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Tetragonal-to-Orthorhombic Structural Phase Transition at 90 K in the Superconductor Fe, ,;Se
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In this Letter we show that superconducting Fe; 3;Se undergoes a structural transition at 90 K from a
tetragonal to an orthorhombic phase but that nonsuperconducting Fe, y3Se does not. High resolution elec-
tron microscopy at low temperatures further reveals an unexpected additional modulation of the crystal
structure of the superconducting phase that involves displacements of the Fe atoms, and that the non-
superconducting composition shows a different, complex nanometer-scale structural modulation. Finally,
we show that magnetism is not the driving force for the phase transition in the superconducting phase.
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The high superconducting transition temperatures in
layered iron arsenides [1-6] have raised numerous ques-
tions regarding the underlying physics. The undoped
compounds, which are nonsuperconducting, exhibit a
tetragonal-to-orthorhombic structural phase transition on
cooling [3,7-9]. Long-range magnetic order sets in at or
slightly below the temperature of that structural transition
[3,7,9]. On doping, the magnetic order and structural tran-
sition are suppressed and superconductivity appears, but
critical relationships between structure, magnetism, and
superconductivity remain unresolved [3,9-12].

Tetragonal iron selenide (the “B” form, referred to
simply as “FeSe” in the following), has the same basic
structure as the iron arsenides [Fig. 1(a)] and was recently
reported to be superconducting at 8.5 K [13]. This com-
pound provides a unique opportunity to study the interplay
of the structure, magnetism, and superconductivity due to
its comparative chemical simplicity: iron selenide has
Fe,Se, layers that are isomorphic to Fe,As, planes, but
lacks intermediate layers that may affect the electronic and
structural properties of the iron layers. Here we report the
low temperature structural properties of Fe;ySe (T, ~
8.5 K) and Fe; y3Se (no T.. > 0.5 K) studied by high reso-
lution synchrotron x-ray powder diffraction (SXRD),
transmission electron microscopy (TEM), and electron
diffraction (ED). Our data show that the structural transi-
tion is more complex than previously believed. Combined
with Mossbauer measurements, these results paint a com-
plex picture of the structure-property relationships in iron
selenide and indicate that such relationships should be
reconsidered in the iron arsenides as well.

All measurements were performed on powder samples
taken from the same respective batches as those described
previously [14,15]. SXRD data were collected on the
SUNY XI16C beam line at the National Synchrotron
Light Source. Refinements of the SXRD data were per-
formed using GSAS [16] with the EXPGUI [17] interface.
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PACS numbers: 74.25.Jb, 74.62.Bf

A (001) preferred orientation correction was applied using
the March-Dollase method. TEM and ED were performed
at room temperature (RT) and 11 K on powder samples
sitting on copper grids coated with holy carbon in a
JEOL 2100F transmission electron microscope equipped
with a Gatan liquid helium cooling stage. >’Fe Mossbauer
spectra were recorded in transmission geometry using a
conventional constant-acceleration spectrometer and a he-
lium bath cryostat. The Recoil Mossbauer Analysis
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FIG. 1 (color online). (a) The structure of tetragonal iron
selenide consists of two-dimensional layers of edge-sharing
Fe-Se tetrahedra. (b) Superconducting Fe;y;Se has an ortho-
rhombic distortion, indicated by the splitting of some peaks in
SXRD (arrows), but nonsuperconducting Fe;;Se does not.
(c) On cooling, Fe| o;Se undergoes a twisting of the tetrahedra,
splitting the Fe-Fe distances into two distinct sets.
Nonsuperconducting Fe; g3Se, in contrast, shows no transition
by SXRD.
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Software was used to fit the experimental spectra. Isomer
shift values are quoted relative to «-Fe at 293 K.

