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We present extensive investigations of the crystallographic phase diagram and electronic properties of
the Fe-based superconductor FeSe under extreme conditions (high pressure (HP) and low temperature
(LT)) by synchrotron X-ray diffraction (XRD) and X-ray absorption spectroscopy (XAS). An isostructural
phase transition (Tetragonal (T) /high-pressure Tetragonal (Tʹ)) is discovered in FeSe at ~2.8 GPa based
on the axial ratio c/a with ﬁner pressure step as observed in Fe-As-based superconductor such as
EuFe2As2. We also ﬁnd a pressure-induced Tʹ / MnP-type phase transition at 7.6 GPa in FeSe, which is
consistent with the documented pressure-induced high-spin / low-spin transition (~6e7 GPa). These
results reveal the pressure-induced structural phase transition sequence in FeSe at room temperature to
be T / Tʹ / TʹþMnP-type at pressures of 0e10.6 GPa, enriching the crystallographic phase diagram. The
HPLT XRD data also indicate that a sluggish structural phase transition (Cmma / Pnma) begins at
7.5 GPa, and these two phases coexist up to 26.5 GPa. The HP X-ray absorption near-edge spectroscopy
(XANES) measurement shows that Eo of Se experiences a pressure-induced shift to high energy,
evidencing strongly charge transfer between Fe and Se under high pressure. Our results shed lights on
the correlation between crystallographic/electronic structure and superconductivity in this material.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
Iron selenide (Fe1þxSe, hereafter denoted as “FeSe”) is the
simplest Fe-based layered superconductor with superconducting
transition temperature (Tc) of 8 K [1]. It has a tetragonal anti-PbOtype structure (P4/nmm) at room temperature (RT) and planar
FeSe slabs that resemble the FeAs slab layers in the Fe-based superconductors such as La(O1-xFx)FeAs and EuFe2As2. The relative
chemical simplicity of FeSe makes it a perfect candidate for understanding the interplay of structure, magnetism and superconductivity in the Fe-based superconducting family. It is known that
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Fe-As-based superconductors undergo concomitant structural and
magnetic phase transitions as the temperature decreases. However,
reported experimental results demonstrated that the temperatureinduced structural phase transition in FeSe does not result in the
occurrence of a static magnetic structure (long-range magnetic
ordering) [1]. It has been suggested that the superconducting phase
of FeSe only exists in samples prepared with artiﬁcial Se deﬁciency
and is very sensitive to stoichiometry and external conditions [2].
FeSe, compared with the Fe-As-based superconductor, is less toxic
and much easier to handle. More importantly, FeSe superconductor
shows weak anisotropy and is convenient to fabricate into devices.
Although the Tc of bulk FeSe (Tc ¼ 8 K) is low, it increases drastically
under pressure (Tc ¼ 37 K; Ref. [3]), by carrier doping (Tc ¼ 40e48 K;
Refs [4,5]), or in the mono layer limit (Tc ¼ 65e109 K, Ref. [6]).
Therefore, FeSe has attracted sustained attentions from
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experimental and theoretical researchers since the discovery of its
superconductivity.
Since the reported Tc ¼ 8 K of FeSe is modest, it is important to
establish the relationship between superconducting transition
temperature and pressure. The Tc can be enhanced substantially by
the application of pressure, and the superconducting onset temperature can reaches ~37 K at 7e9 GPa [7]. However, at higher
pressures, a decrease is observed with the Tc ~6 K when the pressure approaches 20 GPa [3,8]. Later on, M. Bendele et al. observed
that the overall increase of the Tc is nonmonotonic with a local
maximum at ~0.8 GPa, followed by a local minimum at around
1.2 GPa [9]. Subsequent experiments with ﬁner pressure steps
revealed, however, a local minimum at 1.5 GPa [10]. Recently, an
enhancement of Tc in a three-plateau process was observed in FeSe,
that is, Tc ~10 (2) K for 0e2 GPa, Tc ~ 20 (5) K for 3e5 GPa, and Tc ~ 35
(5) K for 6e8 GPa [11]. To elucidate the driving mechanism behind
the large enhancement of Tc in FeSe under high pressure, it is
important to compare the superconducting phase diagram with the
observed structural changes using high-pressure and lowtemperature (HPLT) X-ray diffraction (XRD) techniques.
Like the Fe-As-based superconductor, besides applied physical
pressure, spin ﬂuctuations and magnetic ordering are also important parameters for tailoring the Tc of FeSe. The unusual superconducting properties of FeSe are presumably related to its
magnetism, in which its magnetic ground state is intensely debated
[12]. The FeSe electronic nematicity occurs below ~90 K [13,14] at
ambient pressure, while a magnetic ordered state is absent. Unlike
the Fe-As-based superconductor, magnetic ordering of FeSe
emerges when applying pressure above 1 GPa [15]. K. Kothapalli
et al. observed that nematicity and magnetism in FeSe under
applied pressure are indeed strongly coupled using synchrotronbased high-energy XRD and time-domain Mossbauer spectroscopy [16,17]. The ordering temperature TN increases with pressure
(up to 1.4 GPa) [18], which shows a dome-shaped pressure behavior
(up to ~ 8 GPa) [19]. High-pressure nuclear magnetic resonance
(NMR) studies on FeSe showed a close correlation between the
spin-lattice parameter and Tc, and strong spin ﬂuctuations near the
superconducting state [20,21]. Recent synchrotron X-ray emission
spectroscopy and ab initio calculations performed by R. S. Kumar
et al. showed a pressure-induced smooth high-spin to low-spin
transition in FeSe superconductor [22,23]. Based on ab initio calculations, they suggested that the spin moment change can be
attributed to pressure-induced electron delocalization or spin
crossover of Fe. Here, the X-ray absorption spectroscopy (XAS)
measurements provide experimental evidence of a pressureinduced charge transfer between Fe and Se.
Despite several years of intensive research, the crystallographic
information of FeSe under extreme conditions (high pressure and/
or low temperature) is still inconsistent reported by different
research groups. At room temperature (RT), there are three
different phase transition sequences reported. (1) It was found that
tetragonal FeSe undergoes a structural phase transition (P4/nmm
/ P63/mmc) starting at ~ 7 GPa at RT and shows wide pressure
range of coexistence [3,24]. (2) However, a structural transformation P4/nmm / Pbnm was observed above 12 GPa by G.
Garbarino et al. [25]. (3) Later on, a tetragonal / monoclinic phase
transition was observed in FeSe under high pressure at about 3 GPa
using X-ray scattering and Raman spectrum [26]. On the LT side,
there are two viewpoints. (1) The pressure evolution of the LT (16 K)
crystal structure and bonding of FeSe was studied by S. Margadonna et al. using synchrotron XRD up to 14 GPa, revealing a small
bulk modulus and transformed into hexagonal phase above 9 GPa
[8]. (2) In addition, a pressure-induced transition to Pbnm phase
above 1.2 GPa at 8 K was reported in R. S. Kumar et al.'s experimental results [27]. On the structural phase transition (P4/mmm /

