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Lattice structures and phase-transition mechanism
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The high-pressure phase diagram of CsCyg graphite intercalation compound has been investigated at ambient
temperature up to 32 GPa. Combining x-ray and neutron diffraction and Raman and x-ray absorption spec-
troscopies, we report that CsCg when pressurized undergoes phase transitions around 2.0, 4.8, and 8 GPa.
Possible candidate lattice structures and the transition mechanism involved are proposed. We show that the
observed transitions involve structural rearrangements in the Cs subnetwork, while the distance between the
graphitic layers is continuously reduced at least up to 8.9 GPa. Around 8 GPa, important modifications of
signatures of the electronic structure measured by Raman and x-ray absorption spectroscopies evidence the
onset of a transition which could imply a change of stage. Finally, we also provide the c-axis compressibility

of CsCg between 0 and 8.9 GPa.
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I. INTRODUCTION

Graphite intercalation compounds (GICs), well-known
basic two-dimensional systems, have been extensively stud-
ied as template layered materials, allowing the intercalation
of numerous different chemical species (>100)." A recent
renew of interest on GICs has been motivated by the discov-
ery of the highest superconducting critical temperature 7.
of this family of materials in CaCq (11.5 K) and YbCq
(6.5 K),2? leading to subsequent experimental* and theo-
retical'%-13 efforts.

Pressure is a crucial thermodynamic parameter in the un-
derstanding of electronic and structural properties of these
low dimensional guest-host systems. Pressure effects in-
clude, in particular, the enhancement of the host-guest inter-
actions. In addition, under high-pressure (HP) and high tem-
perature conditions, GICs can constitute precursors for the
formation of new carbon intercalated materials such as car-
bon clathrates,'® which could show promising supercon-
ductivity!” and mechanical'® properties.

In GICs, several structural modifications associated with
the layered topology such as staging, in-plane decoration, or
stacking schemes are observed. One of the most remarkable
structural features is the staging phenomenon occurring at
long-range order.! Staging refers to the one-dimensional pe-
riodic alternation of filled and empty graphitic galleries.
Stage n is defined as the structure in which intercalates are
accommodated regularly in every nth graphite layer. Thus,
for stage 1, all the graphitic galleries are periodically occu-
pied by the intercalate layers. The repeat distance I, is de-
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fined as the distance along the ¢ axis between two successive
intercalated layers. Important structural features are distin-
guished according to the value of the stage index n. Another
important feature encountered in GIC structures is decora-
tion. It refers to the crystalline arrangement of the intercalate
in the two-dimensional plane. Two different decorations of
intercalated layers commensurate to the graphite lattice for
the stage-1 donor compounds have been observed: a hexago-
nal 2 X2 superlattice (Rb, Cs, and K) and a hexagonal y3
X \3 superlattice (Li, Ca, Yb, and others). In higher stage
compounds, the metal layer arrangement can lead to an in-
commensurate modulation with respect to the graphite layers
or can be even similar to a liguid like behavior.!®->°

Among the donor compounds, the family of K GICs has
been used as model for the description of pressure-induced
transitions. The data from different studies were limited to
relatively low values of pressure (<3 GPa). In the stage-1
KCyg, staging transitions occurred with the presence of a
stage 2 and a fractional stage 3/2 in the 0-3.0 GPa range.?!
Bloch er al. observed a 3 X 3 superlattice in the same pres-
sure range.’> These structural changes in the decoration and
in the staging are accompanied with an anomaly in the resis-
tivity at 1.5 GPa.> No staging transitions were found in
CsCg and RbCg up to 1 GPa,?* although there were observed
pressure-induced anomalies in the resistivity of these two
compounds at 2.0 GPa.?} In the stage-1 CaCg, pressure in-
duces the enhancement of superconductivity, and near
8 GPa, a structural instability was found when the critical
temperature T, suddenly drops.? Similar behavior of T, in
YbCy is observed at 1.8 GPa.?®
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FIG. 1. Ambient pressure and temperature neutron powder dif-
fraction pattern of CsCg fitted within a Rietveld refinement. The
pattern was collected in a vanadium container.

For “diluted” intercalation, i.e., n=2, staging transitions
n—n+1 or n+2 were observed at moderate pressures of
0.5-1.0 GPa. First, staging transition from stage 2 to stage 3
was evidenced in KC,, by Clarke et al.”’ This work has been
extended to higher stage K GIC and to high-stage Rb and Cs
GICs by Wada.?