At RT, both Fe, 5;Se and Fe; (;Se are well described by
the ideal tetragonal unit cell. The refined formulas were
within 20 of the nominal compositions. Selenium defi-
ciency was taken as the origin of the nonstoichiometry
and thus structural formulas of FeSejq and FeSegq;
were employed in the structure refinements. Fe; ;Se and
Fe g3Se display markedly different behavior at low tem-
perature. At 20 K, Fe;;Se posses a lower symmetry
structure, evidenced by the splitting of numerous diffrac-
tion peaks, whereas Fe (3Se remains rigorously tetragonal
with no peak splitting within the high resolution of SXRD
[Fig. 1(b) and Fig. 2(a)]. The structure of Fe; y;Se below
90 K is orthorhombic, space group Cmma, with a V2x\2
supercell enlargement in the Basal plane, consistent with
recent reports [18,19]. There is no evidence for the triclinic
structure suggested previously [20]. The orthorhombic
structure of Fe; (;Se is analogous to that observed in the
parent compounds of the FeAs-based superconductors
[7,9]. The structural distortion leading to orthorhombicity
is a coherent twisting (away from the ideal 90°) of the
upper and lower Se pairs that make up each Fe-Se tetrahe-
dron, and can be described by five parameters: the torsional
angle between the Se pairs (¢), two Fe-Fe distances (dg,
and d.,), the Fe-Se bond length (BLg.-s.), and the upper
Se-Fe-Se angle (). The temperature-dependence of these
parameters is shown in Fig. 1(c). The Fe-Se bond lengths
and Se-Fe-Se bond angles are, within error, the same in
Fe| ¢1Se and Fe; (3Se, and there is no significant change in
these structural characteristics at the phase transition. In
contrast, the torsional angle ¢ in Fe;(3Se is 90° and is
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FIG. 2 (color online). (a) SXRD scans of the (220) reflection
of Fe| o;Se shows the appearance of the orthorhombic structural
distortion near 90 K. The SXRD pattern at 50 K of Fe; (;Se,
which does not show the distortion, is also shown. (b) Mossbauer
spectra of Fe; o;Se are unchanged as the temperature is lowered
through the structural distortion, eliminating the onset of long-
range magnetic order as a possible origin of the transition.

independent of temperature, whereas in Fe; (; Se it changes
from 90° at high temperatures to 89.7° at 20 K. This 0.3°
change is similar to the distortion observed in LaFeAsO
[star, Fig. 1(c)] [7]. Because of this change of the torsional
angle, one Fe-Fe length in Fe; o;Se (dg.,) shortens consid-
erably and the second length (dg.;) elongates, resulting in
an average difference in long-short Fe-Fe separation of
~0.012 A at 20 K. This is a very small difference, but
again similar to that in undoped LaFeAsO (2.855 A —
2.841 A =0.014 A) [7], even though the absolutoe Fe-Fe
distances are substantially shorter in Fe-Se (2.66 A in Fe-
Se vs 2.83 A in LaFeAsO).

An equivalent distortion to the one that we observe in
Fe, ¢ Se is found in undoped and lightly doped FeAs-based
compounds, and is attributed to the magnetic ordering that
sets in at or just below the transition [9]. In FeSe, however,
no magnetic ordering is observed: Mossbauer spectra
[Fig. 2(b)] show no peak splitting or other significant
changes through the phase transition, as would be expected
if magnetic order were present. The magnetic fluctuations
observed [21] in Fe; ¢; Se must therefore be on a time scale
faster than that of the Mossbauer effect (1077 s) and thus
cannot be the origin of the observed static structural phase
transition in this compound, and, by implication, in any of
the Fe-As superconductors. The clear decoupling of the
magnetic and structural behavior in the simple FeSe sys-
tem implies that the crystallographic phase transition and
magnetic ordering are driven by different effects.