Cmma) side, it is found that a suppression of the transition temperature with increasing pressure up to about 2 GPa [11,28].
Due to the inconsistency of structure variation investigations
under high pressure previously reported in FeSe, here we experimentally and theoretically conﬁrmed the structural evolution and
electronic structures of FeSe using HP-XRD, HP-XAS techniques
together with ﬁrst principles calculations. We investigate the
interesting possibility of whether FeSe could undergo a pressureinduced isostructural phase transition (tetragonal (T)/ collapsed
tetragonal (cT)), as observed in Fe-As-based superconductor such
as CaFe2As2 and EuFe2As2 [29,30]. We present a pressure-induced T
/ Tʹ (high-pressure tetragonal phase) transition in high quality
FeSe0.82 using a ﬁner pressure step, which enriches the crystallographic phase diagram of FeSe. To gain insight into the correlation
between structural changes and superconducting properties, we
also investigated the structural evolution behaviors of FeSe0.82 using a combined HPLT synchrotron XRD technique. Our main crystallographic results are summarized in the phase diagram of Fig. 1
(a)-(e). In addition, the relationship between the Tc and crystal
structure of FeSe0.82 is discussed, as well as a comparison with the
Fe-As-based superconductor.
2. Experimental (single crystal growth, XRD and XAS) and
density functional theory (DFT) details
FeSe crystals were grown using a vapor self-transport approach
[31]. Powder XRD analysis was used to determine the phase purity
of the crystals. More details on the crystal growth and characterization (magnetic and transport properties measurement) can be
found in Ref. [31]. The single crystal samples were ground in a
mortar to obtain a ﬁne powder sample used in the following high
pressure synchrotron XRD and absorption experiments. We performed two independent high-pressure XRD experiments at room
and low temperatures (10 K), respectively. The high-pressure synchrotron XRD experiment was carried out using a symmetric diamond anvil cell. Two independent high-pressure XRD experiments
were carried out up to 10.6 and 26.5 GPa at room and low

