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The pressure dependence of the crystal and electronic structures of (NH3),Csg 4FeSe, which has two pressure-induced
superconducting domes of the SC1 and SC2 phases, was investigated by x-ray diffraction and emission spectroscopy at
low temperatures. We found a pressure-induced change in the crystal structure from tetragonal (T) to collapsed
tetragonal (cT) and peculiar pressure dependence of the magnetic moment between the SC1 and SC2 phases at a low
temperature. The electronic structure also markedly changed between the two phases. The results suggest that the
increase in the electron—electron correlation accompanying the increase in the magnetic moment may relate the high 7,
in the SC2 phase. Theoretical calculations using the multi-orbital Hubbard model revealed that the spin susceptibility
decreases in the SC1 phase and increases in the SC2 phase with the T — ¢T phase transition.

1. Introduction

Both hydrostatic and chemical pressure play an important
role in tuning the superconducting and magnetic properties of
the iron-based superconductors through the lattice degrees of
freedom. Iron-based superconductors show complexity in
their magnetism and its relationship with superconductivity
because all five Fe 3d orbitals in the compounds participate
in forming the Fermi surface, in contrast to cuprate super-
conductors, where a single Cu d,>_,> orbital mainly domi-
nates superconducting properties.” In striking contrast to
other iron-based superconductors, the FeSe system is
structurally simple and exhibits nematic ordering without
magnetic ordering in the parent phase, whose relationship
with its superconductivity remains unclear.>®

In metal-intercalated FeSe, pressure induces an interesting
change in the superconducting transition temperature (7¢). In
A,Fe;_,Se; (A = alkaline metal and Tl) and (NH3),M FeSe
(M = alkaline metal), T, decreases with increasing pressure
and superconductivity disappears around 10-12 GPa. How-
ever, upon further increasing the pressure, a second super-
conducting phase (SC2) suddenly emerges.*> Moreover, the
maximum 7 for the SC2 phase is higher than that for the
lower-pressure phase (SC1). This behavior is reminiscent of
MFe,As, (M = Eu, alkaline earth metal) systems, where the
tetragonal (T) to collapsed tetragonal (cT) phase transition
commonly occurs at room temperature® and the SC2 phase
emerges above 13 GPa, where the switch of the carrier type
from hole- to electron-like as a result of Fermi surface
reconstruction is associated with the T — c¢T phase tran-
sition.”® The K,Fe,_,Se; system also shows the possibility
of the T — cT phase transition at room temperature.” On the
other hand, in (NH3),M,FeSe, the T — cT transition has not
been observed at room temperature.” Thus, the physical
properties of (NH3), M FeSe appear to be different from those
of the other double-dome iron-based superconductors, and
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the origin of the SC2 phase of (NH3),M,FeSe still remains as
an unsolved puzzle. To obtain a universal understanding of
the origin of the SC2 phase, which may reveal the mysterious
superconducting mechanism in iron-based compounds, it
should be clarified whether or not the lattice structure in the
SC2 superconducting phase is ¢T and how the spin state
of the Fe-3d orbital evolves under pressure in the super-
conducting phase, particularly the SC2 phase. To address
these questions, experiments to directly observe the lattice,
electronic structures, and spin state under pressure at low
temperatures where the superconductivity actually occurs are
necessary.

Here, we performed x-ray diffraction (XRD) and high-
resolution x-ray spectroscopy measurements on (NH3),M,-
FeSe under pressure at low temperatures. X-ray emission and
absorption spectroscopy (XES and XAS) allowed us to study
the electronic structure of 3d electrons such as the spin state
and orbital nature. Although no pressure-induced structural
transition has been observed at room temperature,” we found
a T — cT phase transition at a low temperature. A pressure-
induced change in the electronic structure, which could
originate from the T — c¢T phase transition, was also
observed and the physical properties of (NH3),Cso4FeSe
were very different from FeSe.!” Theoretical calculations
using the multi-orbital Hubbard model succeeded in explain-
ing these experimental results qualitatively.

2. Experiment

(NH3),Csg4FeSe samples were prepared using a liquid
ammonia method.>!!"'?) The samples were carefully treated
in an Ar-filled glove box because of their chemical instability
in air. The pressure dependence of the XRD pattern was
measured at the SPring-8 BL10XU beamline using a
diamond anvil cell with an imaging plate detector in the
pressure range of 0-38 GPa at 8 K. XES and XAS measure-
ments in the partial fluorescence mode (PFY-XAS) were
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performed under pressure at low temperatures at SPring-8
BL12XU.>'3 Details of the experiments are described in the
supplementary information.'?