Electron diffraction (ED) patterns at low temperature
show that the structural transition is more complex in
superconducting Fe; o Se than expected. At RT, the ED
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FIG. 3 (color online). (a)-(d) Electron diffraction patterns of
Fe, o;Se and Fe; ;Se, indexed with the orthorhombic cell. The
T = 298 K patterns [(a) and (c)] are consistent with the ideal
tetragonal cell. (b) Weak superreflections are visible in Fe; ;Se
at 7 = 11 K, indicating a subtle deviation from the orthorhom-
bic structure found by SXRD. (d) Fe; o3Se also shows scattering
at those positions, and also at the (£00), & odd and (0k0), k odd,
positions. This scattering is systematically absent in Fe; o; Se,
implying a more complex modulation in Fe;;Se. The 45°
streaks are due to the shutter during the short exposure time used.
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patterns are consistent with the ideal tetragonal structures
found by SXRD [Fig. 3(a)]. However, at low temperature,
additional super-reflections appear [Fig. 3(b)]. The pres-
ence of these reflections, which appear at all (hk0), h +
k = 2n, h, k odd (e.g. (110)), is surprising. They are not
consistent with the Cmma symmetry found by SXRD,
which requires that (hk0), h, kK = 2n. Multiple scattering,
which could explain this discrepancy, cannot be the origin
of the extra reflections, as the scattering is only present
below the phase transition and both patterns were taken
from the same sample area. Instead, the presence of these
reflections indicates that the actual low temperature struc-
ture of superconducting Fe,;Se has a subtle departure
from Cmma symmetry.

Unexpected extra reflections are also observed in ED for
nonsuperconducting Fe; j3Se at 7 = 11 K [Fig. 3(d)]. The
extra reflections are not indexable using the tetragonal unit
cell found by SXRD. A /2x+/2 supercell enlargement in
the Basal plane (like in orthorhombic Fe; (;Se) is needed.
In this expanded cell, the extra reflections occur not only at
all (hk0), h + k = 2n, h, k odd positions, as in Fe;;Se,
but also at (£00), & odd and (0k0), k odd. This is despite no
observable lowering of symmetry by SXRD.

Real space images obtained by TEM at low tempera-
tures, shown in Figs. 4(a) and 4(b), were used to further
investigate the subtle structural modulations. For Fe, 4 Se,
there are closely spaced lattice fringes that are highly
aligned and ordered over large areas (more than 50 nm).
Fe| (3Se, however, does not show such long-range uniform-
ity. Some regions appear to be tetragonal, with bidirec-
tional fringes with the same spacing as in Fe, 5;Se. Other
areas have striped fringes along one direction, like in
Fe;¢;Se, but with approximately twice the spacing.
These regions are small (c.a. 5 nm), and form a
checkerboard-type structural modulation. Fast Fourier
transforms of different regions of a TEM micrograph of
Fe g3Se show that both sets of extra reflections [compare
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FIG. 4 (color online).

cf. Fig. 3(d)] occur simultaneously and come from regions
of the sample with the double-sized fringes. This implies
that the ordering that gives rise to the superreflections in
Fe| 3Se occurs within the nanosized domains. The nano-
meter size of the ordered structural domains in Fe; o3Se is
consistent with the disruption of long-range ordering due to
the structural defects that must be present in material of
this stoichiometry. However, successive warming and cool-
ing of the sample shows that the nanodomains form in
different places on each cooling cycle, implying that they
are not pinned to defects. This means that the defects in
Fe; g3Se are doing more than breaking up the long-range
order of the structural transition.

The present data do not allow for unambiguous assig-
nation of the origin of the lowering of symmetry in Fe, o, Se
or the exact nature of the nanometer-scale structural dis-
tortion in Fe;3Se. Some general conclusions can be
drawn, however, from crystal-chemical reasoning. For
both Fe; o;Se and Fe; (3Se, two sets of in-plane reflections
(indexed according to Fe; (;Se’s orthorhombic supercell in
both cases) should be systematically absent: (hk0) h + k =
2n, h, k odd, and [(h00), & odd and (0k0), k odd]. The first
of these conditions comes from the presence of a glide
plane that runs through the iron atoms within a layer. The
second condition reflects the presence of C centering, or
the translational symmetry of iron atoms within the super-
cell [Fig. 5(a)]. The low temperature ED of Fe, 5; Se shows
that only the first of these two reflection conditions is
violated. This implies that the true symmetry of Fe; j;Se
lacks the glide plane but still has the C centering. The
magnitude of the distortion causing this lowering of sym-
metry must be subtle, as the intensity of the superreflec-
tions is << 1% of the primary reflections in the ED patterns,
and they are not observed by SXRD. Figures 5(b) and 5(c)
shows two ways in which this can occur. The first is by
displacement of pairs of iron ions along the short in-plane
a-axis. This is consistent with the formation of Fe-Fe