CsCy is a good candidate to investigate the size effect on
the guest-host interaction with pressure and to give new in-
sight into the high-pressure properties and stability of this
important class of materials. The total lack of information for
P>2 GPa prompted us to examine this compound at a
higher pressure. We have hereby explored the high-pressure
evolution up to 32 GPa of CsCg. Information on the Cs sub-
network has been obtained using x-ray diffraction thanks to
the high Z of the guest species. On the other side, neutron
diffraction appears as more sensitive to the carbon subnet-
work. Finally, local probes that constitute Raman and x-ray
absorption spectroscopies are an excellent complement of the
long-range order technique, that is, diffraction. This multi-
technique approach is a key point for the understanding of
the high-pressure behavior of this highly reactive and com-
plex ordered material. In particular, we have investigated the
pressure-induced effects such as charge transfer between the
guest and host species, the structural modifications in the Cs,
and the graphitic subnetworks.

II. EXPERIMENTAL RESULTS
A. Synthesis route and structural characterization

CsCg powder samples were synthesized from a high pu-
rity stoichiometric mixture of powder graphite (Aldrich,
<20 um) and Cs metal melt (Alfa Aesar, 99.98%) in an
argon filled glovebox.?® A 48 h annealing of the sample in a
vacuum sealed glass ampoule allowed to prepare the “brown
(reddish)” compound. Figure 1 shows the neutron powder
diffraction pattern of our CsCg powder measured at ambient
conditions together with the residual of the Rietveld refine-
ment using the FULLPROF software.?’ Our structural model
includes an anisotropic size broadening effect. A better qual-
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TABLE 1. Structural parameters of the hexagonal structure of
CsCg at ambient conditions obtained from a Rietveld refinement.
The corresponding stacking is AaABAvy. Thus, the c-axis lattice
parameter corresponds to 3/,.

Space group, No. P6,22, 180
Lattice constants (A) a=4.9601, c=17.847
Repeat distance (A) I.=c/3=5.949
Atoms Wyckoff positions
C 12k (1/6,1/3,1/3)
C 6i (5/6,2/3,0)
C 6i (2/3,1/3,0)
Cs 3d (1/2,0,1/2)

ity refinement was found when the Cs atoms are in the 3d
Wyckoff position (y*=2.73) rather than in the 35 position
(x*=3.74), as Guérard et al. suggested.’® A 3b position
would imply an aaa stacking sequence for the Cs atoms,
whereas the stacking sequence for this compound is sup-
posed to be a7y which can be reproduced with the 3d set-
ting. The structural parameters obtained from the refined
model are presented in Table I.

B. High-pressure diffraction
1. Experimental procedure

We have collected both high-pressure x-ray and neutron
powder diffraction data up to 14 and 8.9 GPa, respectively.
Angle-dispersive x-ray diffraction (XRD) at the ID27 beam-
line of the European Synchrotron Radiation Facility (ESRF)
was performed using a monochromatic radiation (A
=0.26472 A) and a diamond anvil cell (DAC). The powder
sample was loaded inside a 150 um hole of a steel gasket
with heavy mineral oil as pressure transmitting medium
(PTM) and placed between the anvils of the DAC with dia-
mond culets of 600 um. Due to the high reactivity of the
sample in the presence of oxygen and humidity, all loadings
of the DAC were made inside an argon filled glovebox. The
heavy mineral oil PTM ensures a further protection of the
sample. A charge-coupled device (CCD) detector was used to
collect the high-pressure diffraction images. Calibration of
the sample-detector distance and the tilt angle were done
with a Si-diamond powder standard. The two-dimensional
image files were azimuthally integrated with the FIT2D soft-
ware yielding one-dimensional intensity versus 26
diffractograms.3' The pressure was determined with the ruby
fluorescence method.?? In situ angle-dispersive neutron pow-
der diffraction (NPD) experiments were carried out at the
HRPT diffractometer®® located at the Swiss spalliation
source (SINQ) using a VX5 Paris-Edinburgh Press** in a
radial configuration. In this geometry, the incident beam
(monochromatic radiation of A=1.494 A) and the diffracted
beam pass through the TiZr gasket in the equatorial plane of
the anvils. Neutron absorbing cubic boron nitride (BN) an-
vils and null-scattering TiZr alloy gaskets were used in order
to omit any signal from the pressure cell. Full details of the
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FIG. 2. Selected x-ray diffraction patterns of the CsCg com-
pound as a function of pressure. Pressure in GPa is given at the
right side of each curve. The first pressure pattern corresponds to
the hexagonal structure (CsCg I). The sample was confined in oil as
the pressure transmitting medium. Intensity was normalized for all
patterns to the same counting time. Star (%), plus (+), and cross (X)
symbols show the appearance of new Bragg peaks corresponding to
CsC8 II, CsC8 111, and CsC8 IV phases, respectively (see Table IV).