In the theoretical calculation, we employed the ten-orbital
(ten Fe d orbitals) tight-binding model for each pressure
based on first-principles calculation. The first-principles
calculations were performed for the CsysFeSe system for
simplicity. Using the random phase approximation (RPA),
the spin susceptibility 7°(q) = 7°(¢)/[1 — [*7°(¢)] for the
itinerant electrons was calculated using the multi-orbital
Hubbard model,'*!> where I is the bare Coulomb
interaction for the spin and 7°(q) is the irreducible suscepti-
bility without self-energy correction. The constraint condition
U= U +2J was used, where U (U’) is the intra- (inter-)
orbital interaction and J is the exchange interaction. Here-
after, we fix the values U = 1.06eV and J/U = 0.12 in
agreement with the first-principles calculations.!® The spin
Stoner factor af, which is the maximum eigenvalue of
1%7%(g), was also calculated as a function of pressure.

3. Results and Discussion

Figure 1(a) shows the pressure dependence of the XRD
pattern at 8 K. A few undesirable peaks (marked with arrows)
from the rhenium gasket appear above 16.6 GPa, while other
peaks shift smoothly and no additional peaks appear with
increasing pressure. Therefore, the crystal structure with the
I4/mmm symmetry does not change with pressure in the
pressure range of 0—38 GPa. Previous measurements at room
temperature also showed no pressure-induced structural
change.” Rietveld analysis of the spectrum at 0.74 GPa
showed that f-FeSe and a-FeSe were included in the sample
with mole ratios of 39 and 9%, respectively.!®!” The lowest
angle peak (<1 10\_1) is assigned as the (002) reflection of
(NH3),Csg 4FeSe phase which is well separated from the
other peaks. This (002) peak intensity decreases with
pressure, but it is left clearly in the SC2. Namely, the
superconducting phase, (NH3),Csg 4FeSe, remains even in the
SC2 phase. Figure 1(c) shows change in the lattice parame-
ters calculated using the (002), (114), (116), and (316)
reflections, which have minor contributions from the f-FeSe
and a-FeSe phases.'” Note that the Rietveld analysis of the
high-pressure data is difficult owing to peak broadening. The
lattice constants along the a- and c-axes decrease with
pressure as shown in Fig. 1(c). The trend for the lattice
constant along the c-axis seems to change above 12 GPa. The
pressure dependence of the lattice constants and the volume
are well fitted with the Birch-Murnaghan equation at the
whole pressure range (see Supplement). On the other hand,
plot of c/a against pressure clearly indicates the pressure-
induced structural change around 12 GPa at 8 K, as shown in
Fig. 1(d). Therefore, the phase diagram with pressure can be
divided into the SC1 and SC2 phases. Moreover, it was found
that the lattice constant of ¢ = 14 A may be a critical value to
divide the superconducting phase into SCI and SC2.'® Our
result also shows the pressure-induced structural change
(T > ¢T) at ¢ = 14 A where the pressure is approximately
12 GPa. The presence of structural transition observed in the
present experiment may be related to this phenomenological
¢ = 14 A rule. The c-axis in SC1 phase easily contracts, in
contrast to that in SC2. Thus, we conclude that a T — ¢T
phase transition occurs around 12 GPa at low temperatures.
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Fig. 1. (Color online) (a) Pressure dependence of the XRD pattern at 8§ K.

Above 16.6 GPa, a few undesirable peaks (marked with arrows) from the
rhenium gasket are observed. (b) Crystal structure of (NH3),Csg4FeSe.
(c) Pressure dependence of the lattice constants a/ap and c/co. The
magnitude of the error is the same as the size of the marks. (d) Pressure
dependence of the ratio c¢/a. Dashed lines are guide for eye. Pale green and
red regions indicate the two superconductivity domes of the SC1 and SC2
phases, respectively.”

This suggests that the shrinkage along the c-axis may occur
easily at SC1, corresponding to the rapid decrease in T, in
SC1. Although the superconducting volume fraction in the
SC2 is not clear, we observed the T — cT transition at
12GPa by taking the Bragg peak of (NHj3),Csg4FeSe into
account selectively from the FeSe phase.

