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Compressibility and pressure-induced disorder in superconducting phase-separated Cs,.7,Fe; s7Se;
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The pressure-dependent diffraction response of the superconducting phase-separated Csg7,Fe; s7Se; (1. =
28.5 K) has been studied at room temperature using synchrotron radiation up to the pressure of 19 GPa. The main
and secondary phases of Csy 72Fe; 57Se, have been observed in the whole pressure range. The main ordered phase
has been found to undergo an order-disorder transition in the Fe sublattice at P = 11 GPa with the corresponding
kinetics on the order of hours. Contrary to the analogous temperature-induced transition, the secondary phase
has not been suppressed suggesting that its stability pressure range is higher than 19 GPa or the corresponding
transformation kinetics is too slow at room temperature. Together with the previously reported pressure-dependent
resistivity and magnetic susceptibility measurements, this work indicates that superconductivity in the A, Fe,_,Se,
(A: alkali metals) phases could be related to the Fe-vacancy ordering in the main phase.
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I. INTRODUCTION

Since its discovery in 2009, the origin of superconduc-
tivity in the family of layered Fe-based A,Fe,_,Se; (A:
alkali metals) superconductors [1-3] remains unexplained.
Furthermore, these compounds exhibit a complex structural
behavior. The average structure of the AFe,_,Se; compounds
corresponds to the ThCr,Si,-type structure (/4/mmm) [4]. At
room temperature, the Fe vacancies in A,Fe,_, Se; are ordered

resulting in a ~/5x+/5x 1 supercell and the order is lost upon
heating [5-7]. In addition, a diffuse scattering commensurate
with Bragg reflections from the main phase was observed and
related to the correlations in the A-deficient sublattice [8].
Series of sharp Bragg peaks and diffuse scattering, es-
pecially diffuse rods along c*, not commensurate with the
main phase, have been observed in the experimental single
crystal data. Originally based on x-ray powder diffraction data
these features were attributed to an impurity phase resulting
from the samples’ surface degradation and, possibly, to the
inhomogeneous distribution of intercalated alkali atoms [5-9].
However, independent diffraction studies [8,10,11] proved
a regular and consistent nature of the observed features in
different samples, thus indicating an intrinsic phase separation
in the A Fe,_,Se, series. The phase separation was directly
confirmed by optical and Mossbauer spectroscopies and
transmission electron microscopy (TEM) analysis [12—-14].
Our previous diffraction studies [8] on Cs,Fe,_,Se, indicated
that the second phase possesses a symmetry not higher than
monoclinic and that the unit cell is compressed in the a-b
plane and elongated in the ¢ direction. Diffuse rods along c*
indicate the presence of a planar disorder. Monoclinic distor-
tion was also observed in the superconducting Rb,Fe,_,Se;
phases [15]. To date the detailed structure of the second phase
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remains unknown, although its average structure can be well
described in the ThCr,Si, 14/mmm model approximation [16].

Pressure-dependent resistivity measurements on the
Cso.g3Fe| 72Se, phase [5] (T, = 30 K) with steatite as a pressure
transmitting medium (PTM) showed that until P = 5 GPa the
T:. gradually decreases down to 29 K. Upon a further increase
in pressure the 7, drops abruptly and the corresponding
superconductive transitions widen. The complete suppression
of superconductivity is observed near 8 GPa [17] and this
behavior is typical for first-order phase transitions. For the
analogous Csg g3Fe| 70Se, sample the ordering of Fe vacancies
was reported to persist up to 12 GPa [5]. However, for the
latter study silicon oil was used as a PTM. It was shown that
the PTM has a significant influence on the pressure-dependent
superconductive properties on the related 122-type Fe-based
superconductors [18,19].

In Ko gFe; 7Se; (1. = 32.5 K) superconductivity was sup-
pressed at 9 GPa [20] (NaCl as a PTM); however, the resistivity
response was slightly different at low pressures compared
with Ky ¢Fe; 5Se, (T. = 33 K, Fluorinert as a TPM) [21,22].
For the Rby 93Fe 70Se; phase (7. = 30 K) superconductivity
disappears near 5.6 GPa (NaCl as a PTM) [23] similar to the
Rbg sFe; ¢Se; phase (T, = 32.4 K, Daphne oil as a PTM) [24].
For the latter sample, the ~/5x~/5x 1 supercell indicative of
Fe-vacancies ordering was reported to persist up to ~15 GPa
(silicon oil as a PTM), in agreement with our previous
studies [5]. In addition, in the RbjgFe; ¢Se, compound, the
existence of a third paramagnetic phase around 5.2 GPa
was suggested from Mossbauer spectroscopy measurements
(silicon oil as a PTM) [24]. No studies on the kinetics of
pressure-dependent transformations in the series of 112-type
Fe-based superconductors have been reported in the literature.

Recently, it was shown that after suppression of supercon-
ductivity in Ko gFe;7Se, and Ky sFe;73Se; (T, = 32 K) at
pressures around 9 GPa (NaCl as a PTM), superconductivity
reemerged near 10.5 GPa with an increased 7. of 48.7 K and
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disappeared again above 13.2 GPa [25]. Similar behavior was
observed for the TlygRbg4Fe;67Ser (T. = 33 K, Daphne
7373 and NaCl as PTMs for the ac magnetization and
resistivity measurements, respectively) system. The reentrant
superconductivity phenomenon has been tentatively linked
to a pressure-induced phase transition. Pressure-dependent
synchrotron powder diffraction for the same KjygFe;7Se,
and Ky sFe;73Se; samples ruled out the existence of such
structural phase transition and confirmed the stability of the
tetragonal symmetry of the phases. However, the data were not
of sufficient quality to follow the evolution of the Fe-vacancies
ordering with pressure [25].

