatomic distances.

The G(r) peaks shown in Figs. 3(a) and 3(b) were first
analyzed using the so-called direct analysis. Each interatomic
distance has been fitted using a Gaussian function allowing
the area, position, and full width at half maximum (FWHM)
parameters to vary. The results are summarized in Figs. 3(c)
and 3(d). In Fig. 3(c), the peak positions are reported, while in
Fig. 3(d), the relative FWHM values are shown.

All the FWHM values increase upon cooling only for T �
15 K. However, the change in FWHM � = [FWHM(5 K)
− FWHM(15 K)] is less than 0.02 Å. The nearest-neighbor
Fe-Fe distance (BFe−Fe) displays a comparatively larger value
of � ≈ 0.018 Å than the nearest-neighbor Fe-Se (AFe−Se,

064505-4



NEMATIC STATE OF THE FeSe SUPERCONDUCTOR PHYSICAL REVIEW B 105, 064505 (2022)

FIG. 4. Neutron diffraction G(r) peak positions (symbols) in the
temperature range 3–75 K compared with the corresponding dis-
tances obtained from the reciprocal-space Rietveld refinement of the
D2B data. The error bars are smaller than the symbol size.

� ≈ 0.016 Å) and next-next-nearest-neighbor Fe-Se (EFe−Se,
� ≈ 0.007 Å). Together with the atomic distances obtained
from the analysis of G(r) (local structure), the corresponding
distances acquired from the reciprocal-space Rietveld analysis
(average structure) are shown in Fig. 3(c) for comparison. For
all the distances considered, the following can be noted: (i)
The shortest Fe-Se distance in the local structure is slightly
shorter than the corresponding distance in the average struc-
ture. (ii) The shorter Fe-Fe distance in the local structure is
always larger than that in the average structure. (iii) The Fe-Se
distance of 4.4 Å is the same in both local and average struc-
tures. This trend is confirmed also by the real-space PDF and
reciprocal-space Rietveld analysis of the neutron diffraction
data (see Fig. 4).

The very high angular resolution of the ID22 data allows
calculating reliable G(r) functions up to tens of angstroms.
Thus, we analyzed the experimental G(r) functions in the
temperature range from 5 to 150 K assuming the Cmma lattice
structure at different r intervals (boxcar refinements). Boxcar
refinements were carried out on r intervals 10 Å wide. At
all measured temperatures, no marked deviations from the
Cmma structural model are observed. An interesting result of
the boxcar refinements is the trend of the lattice parameters
as a function of r, as reported in Figs. 5(a)–5(e), marked by
symbols. In the same figure, reciprocal-space Rietveld results
are also given for comparison (solid lines). The orthorhombic
strain ∝| a − b | seems to be larger than the average strain at
low r values, and it reaches the latter value within 20–30 Å.
We would like to note that, for T > 90 K, i.e., above Ts, large
in-plane orthorhombic strain coexists with the weak interplane
one. For this reason, in the refinements at the lowest r values
and T � 90 K shown in Fig. 5, two nonmatching orders
coexist, which leads to less stable refinements.

The orthorhombic strain is related to the torsion angle of
the FeSe4 tetrahedra, φ = 2tan−1(a/b), as defined in Ref. [8].
It is a coherent twisting of the upper and lower Se pairs
that make up the Fe-Se tetrahedron; the smaller value of
the angle φ corresponds to the larger orthorhombic strain. In
Figs. 5(f)–5(j), the torsion angles φ are plotted as a function
of r. For almost all temperatures up to 150 K, at low r, the φ

values are smaller than those in the average structure shown
by the straight lines. This confirms our findings from the
real-space analysis of the neutron data. However, within a few
nanometers, the φ values merge into the average angle at all
temperatures, and above 90 K the average structure appears to
be tetragonal.