Figure 2(a) shows the pressure dependence of the Fe Kf
emission spectrum at 20 K. The Fe Kf spectrum consists of
the main peak of Kf;3 and a broad satellite component of
Kp'. The intensity of the K3, 3 peak increases and that of the
K’ peak decreases with increasing pressure. This indicates
that the Fe local magnetic moment decreases with increasing
pressure.'” We estimated the integrated absolute difference
(IAD) to investigate the change in the spin states and local Fe
magnetic moment.'” It is known that the TAD value is
proportional to the local magnetic moment in iron-based
superconductors with tetrahedral coordination.?” Figure 2(b)
shows the differences between the spectra of (NH3),Csg4-
FeSe and FeCrAs, where FeCrAs was used as a reference
with a local magnetic moment of Oug. The IAD decreases
rapidly with increasing pressure in SC1 as shown in
Fig. 2(d). However, the IAD increases slowly with pressure
in SC2 and then decreases above 24 GPa. Since these K/
spectra are composed by (NH3),Csg 4FeSe and impurity FeSe
phases, we cannot directly discuss the superconducting
phase. However, it is known that in FeSe the IAD values
decreased monotonically with pressure,?'*? and thus this
anomalous behavior may be caused by the superconducting
phase of (NH3),Cso4FeSe.!? The observed result that the
behavior of the magnetic moment under pressure is different
for SC1 and SC2 suggests that the spin states of SC1 and SC2
are different as a consequence of the difference in the
electronic states. The local magnetic moment generally
originates through the Coulomb interaction of electrons and

©2019 The Physical Society of Japan



J. Phys. Soc. Jpn.
Downloaded from journals.jps.jp by Fudan University on 12/24/19

J. Phys. Soc. Jpn. 88, 074704 (2019)

Y. Yamamoto et al.

5 T T T T T PR 0.16 = 0.3 T T T T
4.5 73 GPa (@ 1 é 0.14 | = (@) Pre-edge peak
@ - i L 3
Z 47| 89GPa KB, 5 =012 Z02F 1
g 35F|11.5GPa —— ’ b —% 0.1 | 5
s 3r 13.9 GPa R E0.0S 3 ;;
S 25 | 16.8GPa —— i 2006 F 7 0.1 B
> 19.2 GPa = i i i i i 5
% 27|237GPa 1 0.04 £
5 1.5 F| 268 GPa i 0 5 10 15 20 25 = 9
E o1 : Pressure (GPa) 7110 7112 7114 7116
0.5 20K Incident photon energy (eV)
0.8 F T T ‘ — | ’I ]
é sl (e) // 3Gpa | g 7117.8 (h) T T E El T T
3 = 8.9 GPa —— = 7117.6 P
5 5 11.5GPa —— g v
8 S04 | 20K |13.9 GPa 1 g 71174 ¢ Co
b= = 16.8 GPa —— &, | @
A 02 L 19.2 GPa 1 g 772t :
£ 23.7 GPa 3 b
-1.0 L L L L L 0 26.8 GPa —— =~ 06 (l) .
1 1 T T ) 6 '
7030 70407050 7060 7070 7110 7120 7130 7140 7150 7160 T o5 | !
Emitted photon energy (eV) Incident photon energy (eV) 5\5 04 b E
—_~ T T T 07 T T 2 03 B 1
245} h = '
g () € 0.6 0.2 :
;4 = 0.45 () !
£ 35 £0.5 ~nE i
< £ <'§ o040 | :
2 3 204 127
g 25 503 “E o3y L I
E 2 Il Il Il é O 30 ' '
0.2 X 1 [T 1 1
705? 7057 7038 7059 7060 7116 7117 7118 7119 7120 0 5 10 15 20 25
Emitted photon energy (eV) Incident photon energy (eV) Pressure (GPa)
Fig. 2. (Color online) (a) Pressure dependence of Kf spectrum at 20 K. (b) Differences between the spectra between the spectra in (a) and that of FeCrAs,

which is a non-magnetic reference sample with a local magnetic moment of Oup. (c) Enlarged view of the K/ 3 spectra around the peak in (a). (d) Pressure
dependence of the IAD value. (e) Pressure dependence of the PFY-XAS spectrum at 20K. (f) Enlarged view of the PFY-XAS spectra around the Fe-K
absorption edge in (e). (g) Example of a fit to the pre-edge peak. (h—j) Pressure dependences of (h) energy of the absorption edge, (i) ratio of the A1 intensity to
the total pre-edge peak intensity (A1+A2), and (j) total intensity of the pre-edge peak (A1+A2).

thus the electron—electron correlation. The pressure de-
pendence of the magnetic moment strongly correlates to the
change in electron—electron correlation under pressure and it
decreases with pressure normally. Therefore, a possible
increase of the electron—electron correlation found in the SC2
phase is highly anomalous.