Despite the numerous pressure-dependent powder x-ray
diffraction studies on the A,Fe,;_,Se, series of compounds
even a qualitative description of the structural properties of the
second phase has not been reported. In this work, we provide
a structural analysis of the pressure-dependent behavior of the
second phase in the Cs,Fe;_,Se; system up to a pressure of
3 GPa. We show that the Fe-vacancy superstructure of the main
phase is clearly suppressed with pressure and the kinetics of
this process is relatively slow (hours time scale).

II. EXPERIMENTAL PROCEDURE

A. Single crystal growth, micro-x-ray fluorescence
spectroscopy, and superconductive properties

Single crystals of Csy7,Fe;s7Se, were grown from the
melt using the Bridgman method. The details of the sample
preparation are described in Ref. [26]. The homogeneity and
elemental composition of the cleaved crystal were studied
using micro-x-ray fluorescence spectroscopy (Orbis Micro-
XRF Analyzer, EDAX). Elemental distribution maps for Cs,
Fe, and Se were collected in vacuum using a white x-ray
radiation produced by a Rh tube (35 kV and 500 pA). The
primary x-ray beam was focused down to a spot of 30 um
in diameter. A Ti filter (25 pum thickness) was employed to
reject the low-energy x rays. A sample area of ~0.5 cm? was
scanned. Prior to the measurements, elemental calibration was
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FIG. 1. (Color online) Pressure-induced  texture in  the
CsooFe;57Se, sample at P = 4.55 GPa. Red arrows indicate
the direction of the preferred orientation.
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performed using a well characterized standard made of a ho-
mogeneous mixture of Se, Fe, and the corresponding Cs metal
carbonate. The obtained composition was Csg 7o Fe s7Se, with
a ~2% accuracy in the determination of the stoichiometric
coefficients.

For the studied Csg7,Fe; 575e, sample the onset temper-
ature of superconductive transition, T¢, is equal to 28.5 K
(see Supplemental Material [27]). From the magnetization
measurements the calculated superconductive volume fraction
exceeds 100%. This phenomena is related to the sample’s
demagnetization factor which, in turn, is determined by the
complexity of the sample’s shape [28,29]. Since for the similar
Cso.gFej ¢Se, sample [8] the concentration of the main phase
was estimated to be close to 90% we, therefore, consider
that the main phase of the studied Csy7,Fe| s7Se, sample is
superconductive.

B. Pressure-dependent powder diffraction

During the powder diffraction experiment the sample
handling procedure was similar to the one employed during
our previous pressure-dependent studies on the A Fe,_,Se;
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FIG. 2. (Color online) Le Bail profile fitting of the data collected
at P =0.1 GPa (top) and P = 3 GPa (bottom). Red dots correspond to
the experimental profile (as collected). Black solid line corresponds to
the total calculated contribution from the main and secondary phases
and the green solid line corresponds to the calculated contribution
from the second phase. The solid blue line is the difference between
the experimental and calculated profiles. The brown and green vertical
bars correspond to the Bragg positions of the main and secondary
phases, respectively.
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FIG. 3. (Color online) Time- and pressure-dependent evolution
of the 110 reflection of the /4/m phase indicative of the Fe-vacancy
ordering.

systems [5]. Single crystals of Csy7,Fe;s7Se, were finely
ground and sealed under an inert argon atmosphere in the
glove box. The resulting sealed powdered sample was opened
shortly before loading in the high-pressure (HP) diamond anvil
cells (DACs).

A first experiment was performed at the Swiss-Norwegian
Beamlines at the ESRF, BMO1A station, in order to study the
behavior of the Fe vacancies ordering of the main phase with
pressure. We used a monochromatic x-ray beam of wavelength
A = 0.6941 A and the data collection was performed using
a MAR345 detector. A series of x-ray diffraction patterns
were collected as a function of pressure up to a maximun
pressure of 15 GPa. The sample together with several ruby
spheres were loaded in a hole of 0.3 mm in diameter of a
stainless steel gasket mounted on a diamond anvil with a
600-um culet diameter. Silicon oil (AP 100) was used as
a pressure transmitting medium. Silicon oil preserves good
hydrostaticity up to 12 GPa; however, pressure gradients start
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to appear already at 3 GPa [30]. The pressure was measured
using the ruby fluorescence technique [31].

A second high-pressure experiment was performed at
the high-pressure beamline ID27 at the ESRF. The intense
monochromatic x-ray beam of wavelength A = 0.3738 A
was generated by a pair of 23 mm period undulators and the
data collection was performed using a flat panel PerkinElmer
detector. For this experiment, the sample was loaded in
a membrane DAC with helium as a pressure transmitting
medium, which preserves excellent hydrostaticity up to at
least 50 GPa [32]. The pressure was changed from 0.1 to
19 GPa with a typical step of 0.5 GPa. Similarly to the
first experiment, the sample was loaded in a 0.3-mm hole
of a stainless steel gasket fixed on a diamond anvil with a
600-um culet diameter and the pressure was measured using
the ruby fluorescence technique. The powder diffraction data
exhibited a pronounced texture which increased with pressure
[Fig. 1, raw two-dimensional (2D) powder diffraction data at
the pressure of 4.55 GPa are shown as an example].