experimental setup are described in Ref. 35. The assembly of
the gasket and the loading of the press were completed inside
a helium filled glovebox. Dried NaCl was used as pressure
marker.

2. X-ray diffraction results

High-pressure XRD of CsCg was performed up to
14.0 GPa. A sequence of selected diffraction patterns is dis-
played in Fig. 2. The first sample pattern inside the cell as-
sembly recorded at 0.2 GPa matches the hexagonal ambient
structure. No traces of oxide or hydroxide have been found.
Inhomogeneous grain size distribution, preferential orienta-
tion effects, and the identified stacking faults render a Riet-
veld refinement or even a Le Bail refinement extremely com-
plex. The very low intensity observed for the (003) and the
(009) peaks makes their positions difficult to point out. Only
the (006) line provides us a direct reliable information about
the c-axis compressibility. Gradual transformation under in-
creasing pressure is the most eye-catching feature as well as
the overall decrease of intensity of the diffraction patterns. At
1.2 GPa, we observe the coexistence of the hexagonal phase
and a second phase. This second phase is clearly established
at 2.0 GPa. At 3.5 GPa, changes in the diffraction pattern
evidence again a phase transformation. Furthermore, we no-
tice that the number of peaks of this last high-pressure phase
is lower than in the preceding phases, which could be asso-
ciated with a higher cell symmetry or to a smaller lattice. As
the pressure increases from 7.3 to 14 GPa, the diffraction
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FIG. 3. Compressibility of the hexagonal CsCg lattice param-
eters (solid symbols) derived from our x-ray diffraction experiment
and of the ¢ axis reported by Wada (open symbols show two sets of
data) (Ref. 24).

line broadening becomes more and more pronounced, and
the profile becomes highly asymmetric.

Let us turn to the compressibility of the starting hexago-
nal phase at low pressures. Figure 3 shows the lattice param-
eter evolution with pressure, as obtained from our XRD ex-
periment. The compressibility along the ¢ axis was found to
be slightly lower than the one measured by Wada.>* The
difference must be moderated by considering the error bars
and the use of different starting graphite samples for the two
experiments. Wada used single crystal graphite, while we
used powder graphite. We deduce a linear c-axis compress-
ibility x, of 1.079X 1072 GPa™! corresponding to a linear
bulk modulus B, of 93 GPa (see Table II). The a lattice pa-
rameter was found to be very rigid in this pressure range. We
estimated the bulk modulus B,=94 GPa, close to the linear
interplane bulk modulus.

Different attempts to determine the crystal structures of
the high-pressure phases appearing above 1.2 and 3.5 GPa
were carried out. The presence of a diffraction line at very
low angle ~2° corresponding to a d spacing of 7.69 A
prompted us to look for a larger crystalline cell assuming a
new stacking. We propose the space group C222 as a pos-
sible candidate for the first HP phase. This choice corre-
sponds to a space group search procedure with the CRYSFYRE
SUITE*® and CHECKCELL®’ softwares. Among the possible
space groups obtained, C222 reproduced best the experimen-
tal data. The corresponding orthorhombic lattice is described
in terms of a supercell with parameters fitted within a Le Bail
refinement (Table III). The lattice parameters of the second
HP phase, observed between 3.5 and 8.0 GPa, were found to
be very close to the orthorhombic cell defined in RbCyq (Ref.
38) and in CsC,,*° a superdense metastable phase of Cs
GICs. We used the same space group Fddd and Wyckoff
positions as RbCg for the refinement model. This supposes a
change of the stacking from «B7y to @B7yd with a corre-
sponding I.=c/4=572 A (a=439 A, b=920 A, and ¢
=22.87 A) instead of 5.945 A at ambient pressure (Table
II0). Figure 4 shows the Le Bail refinement and residuals for
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TABLE II. Axial compressibility and bulk modulus of CsCg in comparison with graphite. Incertitudes for

our values are 10%.