Figure 2(e) shows the pressure dependence of the PFY-
XAS spectrum at 20 K. The spectra are normalized by the
areas in the energy range from 7140 to 7160 eV, which is far
above the energy of the absorption edge. We also examined
the normalization by the area of the whole energy range from
7105 to 7160 eV, but the difference of the results with these
two normalization methods was little.'”’ The intensity of the
pre-edge peak and the energy of the absorption edge change
with pressure. We fitted the pre-edge peak assuming two
Gaussians (Al, A2) with an arctangent-like function as
shown in Fig. 2(g). Figure 2(h) shows the pressure de-
pendence of the energy of the absorption edge in the PFY-
XAS spectra. The change in the edge energy corresponds to
that in the Fe valence. The energy of the absorption edge
(Fe valence), which is defined by half the value of the edge
jump, decreases rapidly with increasing pressure in SC1. The
edge energy rapidly recovers above 11.5GPa then slowly
decreases above 17GPa in SC2. Figure 2(i) shows the
pressure dependence of the ratio of the pre-edge peak areas,
A1/(Al + A2). This ratio corresponds to the unoccupancy
rate of the e, orbital because the Al and A2 peaks are
ascribed to the e, and #,, unoccupied orbitals, respectively.??
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The ratio decreases in SC1 and shows little change in SC2.
Thus, the change in the Fe valence and the occupancy of the
e, orbital also show a clear difference between the two SC
phases, and these changes appear to correlate with the
T — cT transition. Figure 2(j) shows the total area of the pre-
edge peak, A1+A2, which reflects the hybridization strength
between Fe 3d and Se 4p electrons.”'® The result indicates
that the hybridization increases monotonically with the
pressure. This trend can be easily understood by considering
the shrinkage of the lattice under pressure. Finally, we must
comment on whether the significant changes of c/a
[Fig. 1(d)] and edge position of PFY-XAS spectrum
[Fig. 2(h)] show the phase where the SC2 appears. Firstly,
such pressure-induced anomaly has not been observed in
FeSe.?!) Secondly, any significant change of superconduc-
tivity has never been observed at ~12 GPa in $-FeSe.? These
results support that the changes observed at ~12 GPa could
cause the transition from SC1 to SC2 in (NH3),Csg 4FeSe. We
also add that the superconducting volume fraction in the SC2
phase was maintained in a similar compound of (NHj),Li,-
FeSe.?¥

To elucidate these experimental results in relation to the
electronic and spin states, theoretical calculations of the spin
Stoner factor, o, were performed for Cs,FeSe model by
introducing the rigid-band shift to the CspsFeSe models
based on the first-principles calculation with using the
measured lattice constants at 8 K. Since the electronic
structure is dominated by the FeSe layer, the Cs chemical

©2019 The Physical Society of Japan
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(Color online) (a) Pressure dependence of calculated spin Stoner factor (red closed circles)'¥) and assumed Cs chemical composition (blue closed

circles) for Cs,FeSe. (b—e) Calculated spin susceptibility y* at (b) x = 0.2 and P = 0.74 GPa, (¢c) x = 0.3 and P = 6.07 GPa, (d) x = 0.4 and P = 12.23 GPa,
and (e) x = 0.3 and P = 15.36 GPa as functions of g, and g,. () Pressure dependence of the ratio of the maximum y* for the xy orbital to that for the yz orbital.