Remarkably, although the nematic phase transition occurs
in FeSe at Ts ≈ 90 K, at which the average crystal structure
changes from the tetragonal to orthorhombic phase, recent
PDF studies of FeSe [9,10] showed that the short-range or-
thorhombic distortion exists already at 300 K and extends over
a length scale of 10–30 Å. We considered both Cmma and

FIG. 5. (a)–(e) Lattice parameters at different temperatures obtained from G(r) as a function of r, using 10 Å wide r intervals. The r values
are the centroids of the range. Straight lines are the lattice parameters obtained from the reciprocal-space Rietveld analysis. Blue lines are used
in (d) and (e) because a = b in the tetragonal phase. (f)–(j) Torsion angle of the FeSe4 tetrahedra as a function of r at different temperatures.
The values obtained from the PDF (crosses) are replotted as a function of the r range considered and compared to the Rietveld results (black
lines).
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FIG. 6. Resistivity ρ(T ) and the Hall coefficient RH (T ) of a FeSe
single crystal replotted from Ref. [35] and Ref. [21], respectively.
The temperatures Ts, T ∗, T ∗∗, and Tc represent the temperatures of
the structural phase transition, the onset of spin fluctuations, the onset
of the pseudogap, and the superconducting transition, respectively.
In our studies, we observe a plateau in the b/a ratio at T ∗ and
some broadening in the peaks corresponding to Fe-Fe, Fe-Se, and
next-nearest Fe-Se bond distances at T ∗∗, but the average structure
remains orthorhombic below Ts.

P4/nmm models for the full temperature range studied here.
For the neutron diffraction data taken at 298 K, the Cmma
model provided lower residual values than the P4/nmm for r
values as small as 5 Å. Our results are thus in full agreement
with the earlier PDF work in Ref. [9].

Finally, with the intention to investigate whether there is
any deviation from Cmma symmetry at low temperatures, we
considered additional models for the PDF analysis. Based
on their electron diffraction studies on Fe1.01Se McQueen
et al. [8] proposed that the crystal structure at 11 K is likely of
lower symmetry than that of the Cmma space group. They put
forward two distortion modes of the in-plane Fe lattice. Either
there are alternating displacements of Fe in the direction of
the short a axis, which may be driven by metal-metal dimer
formation, or there are displacements of Fe nearest-neighbor
pairs along the long b-axis direction. In the latter case, the Fe
move alternatingly perpendicular to the distance vector of the
pairs that is oriented along the short a direction. This mode
avoids dimer formation but rotates the pairs while keeping
their distance. For both modes, the distortions preserve the C
centering but remove the glide plane. Combinations or partial
(staggered) activation of these two distortion modes would
display dimerized and rotated Fe pairs. These more complex
lattice distortions simultaneously break both the glide mirror
and the C centering [8]. These distortions are subtle and were
not observed in the synchrotron x-ray diffraction reported in
Ref. [8]. Our PDF analysis shows that these in-plane dis-
tortions vanish in the r range of 2–7 Å, and neither model
provides any improvement in the quality of the fit. We also
verified the effect on the refinement of some other possible
distortions such as three different types of buckling in which
(i) the Fe z coordinate is shifted up and down, forming a
checkerboard, (ii) the Fe z coordinate is shifted up and down,
forming stripes running along y, and (iii) the Fe z coordinate
is shifted up and down, forming stripes running along x. Also,

a structural model with a 1 × 1 × 2 supercell formation was
tried. However, the quality of the corresponding fits did not
support these scenarios.

For the purpose of correlating the electronic properties
of FeSe with the structural details determined in this study,
we plot in Fig. 6 the resistivity ρ(T ) and the Hall coeffi-
cient RH (T ), taken from Refs. [21,35]. As summarized in
Fig. 6, above the structural transition temperature Ts, the aver-
age structure is tetragonal, but local incoherent orthorhombic
distortions were observed. However, below Ts, although elec-
tronic anomalies are visible in Fig. 6 at T ∗ and T ∗∗, a
reduction in symmetry below Cmma was not found even at
shorter length scales. Nonetheless, on a local scale, some
strain in the lattice was observed as small anomalies in the
temperature dependence of the b/a ratio and interatomic dis-
tances. The average structure remains orthorhombic down to
the lowest measured temperature of 3 K.