As a result of the sample texturing, a reliable Rietveld
refinement of the structural parameters was not possible.
The data were treated using a profile Le Bail fitting method
[Fig. 2, refinement of the data at P = 0.1 (top) and 3 GPa
(bottom) is shown], which allowed us to obtain the unit cell
parameters and unit cell volumes as a function of pressure
and, in turn, to calculate the experimental equations of states
(EOS). All the data were integrated and processed using the
FIT2D software [33,34]. Le Bail fitting of the powder data was
performed using the FULLPROF software package [35].

III. RESULTS AND DISCUSSION

A. Pressure suppression of the Fe-vacancy ordering

In our previously published studies on the A, Fe,_,Se; (A =
Cs, Rb, K) systems as a function of pressure up to 12 GPa [5]
no suppression of the Fe vacancies ordering was observed,
i.e., the 14/m symmetry was preserved. Similarly, from the
present P-dependent studies on Csg7,Fe; 575e, at the SNBL
BMOIA station, the (110) reflection (/4/m setting) of the
main tetragonal phase did not vanish during the initial pressure
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FIG. 4. (Color online) Vanishing of the (110) reflection of the /4 /m phase at the pressure of 11 GPa.
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FIG. 5. (Color online) Volume vs pressure dependences for the
main (circles) and secondary (triangles) phases in Csg7,Fe; s7Se;
fitted with a first-order Murnaghan equation of state. Right-side scale
corresponds to the secondary phase.

ramp up to 13.1 GPa. This implies that the ordering of the
Fe vacancies was still preserved at these pressure conditions.
Another important aspect resides in the kinetics of a possible
order-disorder transition in the Fe sublattice. The total duration
of the first experiment including the pressure ramp was about
2 h, resulting in a ramp speed of 6.5 GPa/h. At this rate, no
order-disorder transition in the Fe sublattice associated with a
reduction of the (110) was observed.

To further study the kinetics of this potential structural
evolution under pressure the DAC was left at a constant
pressure of 13.1 GPa for a much longer period of time (t =
18 h). During that period of time the DAC relaxed to a pressure
of 12.4 GPa and the (110) reflection was found to vanish
(Fig. 3), thus indicating a transition to the /4/mmm structure
with no ordering in the Fe sublattice [4]. The pressure was then
released down to 8.3 GPa and we observed a reappearance of
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FIG. 6. (Color online) Normalized pressure, F, vs Eulerian
strain, f, for the main phase showing an anomaly at the /4/m to
14 /mmm transition point. Solid red lines correspond to the linear fits
for the corresponding regions.
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TABLE I. Experimental coefficients of the Murnaghan equation
of state for the main and secondary phases in Csg 7,Fe; 57Se;.

Symmetry  Prnge (GPa) Vo (A%) B, (GPa) B}
14/m 0.1-10.0  1199.6(1.2) 24.1(0.6)  4.4(0.2)
14/mmm 10.0-16.7 11896)  30.5(0.3)*  2.8(0.2)
P2/m 0.1-3.0 9512(3.1)  1932.7)  6.3(2.0)
P2/m 0.1-3.0 949.7(1.8)  21.6(0.8) 4.4 (fixed)

2Obtained from the F' vs f plot; see discussion in text.

the (110) reflection. Another cycle of pressure increase up to
15.0 GPa erased the peak again; no apparent changes could be
observed with a subsequent measurement at 8.2 GPa.

In the second series of experiments performed at the
high-pressure beamline ID27 at the ESRF, we confirmed
that the (110) diffraction peak vanished at the P of 11 GPa
[Fig. 4(a)]. During this experiment, the pressure was changed
in typical steps of about 0.5 GPa and the pressure of 11 GPa
was reached in about 4 h, which corresponds to a pressure
ramp of 2.7 GPa/h.

A sudden steplike disappearance of the (110) reflection
(Fig. 4, on the right) is consistent with a first-order structural
transformation, at least within the resolution of the performed
experiment. The first-order transition is also suggested from
the initial P-dependent run performed at the SNBL BMOIA
station (Fig. 3). During the first SNBL experiment, the
pressure of 13.1 GPa was reached with a rate 2.4 times
higher than during the second ID27 experiment. Since the
kinetics of the order-disorder transition within the Fe sublattice
is in the order of hours the low-pressure /4/m phase was
“overpressurized” and was seen at the pressure 13.1 GPa. In
addition, the behavior of the order parameter of an analogous
I4/m to I4/mmm structural transformation observed by us
with temperature [4,5] is also consistent with a first-order
transition.

An explicit answer on the order of the observed transition
can be obtained from group-theoretical considerations. The
structures corresponding to the 74/m and I4/mmm symme-
tries are in a group-subgroup relation [36]. In addition, the
transition corresponds to a single C; irreducible representation
(notation of Miller and Love [37]) of the [4/mmm parent
space group [38]. Thus, the first two Landau conditions for
the second-order phase transitions are fulfilled [39]. However,

’ P=0.1GPa [

,i‘.ﬁnain phase
I4/m (110) \

;econd phase
P2/m (151)

s
el

FIG. 7. (Color online) Main and secondary phases of the
CspnnFe;575e, sample at the pressures of 0.1 (left) and 16.7
GPa (right). The insets shows the regions with the marked peaks
represented with a higher contrast.
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TABLE II. Refined unit cell parameters for the main phase of
Cso.n2Fe1 57Se;.