composition (x) controls the doping level. The pressure
dependence of the Cs chemical composition (x) is determined
to reproduce the pressure-induced change in the Fe valence
estimated by the XAS spectra at Fe-K absorption edge, where
the shift of the absorption edge corresponds to the charge
transfer from the Cs site to the Fe site. Note that the spin
susceptibility y* for the itinerant electrons diverges at a* = 1,
where a long-range magnetic order is stabilized. Figure 3(a)
shows that o decreases rapidly with increasing pressure in
SCI1, while it increases slightly in SC2. The pressure-induced
change in the calculated a® corresponds well to that in the
IAD values. This may be because the spin susceptibility for
itinerant electrons is correlated with the local magnetic
moment in the mean field approximation. Figures 3(b)-3(e)
show the pressure dependence of the spin susceptibility yy,, .,
for the xy(yz) orbital as functions of ¢, and g,. We confirmed
that the ¢, dependence of y* is very small. The spin
susceptibility decreases with increasing pressure in SCI
owing to the worse nesting. From the analogy to conven-
tional Fe-based superconductors, the superconducting mech-
anism in SC1 is considered to be the fluctuation of the C,
nematic orbital (x> — y>-type charge quadrupole) enhanced
by the spin fluctuations.'*?> As shown in Fig. 3(f), the ratio
of the maximum y* for the xy orbital to that for the yz orbital
increases above 6 GPa. The results indicate that the T — cT
phase transition is induced by the fluctuation of the C,4 orbital
(3z% — r*-type charge quadrupole) enhanced by the y* of xy
orbital.'? It is likely that the C, orbital fluctuation is the
origin of the SC2 phase in the case that the SC2 is caused by
the T — cT transition of the (NH3),Csg 4FeSe phase.

In the SC1 phase, the lattice constant, local magnetic
moment, Fe valence, and unoccupancy rate of e, decrease
monotonically with increasing pressure. It is known that the
interlayer spacing of FeSe layers is strongly correlated with
T, and the degree of two-dimensionality.>?® This feature was
also observed in SCI1, where the pressure decreased the
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interlayer spacing of FeSe and 7. as a consequence of the
decreasing lattice constant along the c-axis. As the crystalline
electric field (CEF) becomes strong with increasing pressure,
the e, state for electrons becomes more favorable than at
ambient pressure, resulting in the decrease in A1/(Al + A2)
and the local magnetic moment. The pressure-induced
decrease in the Fe valence can be understood as the transfer
of electrons from the Cs layer to the FeSe layer due to the
reduction of the distance between the Cs and FeSe layers.

At the boundary between the SC1 and SC2 phases, the cT
transition occurs, and then the local magnetic moment, Fe
valence, and the occupancy rate of the e, state change
drastically as shown in Figs. 2(d), 2(h), and 2(i). These
changes in the lattice, electronic structure, and spin state
suggest that Fermi surface reconstruction occurs. The
collapse of both the a- and c-axes results in the reduction
of the Fe—Se bond length with the T — cT transition. The
increase in the Fe valence could also be caused by the
electron transfer from Fe to Se due to the reduction of the
Fe—Se bond length. Further research is necessary to fully
understand these charge transfer issues.

In the SC2 phase, the local magnetic moment increases
slightly with pressure. Normally, the local magnetic moment
decreases with increasing pressure because the CEF increases
and the hybridization reduces the localization. However, the
local magnetic moment, which is correlated with the
electron—electron correlation, increases with pressure at the
SC2 phase. Theoretically, the magnitude of the spin or orbital
fluctuation increases with increasing electron—electron corre-
lation, and this fluctuation could play a key role in inducing
high-T. superconductivity.'*?>

4. Conclusion

In conclusion, we have studied the crystal, electronic
structure, and spin states of (NH3),Csp4FeSe under pressure
at low temperatures. The pressure dependence of the lattice

©2019 The Physical Society of Japan
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constants clearly showed the T — cT phase transition in

(NH3),Csg 4FeSe phase at a low temperature. Our results 7
show distinct differences in both the crystal and electronic 8)
structures between the two SC phases. The experimental
results suggest that the increase in the electron—electron 9)
correlation accompanying the increase in the magnetic
moment may relate the high 7, in the SC2 phase. The
. . . . 10)
present model calculations using the multi-orbital Hubbard
model qualitatively showed a possible correlation between |y
the spin Stoner factor and the local magnetic moment (i.e.,
electron—electron correlation). The spin susceptibility de-
creases in SC1 and the spin susceptibility for the xy orbital 12)
increases in SC2 accompanying the T — cT phase transi-
tion."” The results suggest that near the T — cT transition 13
pressure the C4 orbital fluctuation prominently develops, 14)
which probably drives the SC2 phase by increasing the
electron—electron correlation.?> 15)
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