TEM micrographs of Fe; ¢;Se (a) and Fe; (3Se (b) at T = 11 K. Fe| o;Se shows uniform, long-range lattice

fringes (some marked by lines, also shown in inset). In contrast, Fe; (3Se shows two distinct fringe spacings. The more closely packed
type (rightmost set of vertical lines) correspond to the undistorted tetragonal structure. The second kind are spaced twice as far apart,
and only ordered over short distances (c.a. 5 nm), forming a checkerboard-type structural modulation (some marked by lines, also
shown in inset). (1,2,3) FFTs of regions of the TEM micrograph of Fe (3Se show that the scattering at (hk0), h + k = 2n, h, k odd, and
at (h00), h odd and (0k0), k odd arise from the same regions of the sample (1 and 3 show both, 2 shows neither).
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FIG. 5 (color online). (a) The symmetry elements that give rise
to in-plane systematic absences in this system are the glide plane
(green) and C centering (light blue), which make different sets of
atoms in the unit cell symmetry equivalent. Two ways to break
the glide plane but maintain C centering, as indicated by ED on
Fe, o;Se, are to displace the iron ions along the in-plane ortho-
rhombic (b) a or (c) b axes (or both simultaneously). Fe; o3Se
shows loss of both the glide plane and C centering, implying that
it has an even more complex (but subtle) microstructure.
(d) shows one arrangement consistent with the Fe, 3Se data.

dimers, which would imply that the transition is driven by
an increase in metal-metal bonding. The second is by
displacement of pairs of iron ions along the long in-plane
b axis. This is consistent with an electrostatic effect to
avoid a shortened Fe-Fe distance along the short axis. Both
could also be occurring simultaneously, resulting in dimers
that are twisted off axis. A similar complexity is found in
Fe| o3Se. In this case, both sets of reflection conditions are
violated, implying loss of not only the glide plane but also
the C centering. This is consistent with the TEM images
(Fig. 4) where fringes are found to be spaced twice as far
apart as in Fe; ; Se. This cannot simply be due to disorder-
ing between adjacent layers stacked along the ¢ axis, as
within each layer the C centering would be preserved.
Instead, the loss of C centering must reflect changes within
the plane in addition to those observed in Fe; 5;Se. One
such possibility is shown in Fig. 5(d), where only every
other row of iron ions undergoes dimerization. This would
break the C centering, and explain the stripes that are
spaced twice as far apart as in Fe; ;Se. Regardless of the
precise origin, the structural modulation that exists in
nanometer size domains in Fe; ;3Se is not identical to
that found in Fe;,;Se. This suggests a link between the
observed microstructure and the macroscopic properties:
Fe| ¢;Se superconducts whereas Fe; (;Se does not. Other
possibilities to explain what is found in Fe; 3Se include
the formation of a charge density wave or (7, 7) electronic
order, which would be consistent with related theoretical
and experimental results on the iron arsenides [22,23], but
further work is necessary to determine the precise origin.

Low temperature SXRD and Mdssbauer data show that
superconducting Fe; (;Se undergoes a tetragonal-to-
orthorhombic distortion at 90 K, but without the appear-
ance of magnetic order. The distortion itself is analogous to
that found in the FeAs-based systems, and is a coherent
twisting of the Se pairs that make up the tetrahedra. The
presence of the structural transition without magnetic order
provides strong evidence that the distortion in these sys-

tems is not magnetically driven. The presence of weak
superreflections in low temperature ED of superconducting
Fe| ¢;Se indicate a subtle deviation from the structure
obtained from SXRD. In contrast Fe, (3Se shows a struc-
tural modulation that exists only in nanometer size do-
mains. The nature of the distortions in Fe;,;Se and
Fe, (3Se are different, evidence that the excess iron in
Fe| (3Se is doing more than simply breaking up the long-
range coherence of the structural transition. Thus the struc-
tural properties of iron-based superconductors, even in this
simplest of variants, is more complex than previously
envisioned. This suggests that other members of the super-
conducting iron pnictides should be carefully studied by
similar methods, and that until that is done, the subtle
relationships between the ubiquitous structural phase tran-
sition and superconductivity in the iron pnictide family
cannot be resolved.
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