PHYSICAL REVIEW B 89, 144106 (2014)

TABLE III. Refined unit cell parameters for the secondary
(P2/m) phase of CS0A72F€1.57562.

P (GPa) Space group a(A) cA) P (GPa) a(A) b (A) cA) B (deg)
0.12 14/m 8.8454(7) 15.2440(11)  0.12 7.6280(11)  15.9695(22)  7.7737(11)  90.384(11)
0.43 I14/m 8.8182(3) 15.1957(9) 0.43 7.5930(19) 15.8656(27) 7.7371(16)  90.415(12)
0.76 14/m 8.7759(4) 15.1161(19) 0.76 7.5301(9) 15.7680(15)  7.7041(11)  90.649(8)
1.37 14/m 8.7190(5) 15.0038(30)  1.37 7.4690(8)  15.6561(10)  7.6812(9)  90.701(8)
1.77 I14/m 8.6809(8) 14.9277(42) 1.77 7.4289(13)  15.5770(18)  7.6547(14)  90.709(14)
2.46 14/m 8.6267(10) 14.8187(52) 246 7.3709(13)  15.4630(23) 7.6135(16)  90.793(16)
3.01 14/m 8.5870(6) 14.7024(40) 3.01 7.3285(11)  15.3650(18)  7.5643(12) 90.861(11)
3.76 14/m 8.5441(6) 14.6113(31)

4.55 14/m 8.5025(6) 14.5007(45)

gig ﬁi;ﬁ 212??8; i jgg;ggi; With a first-order Murnaghan equation of state (EOS) [Eq. (1);
6.2 14/m 8.4039(8) 14.3391(47) Vo is the volume at zero pressure, By is the bulk modulus,
71 14/m 8.3557(8) 14.2506(48) and B|) is the first pressure derivative of the bulk modulus] are
8.05 14/m 8.31 38(4) 14.1541 (] 9) shown in Flg 5. The value of B() for the main phase above the
8.67 14/m 8.2852(5) 14.0970(19) transition (/4/mmm symmetry) was fixed to the one obtained
9.21 14/m 8.2613(6) 14.049220)  from the F vs f plot (Fig. 6; see discussion below). The fitted
10.01 14/m 8.2302(7) 13.9818(35) EOS parameters are shown in Table I (the 74/m setting for the
10.95 14/mmm 3.6551(1) 13.9012(7) main phase was used).

11.52 14/mmm 3.6418(2) 13.8527(13) N

12.18 14 /mmm 3.6276(2) 13.7976(20) ,

13.1 14/mmm 3.6113(3) 13.7179(27) Vi(P)=W (1 + BOB_O) : 1)
14.14 14/mmm 3.5983(4) 13.5890(48)

15.14 [4/mmm 3.5883(4) 13.5378(34) The analogous [4/m-14/mmm temperature-dependent
12341‘ ;jszz ; ;;52;)((13())) Biigggg changes are accompanied by an increase in the unit cell

the Landau expansion of free energy for the above transition
contains invariants of a third order [38] which unambiguously
indicates that the /4/m to I4/mmm structural transformation
must be of a first order [39,40].

B. Compressibilities, equations of state, and pressure-dependent
behavior of the main and secondary phases in Cs, 7;Fe; 5;Se;

The pressure evolution of the unit cell volume for the main
(I4/m setting) and secondary phases of Cs,Fe,_,Se, fitted

9.0 — T T T T T T 1 T T T 8.0
O a, main phase
8.8 A g, second. phase
’ O c, seond. phase 78
e .
< 864
7]
=
< 64 7.6
g 8
<
3
o 8.2 7.4
8.0
T T T T T T T T T T 7'2

0I2I4 6I8I1I0I12 14 16
P (GPa)

parameters A
o i i
- - =
= S =]
1 1 1

volume [5], whichis a priorinot possible with an application of
an external pressure. A presence of a subtle pressure-dependent
structural transformation could be tracked using normalized
pressure, F, vs Eulerian strain, f, dependencies [41-43],
where f = [(V/Vy)™?® —1]/2and F = P/[3f(1 +2£)/?].

A clear anomaly at the point corresponding to the pressure
of 10.5 GPa (Fig. 6) confirms the existence of the /4/m to
I4/mmm order-disorder transition. From the F vs f data
bulk moduli are equal to the intersections of the linear fits
with the vertical F axis (Fig. 6). The obtained value of
By for the main phase below the transition point is 24.3(1)
GPa and is equal within the error range to the value of
24.1(0.6) GPa (Table I) obtained from V vs P the data

16.0 4

15.6 1

—

wn

(5]
1

O ¢, main phase

13.64 A b, second. phase

13.2 T T T — . .
0 2 4 6 8 10 12 14 16
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FIG. 8. (Color online) Behavior of the unit cell parameters for the main and secondary phases. Right-side scale on the left figure corresponds

to the secondary phase.
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FIG. 9. (Color online) Behavior of the ¢/a parameters ratio for
the main phase showing an anomaly around 11 GPa.

fitted with a first-order Murnaghan EOS. The corresponding
By value for the secondary phase is equal to 30.5(0.3) GPa
(only five first data points were included into the fit). From
a physical point of view higher values of bulk moduli are
expected for high-pressure phases since they are denser and,
correspondingly, less compressible.