Fig. 1. Schematic polymorphism of FeSe under extreme conditions (high pressure, and
low temperature), CN is short for coordination number of Fe. For convenient comparision, the lattice parameters of T and Tʹ phases were shown.
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temperature, respectively. The two-dimensional image plate patterns were converted to one-dimensional data using the Fit2D
software package [32]. The experimental pressures were determined by the pressure-induced ﬂuorescence shift of ruby [33]. The
XRD patterns were analyzed with Rietveld reﬁnement using the
GSAS program package [34] with a user interface EXPGUI [35].
High-pressure X-ray absorption spectroscopy (XAS) experiments at
Se K-edge were performed at beamline of 20-BM-B of Advanced
Photon Source in the transmission mode. The raw extended X-ray
absorption ﬁne structure (EXAFS) data were pre-processed to
obtain c(k) by conventional methods using the software ATHENA
[36].
First-principles calculations were performed in the framework
of density functional theory (DFT) with the Vienna ab initio simulation package [37]. The generalized gradient approximation (GGA)
within the Perdew-Burke-Ernzerhof (PBE) parametrization was
implemented to describe the exchange correlation functions [38].
Hydrostatic pressure was applied by adding Pulay stress to the diagonal elements of the stress tensor. At each pressure, the unit cell
is fully optimized for atomic position, cell shape and cell volume.
3. Experimental results
3.1. The pressure-induced isostructural phase transition (T / Tʹ) in
FeSe0.82 under RT
Our sample phase quality was characterized using XRD techniques [39], and no impurity phases were detected in the sample
investigated here. Fig. 2 presents the angle-dispersive XRD patterns
of FeSe0.82 under various pressures at RT. The sample was pressurized in ﬁner steps of ~ 0.5 GPa. At ﬁrst glance, the ﬁgure clearly
shows that the Bragg peaks shift toward higher angles owing to
lattice contraction without any modiﬁcation to the overall peak
proﬁles, and no new diffraction peaks were observed in the XRD
patterns up to a pressure of 6.4 GPa. Under low pressure (2.8 GPa)
the Bragg diffraction peak (110) is on the right of (002), which is
corresponding to the variation of lattice parameters of a and c for
P4/nmm phase. The Bragg diffraction peaks of (110) and (002)
exhibit a movement to the higher diffraction angle as the pressure
increases. However, we found that Bragg diffraction peak (002)
shifted faster compared to (110), as shown in the inset of Fig. 3 (b).
This evidences that c-axis is more easily compressible than that of
aeaxis in P4/nmm phase.
According to the binary phase diagram of Fe-Se [40], the P63/
mmc phase is a high-temperature nonsuperconducting phase,
while P4/nmm phase is a low-temperature superconducting phase.
Usually, certain percentage of P63/mmc phase was included when
synthesizing P4/nmm phase due to the close free energy of these
two phases. Therefore, the existence of P63/mmc phase severely
affects the investigation on superconductivity of P4/nmm phase.
Fig. 3 (a) exhibits a typical Rietveld reﬁnement of the present P4/
nmm phase of FeSe0.82. The vertical bars represent the calculated
position of the diffraction peaks. The good ﬁtting results conﬁrmed
the high purity of our sample, which support ﬁrm basis on intrinsic
study of FeSe performed here. The peak width of (001) as function
of pressure was shown in Fig. 3 (b), from which we found that the
peak width did not show the nonmonotonic variation with pressure. The (001) peak width decreases as the pressure increasing
to ~ 2.8 GPa and then increases with the pressure further
increasing.
No splitting or occurrence of new diffraction peaks are observed
below 6.4 GPa. Therefore, the indexing, lattice constant reﬁning and
peak ﬁtting processes are based on the space group P4/nmm below
6.4 GPa [1]. The pressure dependences of relative lattice parameters
a/a0 and c/c0 for P4/nmm phases of FeSe0.82 are reported in inset of

Fig. 2. Angle dispersive XRD pattern of FeSe0.82 under various pressures at RT. The
Miller indices for P4/nmm phase were shown at the bottom of the ﬁgure. A pressureinduced T / Tʹ transition was observed from the present ﬁne pressure steps measurements. The Tʹ phase coexisted with the Pnma phase above 7.6 GPa.