IV. DISCUSSION

Our structural study involving both reciprocal-space and
real-space analyses of the scattering data indicates that the
temperature evolution of the static FeSe structure from room
temperature through the nematic phase transition at Ts and
through further anomalies at lower temperatures is smooth.
Within the experimental resolution, the structural phase tran-
sition from the tetragonal to the orthorhombic symmetry is
the only transformation in the system. It leads to macro-
scopic symmetry breaking well above the transition to the
superconducting state. This transition has peculiar features, as
seen from the fact that orthorhombic distortions are present
in the form of nanodomains already above Ts. Further, as
discerned by the b/a ratio in Fig. 1, on a short length scale
(especially at r = 2–5 Å, which mainly samples the intra-
plane interatomic distances), the orthorhombic deviation from
tetragonal symmetry is always much stronger than the average
value. This behavior suggests that the orthorhombic order-
ing is highly anisotropic, having a larger coherence length
within each FeSe layer than along the c direction. Above
Ts, the orthorhombic domains show coherence lengths of a
few nanometers within the ab planes but almost no coherence
along the c axis.

From the perspective of chemical bonds and the elec-
tronic structure of FeSe, such behavior is plausible, as the
microscopic origin for the nematic ordering likely pertains to
electronic correlations within individual FeSe layers. Weak
coherence along the c direction is also plausible, as the
cohesion of the FeSe layers has a different character with
prominent contributions of the van der Waals bonding [62,63].
Therefore, the ordering into three-dimensional long-range or-
der may evolve first through an electronic instability within
the FeSe planes that is already present at high tempera-
tures [64]. The concomitant square-to-rectangle strains in the
ab planes of the tetragonal lattice cannot grow to macroscopic
length due to the lack of coherence between the FeSe planes.
Such a mixture of local rectangular lattice patches in the ab-
sence of coherence in the c direction will appear tetragonal in
the average crystal structure. The transition to the long-range
ordering at 90 K then requires anisotropic divergent growth of
domains in the ab plane and possibly a different growth rate
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of coherence with decreasing temperature in the c direction,
as indicated in a recent NMR experiment [65].

Our analysis of the difference between the local or-
thorhombic distortion measured in real space and the average
lattice parameters a and b obtained in the reciprocal space
supports such a picture of an anisotropic transformation into
nematic long-range order. However, there is an additional
feature. The data in Fig. 5 display a tendency to local or-
thorhombic distortion b/a larger than the average on short
lengths below 5 Å even below Ts. This may indicate that the
microscopic nematic instability is frustrated by some addi-
tional mechanism and that the nematic state retains a partially
incomplete or incoherent character at low temperatures. Fur-
ther, as there are no important modifications of the lattice
structure discernible at and below the transition to the super-
conducting state at 8 K, effects of superconducting ordering
on the lattice or modifications of the nematic state are not
observed at least down to 3 K.

V. CONCLUSIONS

We presented a comprehensive structural analysis of FeSe
in the temperature range of 3–298 K using synchrotron
x-ray and neutron diffraction measurements. Although the

global reduction in symmetry from P4/nmm to Cmma was
observed only below 90 K, short-range orthorhombic cor-
relations were found already at room temperature, which
is consistent with previously published results [9–12]. No
changes in the short-range correlations were observed when
passing through the nematic phase transition from high tem-
perature. A plateau in the b/a ratio was observed at short
length scales around T ∗. At the onset temperature of a putative
pseudogap T ∗∗, some broadening in the peaks corresponding
to Fe-Fe, Fe-Se, and the next-nearest Fe-Se bond distances
and tetrahedral torsion angles were found in the PDF analysis
of x-ray diffraction. Our studies show that the local symme-
try remains Cmma also in the superconducting state down
to at least 3 K. The local orthorhombic symmetry spanning
three orders of magnitude in temperature is yet another trait
of FeSe.
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