B. B,

Techniques (GPa) B! (GPa) B, P range
XRD (this work)? 93 0 94 0 0-1.1 GPa
INSP 58 Ambient
XRD¢ 64 0-1.1 GPa
NPD (this work) 72 8 70 6 0-8.9 GPa
Graphite! 36.4 Ambient
#Linear fit.

"nelastic neutron scattering (INS) from Ref. 56.
‘Reference 24.
dX-ray inelastic scattering from Ref. 57.

the two HP phases using the GSAS analysis software.*’ The
two refinements are not completely satisfying: in the 4.8 GPa
refinement, essentially, broadening is not taken into account
as we can see, and in the 2.0 GPa refinement, the position of
the peak located around 2° is not well reproduced. In order to
check the validity of our proposed lattices and to go deeper
into the structural determination, i.e., to determine the atomic
positions, better complementary and/or quality data are
needed.

3. Neutron powder diffraction results

We consider now the neutron diffraction data. In contrast
to the x-ray case, where diffraction is dominated by the
scattering cross section of Cs, neutron diffraction is expected
to provide a better information for the carbon subnetwork
because of the better balance between the scattering cross
sections of carbon (o,.,;,=5.551barn) and Cs (o,
=3.690 barn). Due to the characteristics of the HP device,
the maximal pressure was limited to 8.9 GPa. Three different
experiments have been done: sample with NaCl (experiment
1), sample with mineral oil (experiment 2), and sample with-
out any PTM and hence no pressure calibrant (experiment 3).
The reversibility of the high-pressure transformation was ob-
tained in all the three cases after complete pressure release
from 8.9 GPa, as shown in Fig. 5 for the first experiment. In
the second experiment, the important incoherent background
signal from the oil PTM did not allow us to collect good

TABLE 1II. Structural parameters of the possible candidate
phases of CsCg appearing at 2-3 and 4.8 GPa. The quality of the Le
Bail fits only allows to propose these structures as indicative of the
complexity of the high-pressure structures.

2.0 GPa 4.8 GPa
Space group, No. C222, 21 Fddd, 70
Lattice constants (A) a=B=y=90°
a 5.24 4.39
b 6.02 9.20
56.75 22.87

quality data when increasing pressure. The pressure evolu-
tion of the ¢ and a axes of CsCg from the first experiment is
displayed in Fig. 6. By using the pressure-force calibration
curve of the first experiment as the pressure scale of the third
experiment, its analysis leads to the same pressure depen-
dence of the lattice parameters than for the first one. The
compressibility of CsCyg in the basal direction matches the
compressibility of the graphite a axis, whereas the presence
of intercalated Cs atoms produces a stiffening of the ¢ axis.
In spite of the poor signal-to-noise ratio, appreciable changes
in the intensity ratio between the (003) and (006) lines (Fig.
7) and in the broadening of the lines of the neutron data tend
to support the observed transitions by XRD corresponding to
the I —1II transition around 1 GPa and maybe III -1V tran-
sition around 8 GPa.

Contrarily to the XRD experiments, no evident sign of
phase transformation was found between 1.9 and 8.9 GPa.
We only noticed the presence of two very low-intensity
peaks, around 11° (7.8 A) and 22°-24° (3.6-3.9 A) (see
stars in Fig. 5), when increasing pressure and which remain
detectable after releasing the pressure to zero. The origin of
these peaks is not clearly understood but no significant shift
with pressure associated with these peaks is observed. Con-

Intensity (arb. units)

o . , ~
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FIG. 4. Le Bail refinements of the x-ray diffraction data for the
high-pressure phases of CsCg at 2.0 GPa (bottom) and 4.8 GPa
(top) corresponding to structural models shown in Table III.
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FIG. 5. Neutron powder diffraction patterns of CsCg as a func-
tion of pressure with NaCl (+) as the pressure transmitting medium
and pressure marker. The two stars (x) indicate additional peaks
(see text). The ambient diffraction pattern was taken in a vanadium
container. The released pressure diffraction pattern was recorded in
the press after the HP cycle.