Fig. 3 (c). The lattice parameters homogeneously decrease as the
pressure increases for the P4/nmm phase of FeSe0.82. However, the
slope of the lattice parameters versus pressure is different. It was
found that c-axis is more compressible than that of a-axis. To gain
further information about this phenomenon, the axial ratio c/a
versus pressure was plotted in Fig. 3 (c). It is interesting to note that
c/a shows remarkable inﬂection point at ~2.8 GPa. In other words, c/
a exhibits a marked decrease as the pressure increasing to ~2.8 GPa
and then shows feeble variation as the pressure further increasing.
Because no new diffraction peaks were observed from the XRD
pattern in present investigated pressure range, we propose this is a
pressure-induced isostructural phase transition (T / Tʹ) without
crystallographic symmetry change as observed in other Fe-As superconductors such as Nd(O0.88F0.12)FeAs [41] and EuFe2As2 [30]
under high pressure. Notably, the enhancement of Tc is correlated to
the distortion of FeAs4 tetrahedron during pressure-induced T / cT
transition in Fe-As-based superconductors. The transition pressure
of iso-structure phase transition is close to the 122-type Fe-based
superconductor CaFe2As2 [29]. Furthermore, the distance of Se-Se
intralayers in Tʹ phase of FeSe at 3.4 GPa is 2.405 Å, which approaches the threshold value (2.4 Å) of Se-Se bonding formation as
shown in Fig. 1 (a) and (b).
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The single diffraction lines of (110) and (102) broaden above
7.6 GPa and few new peaks appear at high pressures as shown by
the downward arrows in Fig. 2. Furthermore the intensity of the
new appeared diffraction peaks increase as the pressure increasing.
It is concluded that a structural transition occurred above 7.6 GPa.
As a candidate of the crystal structure for the high-pressure phase
of FeSe0.82 above 7.6 GPa, a hexagonal NiAs-type structure was
nominated by S. Medvedev et al. [3], since NiAs-type structure is an
accompanying nonsuperconducting phase when synthesizing FeSe.
The NiAs-type (P63/mmc, Z ¼ 2) and MnP-type (Pnma, Z ¼ 4)
structures are two most common AB-type structures in binary
compounds. MnP-type is one of the common structures distorted
from NiAs-type. Therefore, MnP-type structure is also a considered
high-pressure phase model suggested by G. Garbarino and R. S.
Kumar et al. [25,27]. The inconsistent high-pressure phase information on FeSe proposed by different research groups was probably due to the close crystallographic relationship between these
two models. It can be seen from Fig. 4 (a) that most of our observed
strong XRD pattern was indexed to Tʹ phase, and the rest of the
diffraction peaks match well with MnP-type phase than that of
NiAs-type phase. Therefore, we propose a pressure-induced
structural phase transition T / Tʹ / TʹþPnma in FeSe0.82 as the
pressure increasing to 10.6 GPa under RT based on our XRD data
analysis, which is different from the experimental results in
Refs. [3,24]. The FeSe sample was very sensitive to stoichiometry [2]
and external conditions. This may elucidate the discrepancy on
structural transition sequence reported by different research
groups.
NiAs-type and MnP-type are two promising candidates for
assigning the high-pressure phase of FeSe at RT in
Refs. [3,24,25,27], in which these experimental XRD data are
markedly indexed with the P63/mmc and Pnma, respectively. From a
crystallographic view point, Pnma is one of the subgroups of P63/
mmc. To solve this confusion, the simulated XRD patterns for both
MnP-type and NiAs-type FeSe at ~38 GPa are shown in Fig. 4 (b). It
can be seen from Fig. 4 (b) that the MnP-type shows more
diffraction peals compared to NiAs-type. However, it is interesting
to note that the overall proﬁle for the strong diffraction peaks
(diffraction/background  10%) in MnP-type shows high resemblance with that of NiAs-type. For the MnP-type candidate, the
intensity of weak diffraction peaks in XRD pattern under ~30 GPa
will become comparable with the background due to the high
stress, sample thinning, and weakened phase quality under high
pressure. Moreover, the different chemical composition for FeSe
may also play an important role in tailoring its structural evolution
behavior under extreme conditions.
Fig. 4 (c) exhibits the measured pressure dependence of volume
for FeSe0.82 up to 10.6 GPa at RT. The ﬁtted (2nd Birch-Murnaghan
equation of state (EOS) [42]) bulk modulus (B0) for T and Tʹ phase
is equal to 28.4(2) and 36.4(4) GPa, with the ambient unit cell
volume (V0) of 78.36(1) and 77.27(2) Å3, respectively. The T and Tʹ
phases coexist in certain pressure regime as shown in green rectangular ﬁeld. Notably, the bulk modulus of 28.4 GPae36.4 GPa for T
and Tʹ phases is signiﬁcantly smaller than that of the “1111”-type
NdFeAsO0.88F0.12 (102 GPa) [41], “122”-type EuFe2As2 (58.1 GPa)
[30], and “111”-type Na1-xFeAs (52.3 GPa) [43]. Since FeSe lacks
carrier layers compared to Fe-As-superconductors, the structure of
FeSe is signiﬁcantly more compressible under modest externally
applied pressures.
Fig. 3. (a) Typical Rietveld reﬁnement of FeSe0.82 under RT at 0.2 GPa. The vertical bars
represent the calculated positions of the diffraction peaks. The difference between the
observed (ball) and the ﬁtted patterns (line) is shown at the bottom of the diffraction
peaks. (b) The diffraction peak (001) width as a function of pressure. The inset shows
the pressure dependence of the Bragg diffraction peaks (002) and (110). (c) The axial