The secondary phase of Csy7;Fe;s7Se, was observed
throughout the whole studied pressure range up to 19 GPa.
However, the diffraction patterns of the main and, in particular,
secondary phases exhibited a gradual degradation (broaden-
ing) with pressure (Fig. 7), which could stem from a pressure-
induced structural amorphization due to a planar morphology
of the crystals. As a result, a reliable determination of the cell
parameters of the secondary minor phase was not possible at
pressures above 3 GPa. Profile fitting of the data collected at P
=3 GPais shown in Fig. 2, bottom. The main phase was treated
up to the pressure of 16.7 GPa. The refined unit cell parameters
for the main and secondary phases are listed in Tables II
and II1, respectively, for further ab initio calculations. Sections
of the raw 2D powder patterns illustrating a coexistence of
two phases at 0.1 and 16.7 GPa and the P-induced profile
broadening are presented in Fig. 7.

No apparent anomalies could be observed in the behavior
of the unit cell parameters for the main and secondary phases
(Fig. 8). However, a clear anomaly can be seen on the c/a
ratio of the main phase around the pressure of 11 GPa,
which corresponds to the 14 /m to 14/mmm transition (Fig. 9).
This indicates that the order-disorder transition within the Fe
sublattice is accompanied by subtle anisotropic changes in the
unit cell parameters.

PHYSICAL REVIEW B 89, 144106 (2014)

Interestingly, the jump of the c/a ratio during the analogous
temperature-dependent /4/m to I4/mmm transition reported
by us in Ref. [5] has the opposite sign. The difference in
the behavior of the c¢/a ratio stems from the fact that the
temperature-dependent changes are accompanied by a slight
increase in the unit cell volume [5]. As was mentioned
above, an increase in the unit cell volume with an application
of an external pressure is not possible a priori. Therefore
the structural response during the pressure-induced 74/m to
14 /mmm transition is more moderate and has an opposite sign.

IV. CONCLUSIONS

Based on pressure-dependent synchrotron powder diffrac-
tion experiments, we have characterized the pressure evolution
of the main and secondary phases of the phase-separated
Csp.72Fe; s7Se, superconductor. The (110) Bragg reflection
indicative of the Fe vacancies ordering in the main phase
does disappear under pressure manifesting an order-disorder
phase transition similar to the one induced by temperature.
The critical temperature for vacancy ordering in the Fe,_,Se;,
layers should therefore decrease with pressure. Contrary to the
temperature-induced transition the kinetics of the analogous
pressure-dependent transition is slower and is on the order of
hours at room temperature.

Contrary to its temperature evolution, Csy7,Fe; 57Se, re-
mains phase separated at pressures above the order-disorder
transition in the main phase, which indicates that the phase
separation involves a diffusion of Cs ions that is suppressed or
slows down under pressure at room temperature. The different
kinetics for the vacancy ordering and phase separation may be
potentially used for quenching of various degrees of ordering
and separations, in order to manipulate the superconducting
fraction of this material.

For the studied Cs 7,Fe; s7Se, sample a volume fraction of
the superconducting phase is close to 100%, implying that the
major phase is likely to be superconductive. The suppression
of superconductivity and order in the Fe sublattice of the main
phase with pressure indicates that the Fe-vacancy ordering may
be responsible for the observed superconductivity. Structural
changes triggered by the order-disorder transition a priori
must induce changes in the electronic structure which, in turn,
governs the effect of superconductivity. Definitive conclusions
could be made only from diffraction experiments at low
temperatures under the same experimental conditions as
the corresponding resistivity/susceptibility measurements, in
particular with the identical time scale and pressure trans-
mitting medium. It is likely that the mechanism behind the
superconductivity in the Csy7,Fe; s7Se, phase is the same as
for the larger body of Fe pnictides, at least for the isostructural
ThCr,Si,-type phases.

[1] J. Guo, S. Jin, G. Wang, S. Wang, K. Zhu, T. Zhou, M. He, and
X. Chen, Phys. Rev. B 82, 180520 (2010).

[2] A. Krzton-Maziopa, Z. Shermadini, E. Pomjakushina, V.
Pomjakushin, M. Bendele, A. Amato, R. Khasanov, H.
Luetkens, and K. Conder, J. Phys.: Condens. Matter 23, 052203
(2011).

[3] A. F. Wang, J. J. Ying, Y. J. Yan, R. H. Liu, X. G. Luo, Z. Y.
Li, X. F. Wang, M. Zhang, G. J. Ye, P. Cheng, Z. J. Xiang, and
X. H. Chen, Phys. Rev. B 83, 060512 (2011).

[4] V. Y. Pomjakushin, D. V. Sheptyakov, E. V. Pomjakushina,
A. Krzton-Maziopa, K. Conder, D. Chernyshov, V. Svitlyk, and
Z. Shermadini, Phys. Rev. B 83, 144410 (2011).

144106-6


http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1103/PhysRevB.82.180520
http://dx.doi.org/10.1088/0953-8984/23/5/052203
http://dx.doi.org/10.1088/0953-8984/23/5/052203
http://dx.doi.org/10.1088/0953-8984/23/5/052203
http://dx.doi.org/10.1088/0953-8984/23/5/052203
http://dx.doi.org/10.1103/PhysRevB.83.060512
http://dx.doi.org/10.1103/PhysRevB.83.060512
http://dx.doi.org/10.1103/PhysRevB.83.060512
http://dx.doi.org/10.1103/PhysRevB.83.060512
http://dx.doi.org/10.1103/PhysRevB.83.144410
http://dx.doi.org/10.1103/PhysRevB.83.144410
http://dx.doi.org/10.1103/PhysRevB.83.144410
http://dx.doi.org/10.1103/PhysRevB.83.144410

COMPRESSIBILITY AND PRESSURE-INDUCED DISORDER . ..