sequently, they cannot correspond to the (00€) lines of stage
3/2, as it was previously reported in KCg.2'*? In addition,
the extrapolated lattice parameters of the superdense CsCy,
phase (using the ¢- and a-axis compressibilities of Fig. 6)
observed by Nalimova ef al. around 0.5-1 GPa (Ref. 39)
cannot either explain these very weak peaks. Consequently,
they could most probably result either from the presence of a
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FIG. 6. Evolution of the lattice parameters of CsCg (filled sym-
bols) from NPD as a function of pressure compared to the graphite
ones (dashed lines) from Ref. 41. The errors bars are provided from
the Rietveld refinements.
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FIG. 7. Evolution of the relative intensity of the (003) and (006)
diffraction lines with pressure (solid symbols). Open symbol is for
the decompression at zero pressure.

minority phase corresponding to an impurity or from the HP
environment.

Combining x-ray and neutron diffraction appears then to
be relevant to understand the behavior of CsCg under pres-
sure. The observed differences between XRD and NPD re-
sults can be attributed to two facts. First, XRD is essentially
sensitive to the Cs layer order, while NPD patterns are domi-
nated by the C atom contribution. Secondly, the scattering
geometries are different for the NPD (radial geometry) and
XRD (axial geometry) experiments. It seems that due to the
preferential orientation effect occurring with pressure in this
lamellar compound, as it was observed for graphite,*3 the
radial geometry is better adapted to follow the (00€) lines. At
least two clear transitions have been evidenced at 2.0 and
4.8 GPa by XRD associated with changes in the decoration
of the Cs layer and in the stacking. On the other side, the
NPD data show us that such transitions do not imply a struc-
tural change in the graphitic (host) subnetwork (Fig. 5). We
observe a stiffening of the ¢ axis in CsCg in comparison with
graphite. Hence, neutrons reveal that under high pressure, the
initial average structure of CsCyg initial phase is not strongly
modified.

C. Raman spectroscopy

The Raman spectra were collected with a LabRam HR800
spectrometer from Jobin-Yvon equipped with a CCD detec-
tor in the backscattering geometry. Spectra were excited us-
ing 632.8 nm radiation from a He-Ne air-cooled laser, Spec-
tra Physics™. Low power radiation from the laser source (a
few milliwatts) was tuned to avoid deintercalation effects
caused by the local heating.***> The laser beam was focused
into the DAC through a Mitutoyo 50X objective down to a
laser spot size of approximately 2 um. The DAC was loaded
inside an argon filled glovebox to prevent the contamination
of the highly sensitive sample to oxygen or humidity. Stain-
less steel gaskets of 30 um thickness were drilled to 135 wm
hole diameter. Heavy mineral oil was used as a PTM in the
pressure chamber. Ruby chips served for pressure calibra-
tion.

The CsCg Raman spectrum at ambient pressure is shown
in Fig. 8. Characteristic features are a high-frequency broad
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FIG. 8. (a) Low-frequency and (b) high-frequency Raman sig-
nals of CsCg at ambient pressure and room temperature with a
632.8 nm laser excitation.

structure (at approximately 1500 cm™') and a low-frequency
structure (near 560 cm™') in agreement with previous
studies.*** Intercalation of donor species such as the alkali
leads to a metallic behavior instead of the semimetallic
(graphite) character. This metallic character is more pro-
nounced for rich alkali/C atom compositions, typically for
stage-1 compounds as in our case, making the detection of
the Raman scattering signal difficult. Two first-order active
Raman modes can be observed for pristine graphite, at 42
and 1582 cm™!. In GICs, the guest intercalate alkali layers
act like a perturbation on the graphite modes, thus leading to
a shift in frequency*® and turning on new active Raman
modes. The striking high-frequency broad asymmetric line is
interpreted as a Breit-Wigner-Fano (BWF) resonance.*’ This
BWEF line shape arises from an interaction of an electronic
continuum with in-plane carbon-layer vibration correspond-
ing to the I'-point mode of pristine graphite. However, the
origin of the singular structure in the vicinity of 560 cm™
which is, in fact, a triplet48 rather than a doublet still remains
unclear. This special feature was ascribed to a zone folding
of M;, modes into the I' point for the (2X2) superlattice
corresponding to the MCg formula,*> whereas the triplet was
well accounted by disorder-induced scattering.*®

Figure 9 shows the behavior of the low-frequency domain
from 0.1 to 3.2 GPa. The first spectrum collected in the
DAC is in perfect agreement with the signal at ambient pres-
sure reported in Fig. 8(a). The signal-to-noise ratio becomes
of better quality as the pressure increases and we observe a
better resolved triplet at 1.4 GPa. Then, the triplet gradually
disappears above 1.4 GPa and cannot be detected beyond
3.2 GPa. Within our accuracy, no significant shift of the trip-
let frequencies is observed.
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FIG. 9. Low-frequency Raman spectra of CsCg as a function of
pressure. The star indicates the weak component consistent with the
triplet observed by Caswell and Solin (Ref. 48).