ratio (c/a) as a function of pressure under RT. For facilitating a better observation of
noticeable variation of c/a, two dashed lines were plotted in different pressure regimes.
The inset shows the pressure dependence of the relative lattice parameters (a/a0 and c/
c0) of FeSe0.82.
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3.2. The structural evolution of FeSe0.82 under HPLT
The rise in the Tc to 37 K around 6e8 GPa demonstrates a strong
correlation between superconductivity and crystal structure.
Therefore, we investigated the structural changes in FeSe0.82 using
synchrotron XRD at LT down to 10 K near Tc. For LT measurements,
the DAC was cooled down to 10 K in a continuous helium ﬂow type
cryostat. Fig. 5 shows the XRD patterns obtained under HPLT. With
decreasing temperature FeSe undergoes a tetragonal (P4/nmm) to
orthorhombic (Cmma) phase transition below 90 K [13]. Similarly,
we observed an orthorhombic pattern at 10 K under ambient
pressure. At HPLT conditions, R. S. Kumar et al. found that a sluggish
structural phase transition (Cmma / Pnma) begins as early as
1.6 GPa [27]. The Pnma phase becomes the major phase with a large
volume collapse of 19% above 9 GPa and the Cmma / Pnma transition completely accomplishes above 26 GPa according to their
high-resolution synchrotron powder XRD data analysis.
The present general structural transformation sequence in FeSe
agrees well with the experimental data [27]. However, we discovered two novel differences in the transformation information in our
experimental data compared to Ref. [27]. (1) The present critical
pressure (24.6 GPa) for forming major phase (Pnma) under HPLT
conditions is higher than that of Ref. [27] (9 GPa). (2) The Cmma and
Pnma phases with roughly equal percentage still coexist
at ~ 26.5 GPa as shown in Fig. 5. We interpreted this as a subtle

Fig. 5. Selected angle dispersive XRD patterns of FeSe0.82 under various pressures at
10 K (the pressure value is listed at the left of ﬁgure with unit in GPa). The blue and red
dotted lines are the guides for observing the occurrence of structural phase transition
(Cmma / Pnma). The diffraction peak marked with a green dashed line is due to the
stainless steel gasket (noted as “g” in the ﬁgure) and sample (high pressure MnP-type
phase). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the Web version of this article.)
Fig. 4. (a) Angles dispersive XRD pattern of FeSe0.82 under 10.6 GPa from the present
work. The two dashed rectangles mark the new appeared diffraction peaks grown from
the parent phase. The calculated (cal.) XRD patterns with space group P4/nmm, Pnma,
and P63/mmc with lattice parameters corresponding to ~ 10 GPa. (b) For illustrating the
similarity and difference between Pnma and P63/mmc phases of FeSe, the simulated
XRD patterns for these two phases under 38 GPa at RT was shown. (c) The pressure