[5] V. Svitlyk, D. Chernyshov, E. Pomjakushina, A. Krzton-
Maziopa, K. Conder, V. Pomjakushin, and V. Dmitriev, Inorg.
Chem. 50, 10703 (2011).

[6] P. Zavalij, W. Bao, X. F. Wang, J. J. Ying, X. H. Chen, D. M.
Wang, J. B. He, X. Q. Wang, G. F. Chen, P.-Y. Hsieh, Q. Huang,
and M. A. Green, Phys. Rev. B 83, 132509 (2011).

[7]1 J. Bacsa, A. Y. Ganin, Y. Takabayashi, K. E. Christensen,
K. Prassides, M. J. Rosseinsky, and J. B. Claridge, Chem. Sci.
2, 1054 (2011).

[8] A. Bosak, V. Svitlyk, A. Krzton-Maziopa, E. Pomjakushina,
K. Conder, V. Pomjakushin, A. Popov, D. de Sanctis, and
D. Chernyshov, Phys. Rev. B 86, 174107 (2012).

[9] X. G. Luo, X. F. Wang, J. J. Ying, Y.J. Yan, Z. Y. Li, M. Zhang,
A. F. Wang, P. Cheng, Z. J. Xiang, G. J. Ye, R. H. Liu, and
X. H. Chen, New J. Phys. 13, 053011 (2011).

[10] A. Ricci, N. Poccia, B. Joseph, G. Arrighetti, L. Barba,
J. Plaisier, G. Campi, Y. Mizuguchi, H. Takeya, Y. Takano,
N. L. Saini, and A. Bianconi, Supercond. Sci. Technol. 24,
082002 (2011).

[11] A. Ricci, N. Poccia, G. Campi, B. Joseph, G. Arrighetti,
L. Barba, M. Reynolds, M. Burghammer, H. Takeya,
Y. Mizuguchi, Y. Takano, M. Colapietro, N. L. Saini, and
A. Bianconi, Phys. Rev. B 84, 060511 (2011).

[12] R. H. Yuan, T. Dong, Y. J. Song, P. Zheng, G. F. Chen, J. P. Hu,
J. Q. Li, and N. L. Wang, Sci. Rep. 2, 221 (2012).

[13] Z. Wang, Y.J. Song, H. L. Shi, Z. W. Wang, Z. Chen, H. F. Tian,
G. F. Chen, J. G. Guo, H. X. Yang, and J. Q. Li, Phys. Rev. B
83, 140505 (2011).

[14] V. Ksenofontov, G. Wortmann, S. A. Medvedev, V. Tsurkan,
J. Deisenhofer, A. Loidl, and C. Felser, Phys. Rev. B 84, 180508
(2011).

[15] M. V. Roslova, O. 1. Lebedev, 1. V. Morozov, S. Aswartham,
S. Wurmehl, B. Biichner, and A. V. Shevelkov, Inorg. Chem.
52, 14419 (2013).

[16] V. Y. Pomjakushin, A. Krzton-Maziopa, E. V. Pomjakushina,
K. Conder, D. Chernyshov, V. Svitlyk, and A. Bosak, J. Phys.:
Condens. Matter 24, 435701 (2012).

[17] G. Seyfarth, D. Jaccard, P. Pedrazzini, A. Krzton-Maziopa,
E. Pomjakushina, K. Conder, and Z. Shermadini, Solid State
Commun. 151, 747 (2011).

[18] W. Duncan, O. Welzel, C. Harrison, X. Wang, X. Chen,
F. Grosche, and P. Niklowitz, J. Phys.: Condens. Matter 22,
052201 (2010).

[19] H. Kotegawa, T. Kawazoe, H. Sugawara, K. Murata, and H. Tou,
J. Phys. Soc. Jpn. 78, 083702 (2009).

[20] J. Guo, X. J. Chen, J. Dai, C. Zhang, J. Guo, X. Chen, Q. Wu,
D. Gu, P. Gao, L. Yang, K. Yang, X. Dai, H. K. Mao, L. Sun,
and Z. Zhao, Phys. Rev. Lett. 108, 197001 (2012).

PHYSICAL REVIEW B 89, 144106 (2014)

[21] Y. Mizuguchi, H. Takeya, Y. Kawasaki, T. Ozaki, S. Tsuda,
T. Yamaguchi, and Y. Takano, Appl. Phys. Lett. 98, 042511
(2011).

[22] Y. Kawasaki, Y. Mizuguchi, K. Deguchi, T. Watanabe, T. Ozaki,
S. Tsuda, T. Yamaguchi, H. Takeya, and Y. Takano, J. Phys. Soc.
Jpn. 80, 075002 (2011).

[23] M. Gooch, B. Lv, L. Z. Deng, T. Muramatsu, J. Meen, Y. Y. Xue,
B. Lorenz, and C. W. Chu, Phys. Rev. B 84, 184517 (2011).

[24] V. Ksenofontov, S. A. Medvedev, L. M. Schoop, G. Wortmann,
T. Palasyuk, V. Tsurkan, J. Deisenhofer, A. Loidl, and C. Felser,
Phys. Rev. B 85, 214519 (2012).