dependence of volume for FeSe0.82 at RT, the lattice volume and bulk modulus for T and
Tʹ phases are derived from the EOS ﬁtting. The green rectangular regime marked the
coexistence of T and Tʹ phases. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the Web version of this article.)
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chemical composition difference between the present (FeSe0.82)
and Ref. [27] (FeSe0.98) since the structural evolution behavior of
FeSe is sensitive to chemical composition and external conditions
as mentioned above [2]. The diffraction peak (~10.5 ), marked with
a green dashed line was due to the stainless steel gasket and sample
(MnP-type phase). It is noted that this diffraction peak intensity
was enhanced as the pressure increases (5.7 GPa). Our further
XRD data analysis demonstrated that the diffraction peaks (211)
and (112) for high-pressure phase (Pnma-type) overlap with the
gasket around this Bragg diffraction angle (~10.5 ).
There are large discrepancies between the different studies of
FeSe at high pressure due to the different pressure conditions and
sample preparations. The most important difference regards the
superconducting behavior in different crystallographic phases. In
one study, the Tc was found to increase continuously up to 22 GPa
[25]. However, in another study, the Tc decreased to 22 K at
10.5 GPa, and showed no sign of superconductivity at higher
pressure (>12 GPa) was observed [24]. Fig. 5 shows that the lowpressure (Cmma) and high-pressure (Pnma) phases coexist between 7.5 and 26.5 GPa. The change of Tc is nonmonotonic and
shows a dome shaped maximum at around 6e8 GPa [11,19]. The
absence of superconductivity below Tc is due to the occurrence of a
larger fraction of the Pnma phase at higher pressure. The present
HPLT XRD result is apparently hinged on the electronic transport
measurement. Therefore, the superconductivity observed in FeSe at
high pressure (>12 GPa) is not intrinsic. Based on the present highpressure XRD data under RT and LT, we suggest that the remnant
small fraction of the low-pressure Cmma phase in the sample gives
rise to this discrepancy.

energy as the pressure increasing. For facilitating a better comparison of the XANES data at different pressures, in Fig. 6 (b) we
present the XANES close to E0. The Se K-edge of FeSe0.82 collected at
various pressures exhibit notable variation, indicating the electronic structure of FeSe0.82 is tailed by applied pressure. Recent
synchrotron X-ray emission spectroscopy and ab initio calculations
performed by R. S. Kumar et al. show a pressure-induced smooth
high-spin to low-spin transition in FeSe ~ 6e7 GPa [22,23].
It is interesting to note that high-spin / low-spin transition did
not result in obvious chemical valence change. Based on ab initio
calculation, they suggested that the spin moment change could be
attributed to pressure-induced electron delocalization or spin

3.3. XANES study of charge transfer in FeSe0.82 under high pressure
Rationalizing the relationship between the superconductivity,
the normal-state nematic order and the pressure-induced antiferromagnetic order is indispensable for achieving a better understanding of the high-Tc in FeSe. We now turn to study the effect of
pressure on charge transfer of Se in FeSe0.82 to obtain electronic
information using XANES techniques. The previous work has
shown that XANES technique can be carried out in a diamond anvil
cell allowing detailed studies of charge transfer in rare earth metal
elements and compounds such as EuNi2P2 [44]. Fig. 6 (a) shows the
Se K-edge XANES spectra of FeSe0.82 obtained under selected
pressure. As shown in Fig. 6 (a), the XANES edge shifted to high

Fig. 6. (a) XANES spectra at ambient temperature for Se at selected pressures up to
18.3 GPa. The dashed lines are guide for eyes. For clearly observing the energy shift
under high pressure, the XANES spectra around E0 are enlarged in the right panel (b).