[25] L. Sun, X.-J. Chen, J. Guo, P. Gao, Q.-Z. Huang, H. Wang,
M. Fang, X. Chen, G. Chen, Q. Wu, C. Zhang, D. Gu, X. Dong,
L. Wang, K. Yang, A. Li, X. Dai, H.-k. Mao, and Z. Zhao, Nature
483, 67 (2012).

[26] A. Krzton-Maziopa, E. Pomjakushina, and K. Conder, J. Cryst.
Growth 360, 155 (2012).

[27] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.89.144106 for the ac magnetic susceptibility
measurements plot.

[28] K. V. Bhagwat and P. Chaddah, Pramana 32, 521 (1989).

[29] C. Navau, C. A. Cardoso, O. F. de Lima, and F. M. Araujo-
Moreira, J. Appl. Phys. 96, 486 (2004).

[30] S.Klotz, J. C. Chervin, P. Munsch, and G. L. Marchand, J. Phys.
D: Appl. Phys. 42, 075413 (2009).

[31] R. A. Forman, G. J. Piermarini, J. D. Barnett, and S. Block,
Science 176, 284 (1972).

[32] K. Takemura, J. Appl. Phys. 89, 662 (2001).

[33] A. P. Hammersley, ESRF Internal Report No. ESRFO7THAOQ2T,
1997 (unpublished).

[34] A. P. Hammersley, S. O. Svensson, M. Hanfland, A. N. Fitch,
and D. Hausermann, High Press. Res. 14, 235 (1996).

[35] J. Rodriguez-Carvajal, [UCr Newsl. 26, 12 (2001).

[36] P. Paufler, Acta Crystallogr. A 63, 483 (2007).

[37] S. C. Miller and W. E. Love, Tables of Irreducible Represen-
tations of Space Groups and Co-Representations of Magnetic
Space Groups (Pruett, Boulder, CO, 1967).

[38] B.J. Campbell, H. T. Stokes, D. E. Tanner, and D. M. Hatch, J.
Appl. Crystallogr. 39, 607 (2006).

[39] C. Haas, Phys. Rev. 140, A863 (1965).

[40] L. D. Landau and E. M. Lifshitz, Statistical Physics (Pergamon
Press, London, 1958).

[41] G. Garbarino, R. Weht, A. Sow, A. Sulpice, P. Toulemonde,
M. Alvarez-Murga, P. Strobel, P. Bouvier, M. Mezouar, and
M. Nufiez-Regueiro, Phys. Rev. B 84, 024510 (2011).

[42] R. Jeanloz and R. M. Hazen, Am. Mineral. 76, 1765 (1991).

[43] B. K. Godwal, S. V. Raju, Z. Geballe, and R. Jeanloz, J. Phys.:
Conf. Ser. 377, 012033 (2012).