Fig. 7. Schematic crystal structures for P4/nmm and Pnma phases of FeSe, in which the
SeFe4 pyramid and FeSe4 tetrahedron were stacked layered along c-axia (a). The Pnmatype phase could be considered as a 3D network comprising FeSe6 octahedra with
edge- and face-share connections (b). (c) k2-weighted XAFS spectra, k3,c(k), for
FeSe0.82 under selected pressures (0 GPa, 4.9 GPa, and 18.3 GPa corresponding to the T,
Tʹ, and O00 phases, respectively) at RT.
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crossover of Fe. The electronic structure, such as spin state and
chemical valence, is dominated by Fe 3d electrons and that have a
strong hybridization with interacting Se orbitals. Fe is reported to
have a divalent conﬁguration with varying degree of co-valency in
€ssbauer experiments [12,13].
FeSe as established by previous Mo
The present XAS study is consistent with the reported results [45].
The XANES results reported here show that the chemical valence of
Fe in FeSe is not integral þ2 but a nonintegral, which contrasts with
the documented results.
4. Discussion
The structure of T and Tʹ phase for FeSe is shown in Fig. 7 (a), in
which SeFe4 pyramid and the FeSe4 tetrahedron are shown. The
coordination number (CN) for Se in T and Tʹ phases is the same
(CN ¼ 4). The amplitude in k space should be similar with each
other as shown in Fig. 7 (b). The amplitude shows an appreciable
change as the pressure increased to 18.3 GPa. From Fig. 1 we obtained the CN of Se in both MnP-type and NiAs-type was 6.
Therefore, our experimental EXAFS results are markedly consistent
with our XRD results.
Despite several years of intensive research, the physical mechanism responsible for such a high Tc is still elusive. One of the most
important reasons is that the crystallographic phase diagram and
transformation sequence is very sensitive to sample chemical
composition and external conditions (temperature, pressure, etc.).
The detailed reported and present studies of structural transformation on FeSe are tabulated as a function of applied pressure
and temperature (see Table 1). The present high-quality sample and
ﬁne pressure step measurement enabled us to obtain novel structural evolution behavior of FeSe under extreme conditions, which is
indispensable in exploring superconducting behavior of FeSe.
Now we turn to the volume variation in pressure-induced spin
and structural transition in FeSe. It is known that the electronic
collapse (such as 4f / 5d) as well as spin state transition (high-spin
/ low-spin) usually gives rise to the appreciable lattice volume
discontinuous shrinkage such as in the rare-earth monochalcogenides (SmS, EuTe) [46], and manganese chalcogenides
(MnS and MnSe) [47] under high pressure. However, the reported
high-spin / low-spin transition in FeSe [22,23] did not results in
the large discontinuous lattice volume shrinkage in this work as
well as other research group's results. This anomalous behavior of
FeSe is probably correlated with its distinct crystal structure. The
ionic radius of Fe in the high-spin state with CN ¼ 4 in P4/nmm
phase is 0.63 Å. With the pressure increasing the ionic radius of Fe
for low-spin state with CN ¼ 6 in Pnma phase becomes 0.61 Å.
Therefore, the decrease of ionic radius for Fe between high-spin
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and low-spin states is just 0.02 Å. This would be one of the reasons in explaining the pressure-induced high-spin / low-spin
transition in FeSe without noticeable lattice volume collapse.
The pressure-induced lattice volume collapse was an interesting
and important phenomenon in physics, chemistry, and materials
science. The ﬁrst example (cerium, Ce), which is also the prototypical one, is reported to exhibit pressure-induced isostructural
phase transition, the well-known g / a phase transition at 0.7 GPa
and RT with a volume collapse of ~16% [48]. This sharp volume
shrink might be related to an itinerant-localized transition of the f
electrons [49]. However, the pressure-induced P4/nmm / Pnma
phase transition accompanied by large volume shrinkage (see Fig. 8
(a)) in FeSe is not due to the high-spin / low-spin transition in Fe,
because the transition pressure of high-spin / low-spin (~6 GPa) is
prior to that of P4/nmm / Pnma (~12 GPa). PbCrO3 has a cubic
perovskite structure with an anomalously large volume. Its lattice
parameter (4.00 Å) is much larger than that of cubic SrCrO3 (3.82 Å)
even though the atomic radius of Sr (1.44 Å) is close to that of Pb
(1.49 Å) [50]. A pressure-induced cubic / cubic isostructural phase
transition was found in PbCrO3, and accompanied by a 9.8% volume
collapse [51,52], which is interpreted as the anomalously large
volume at ambient conditions combined with ﬁrst order localized
to itinerant electronic transition. The crystallographic structure for
ambient P4/nmm phase of FeSe might be considered as a quasitwo-dimensional (Q2D) layered structure with FeSe4 tetrahedral
parallel along c-axis as shown in Fig. 7 (a). However, the MnP-type
FeSe could be considered as a three dimensional (3D) network
comprising FeSe6 octahedra with edge- and face-sharing connection. Furthermore, the pressure-induced P4/nmm-type / Pnmatype phase transition in FeSe is involved in CN change (P4/nmm,
CN ¼ 4, Pnma, CN ¼ 6, see Fig. 1). From the view of atomic sphere
stacking model, the octahedron shows higher occupation ratio than
that of tetrahedron. We propose that the Q2D versus 3D crystal
structure and CN change (CN ¼ 4 versus CN ¼ 6) in P4/nmm-type /
Pnma-type simultaneously give rise to the volume shrinkage in
FeSe. Fig. 8 (b) shows that the pressure-induced Cnma-type /
Pnma-type transition is also accompanied by large volume
shrinkage, and the mechanism is similar with P4/nmm-type /
Pnma-type. The unit cell volume for Cmma phase obtained from
this work exhibits larger volume than that in Refs. [8,27] at the
same pressure. This contradiction may be due to the different
stoichiometry of the samples and temperature conditions (HP-XRD
experiments were performed under 16 K in Ref. [8], 8 K in Ref. [27]
and 10 K in this work).
To further understand the structural and electronic phase
transition, the Fermi surface (FS) was simulated by ﬁrst principles
calculations as shown in Fig. 9. Firstly, the FS for T and Tʹ phases

Table 1
Collected data of reported and present work (PW) on the pressure-induced structural phase transition of FeSe under extreme conditions (high pressure and/or low temperature). Several techniques (such as XRD, neutron diffraction, Raman spectroscopy, etc.) have been used to characterize structural phase transition. Here, we just list the
results obtained from AD-XRD in this table. The T, Tʹ, O0 , O00 , M, and H denote the tetragonal (P4/nmm), high-pressure tetragonal (P4/nmm), orthorhombic (Cmma), orthorhombic (Pnma, MnP-type), monoclinic, and hexagonal (P63/mmc, NiAs-type) phases of FeSe, respectively. The pressure transmitting medium (silicone oil (SO), daphne oil
(DO), Methanol/ethanol mixture (ME), neon, and helium) is one of the most important parameters in tuning the structural evolution behavior in FeSe.
Chemical composition

Pressure medium

Maximum Pressure

Temperature

Transition sequence (GPa)

Ref.

Fe1:01Se

SO

38 GPa

300 K

[3]

FeSe0.88

ME

12.8 GPa

300 K

FeSe0.977
FeSe0.82
Fe1.03Se
FeSe0.98

helium
helium
DO
neon
helium
SO

12.4 GPa
26.5 GPa
14 GPa
33 GPa
31 GPa
10.6 GPa
26.5 GPa

300 K
300 K
16 K
300 K
8K
300 K
10 K

T / H (7 GPa)
TþH (7e38 GPa)
T / M (4 GPa)
M / H (12e14 GPa)
T / H (8.5e12 GPa)
T / O00 (12.5 GPa)
O0 / H (12.1 GPa）
T / O00 (13 GPa)
O0 / O00 (9 GPa)
T / Tʹ / TʹþO00 (0e10.6 GPa)
O0 / O00 (24.6 GPa)

FeSe0.82

[26]
[24]
[25]
[8]
[27]
PW
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under 0 and 3 GPa was shown in Fig. 9 (a) and (b), respectively. The
proﬁle of FS for T phase at 0 GPa shows the characteristic of discrete
cylinder. As the pressure increases to 3 GPa (Tʹ phase) the proﬁle of
FS is distorted into dumbbell-shaped cylinder. For the Pnma phase,
the FS shows remarkable variation compared with T and Tʹ phases.
Furthermore, the LT phase (Cmma) under selected pressure (0 GPa,
6 GPa, and 12 GPa) was also investigated (Fig. 9 (d), (e) and (f)). The
proﬁle change under high pressure was consistent to the structural
phase transition Cmma / Pnma.
5. Conclusion
In summary, we have mapped out the pressure and temperature
phase diagram of FeSe and captured a pressure-induced T / Tʹ
transition in FeSe. The mechanism of the pressure-induced T / Tʹ
transition in FeSe is probably due to the charge transfer and electronic phase transition (such as the topology change of Fermi surface) rather than spin transition. The present experimental XRD
data under high pressure at RT reveal that FeSe crystalizes into
TʹþMnP-type phase at ~10 GPa, which shows disparity with the
reported pure NiAs-type as well as the MnP-type. Moreover, X-ray
K-absorption edge measurement of selenium has been studied
under high pressure. It showed that the edge shifts towards high
energy side, demonstrating a charge transfer between Fe and Se
under high pressure. Furthermore, the change in local crystal
structure is another important factor for explaining the enhancement of Tc by applying pressure.
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