144106-7


http://dx.doi.org/10.1021/ic201160y
http://dx.doi.org/10.1021/ic201160y
http://dx.doi.org/10.1021/ic201160y
http://dx.doi.org/10.1021/ic201160y
http://dx.doi.org/10.1103/PhysRevB.83.132509
http://dx.doi.org/10.1103/PhysRevB.83.132509
http://dx.doi.org/10.1103/PhysRevB.83.132509
http://dx.doi.org/10.1103/PhysRevB.83.132509
http://dx.doi.org/10.1039/c1sc00070e
http://dx.doi.org/10.1039/c1sc00070e
http://dx.doi.org/10.1039/c1sc00070e
http://dx.doi.org/10.1039/c1sc00070e
http://dx.doi.org/10.1103/PhysRevB.86.174107
http://dx.doi.org/10.1103/PhysRevB.86.174107
http://dx.doi.org/10.1103/PhysRevB.86.174107
http://dx.doi.org/10.1103/PhysRevB.86.174107
http://dx.doi.org/10.1088/1367-2630/13/5/053011
http://dx.doi.org/10.1088/1367-2630/13/5/053011
http://dx.doi.org/10.1088/1367-2630/13/5/053011
http://dx.doi.org/10.1088/1367-2630/13/5/053011
http://dx.doi.org/10.1088/0953-2048/24/8/082002
http://dx.doi.org/10.1088/0953-2048/24/8/082002
http://dx.doi.org/10.1088/0953-2048/24/8/082002
http://dx.doi.org/10.1088/0953-2048/24/8/082002
http://dx.doi.org/10.1103/PhysRevB.84.060511
http://dx.doi.org/10.1103/PhysRevB.84.060511
http://dx.doi.org/10.1103/PhysRevB.84.060511
http://dx.doi.org/10.1103/PhysRevB.84.060511
http://dx.doi.org/10.1103/PhysRevB.83.140505
http://dx.doi.org/10.1103/PhysRevB.83.140505
http://dx.doi.org/10.1103/PhysRevB.83.140505
http://dx.doi.org/10.1103/PhysRevB.83.140505
http://dx.doi.org/10.1103/PhysRevB.84.180508
http://dx.doi.org/10.1103/PhysRevB.84.180508
http://dx.doi.org/10.1103/PhysRevB.84.180508
http://dx.doi.org/10.1103/PhysRevB.84.180508
http://dx.doi.org/10.1021/ic402710r
http://dx.doi.org/10.1021/ic402710r
http://dx.doi.org/10.1021/ic402710r
http://dx.doi.org/10.1021/ic402710r
http://dx.doi.org/10.1088/0953-8984/24/43/435701
http://dx.doi.org/10.1088/0953-8984/24/43/435701
http://dx.doi.org/10.1088/0953-8984/24/43/435701
http://dx.doi.org/10.1088/0953-8984/24/43/435701
http://dx.doi.org/10.1016/j.ssc.2011.03.014
http://dx.doi.org/10.1016/j.ssc.2011.03.014
http://dx.doi.org/10.1016/j.ssc.2011.03.014
http://dx.doi.org/10.1016/j.ssc.2011.03.014
http://dx.doi.org/10.1088/0953-8984/22/5/052201
http://dx.doi.org/10.1088/0953-8984/22/5/052201
http://dx.doi.org/10.1088/0953-8984/22/5/052201
http://dx.doi.org/10.1088/0953-8984/22/5/052201
http://dx.doi.org/10.1143/JPSJ.78.083702
http://dx.doi.org/10.1143/JPSJ.78.083702
http://dx.doi.org/10.1143/JPSJ.78.083702
http://dx.doi.org/10.1143/JPSJ.78.083702
http://dx.doi.org/10.1103/PhysRevLett.108.197001
http://dx.doi.org/10.1103/PhysRevLett.108.197001
http://dx.doi.org/10.1103/PhysRevLett.108.197001
http://dx.doi.org/10.1103/PhysRevLett.108.197001
http://dx.doi.org/10.1063/1.3549702
http://dx.doi.org/10.1063/1.3549702
http://dx.doi.org/10.1063/1.3549702
http://dx.doi.org/10.1063/1.3549702
http://dx.doi.org/10.1143/JPSJ.80.075002
http://dx.doi.org/10.1143/JPSJ.80.075002
http://dx.doi.org/10.1143/JPSJ.80.075002
http://dx.doi.org/10.1143/JPSJ.80.075002
http://dx.doi.org/10.1103/PhysRevB.84.184517
http://dx.doi.org/10.1103/PhysRevB.84.184517
http://dx.doi.org/10.1103/PhysRevB.84.184517
http://dx.doi.org/10.1103/PhysRevB.84.184517
http://dx.doi.org/10.1103/PhysRevB.85.214519
http://dx.doi.org/10.1103/PhysRevB.85.214519
http://dx.doi.org/10.1103/PhysRevB.85.214519
http://dx.doi.org/10.1103/PhysRevB.85.214519
http://dx.doi.org/10.1038/nature10813
http://dx.doi.org/10.1038/nature10813
http://dx.doi.org/10.1038/nature10813
http://dx.doi.org/10.1038/nature10813
http://dx.doi.org/10.1016/j.jcrysgro.2012.01.016
http://dx.doi.org/10.1016/j.jcrysgro.2012.01.016
http://dx.doi.org/10.1016/j.jcrysgro.2012.01.016
http://dx.doi.org/10.1016/j.jcrysgro.2012.01.016
http://link.aps.org/supplemental/10.1103/PhysRevB.89.144106
http://dx.doi.org/10.1007/BF02846019
http://dx.doi.org/10.1007/BF02846019
http://dx.doi.org/10.1007/BF02846019
http://dx.doi.org/10.1007/BF02846019
http://dx.doi.org/10.1063/1.1736325
http://dx.doi.org/10.1063/1.1736325
http://dx.doi.org/10.1063/1.1736325
http://dx.doi.org/10.1063/1.1736325
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1088/0022-3727/42/7/075413
http://dx.doi.org/10.1126/science.176.4032.284
http://dx.doi.org/10.1126/science.176.4032.284
http://dx.doi.org/10.1126/science.176.4032.284
http://dx.doi.org/10.1126/science.176.4032.284
http://dx.doi.org/10.1063/1.1328410
http://dx.doi.org/10.1063/1.1328410
http://dx.doi.org/10.1063/1.1328410
http://dx.doi.org/10.1063/1.1328410
http://dx.doi.org/10.1080/08957959608201408
http://dx.doi.org/10.1080/08957959608201408
http://dx.doi.org/10.1080/08957959608201408
http://dx.doi.org/10.1080/08957959608201408
http://dx.doi.org/10.1107/S0108767307041207
http://dx.doi.org/10.1107/S0108767307041207
http://dx.doi.org/10.1107/S0108767307041207
http://dx.doi.org/10.1107/S0108767307041207
http://dx.doi.org/10.1107/S0021889806014075
http://dx.doi.org/10.1107/S0021889806014075
http://dx.doi.org/10.1107/S0021889806014075
http://dx.doi.org/10.1107/S0021889806014075
http://dx.doi.org/10.1103/PhysRev.140.A863
http://dx.doi.org/10.1103/PhysRev.140.A863
http://dx.doi.org/10.1103/PhysRev.140.A863
http://dx.doi.org/10.1103/PhysRev.140.A863
http://dx.doi.org/10.1103/PhysRevB.84.024510
http://dx.doi.org/10.1103/PhysRevB.84.024510
http://dx.doi.org/10.1103/PhysRevB.84.024510
http://dx.doi.org/10.1103/PhysRevB.84.024510
http://dx.doi.org/10.1088/1742-6596/377/1/012033
http://dx.doi.org/10.1088/1742-6596/377/1/012033
http://dx.doi.org/10.1088/1742-6596/377/1/012033
http://dx.doi.org/10.1088/1742-6596/377/1/012033