During the compression study, several changes of the
high-frequency mode have been observed. Selected high-
frequency Raman spectra of the CsCg compound taken at
different pressures are presented in Fig. 10, showing the pro-
nounced asymmetric broad shape associated with the BWF
resonance. In the low pressure region, 1.4-2.1 GPa, the
complete disappearance of the low-frequency triplet is ac-
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FIG. 10. High-pressure evolution of the high-frequency Raman
spectra of CsCg at room temperature. From 0 to 8.2 GPa, Raman
spectra were collected using a 1800-line grating and a 600-line
grating was used from 10.5 to 32.0 GPa. The background is
strengthened with the Raman contribution of the oil.
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FIG. 11. High-frequency Raman region peak positions of CsCg
versus pressure. The continuous line indicates the evolution of the
E,, graphite mode with pressure from Ref. 49. Filled circles repre-
sent the compression, whereas open circles show the decompression
of the sample.

companied by a large shift of the BWF resonance from
around 1500 to 1590 cm™' (Fig. 11). At 10.5 GPa, another
peak appears close to the first one but slightly upshifted,
resulting in a doublet. Above 16 GPa and up to 32 GPa, it is
extremely difficult to dissociate the two peaks, due to their
large broadening.

Upshifted Raman frequencies from the graphite mode
(1582 cm™), visible above 10.5 GPa (Fig. 10), have been
also observed in the case of diluted Cs GICs. At ambient
pressure, the stage-2 compound CsC,, exhibits a Raman
peak at 1598 cm™!.*445 In the higher diluted compound such
as the CsCsq stage 3, a doublet (1604—1579 cm™!) is ob-
served at ambient pressure.*** The lower frequency of this
doublet is related to interior graphitic layers, whereas the
upper frequency is ascribed to the bounding graphitic layers.
The high-frequency doublet is systematically present for n
>2 when the screening of the interior graphite layer by the
bounding layer is not efficient anymore. The pressure behav-
ior of the E,, graphite mode of graphite from Ref. 49 is also
shown in Fig. 11. We remark that the peak appearing in the
CsCy spectrum at 2.1 GPa around 1585 cm™' corresponds
with the evolution of the graphite E,, peak and therefore
could be associated with the interior graphitic layer mode
observed in stage n with n>2. Consequently, the higher fre-
quency of the doublet could be associated with the bounding
layer mode. When the pressure is released from
32 to 3.5 GPa, a reversible transformation accompanied with
a hysteresis is observed (Fig. 11). Due to technical reasons,
we were not able to collect a Raman spectra at ambient pres-
sure in the DAC.

The initial Raman spectrum is recovered when the pres-
sure is totally released from a maximum pressure of 8.2 GPa
(Fig. 12), indicating the reversible backtransformation to the
ambient phase of CsCg, as previously observed in our NPD
experiments reported here. Thus, assuming a deintercalation
process involving diffusion of the alkali atoms outside the
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FIG. 12. Comparison of the (a) low-frequency and (b) high-
frequency Raman spectrum of CsCg between the first pressure point
at 0.1 GPa in the DAC and after the HP cycle to 8.2 GPa. Fluores-
cence of ruby is indicated by the (r) label.

graphitic host above 2 GPa is incompatible with the obser-
vation of the CsCg low- and high-frequency features after the
complete decompression, i.e., the reversibility of the Raman
signal (Fig. 12).

D. X-ray absorption spectroscopy

We carried out an x-ray absorption spectroscopy (XAS)
experiment at the Cs L, L, 5 edges on the microfocus Lucia
beamline at SLS (Swiss Light Source, PSI, Villigen) under
high pressure up to 14.5 GPa. Further, detailed description of
the beamline setup combined with high pressure is fully de-
scribed in Ref. 50. We worked in the energy range of
5-5.8 keV in the transmission configuration. DAC with
stainless steel gaskets and hollowed diamonds were used to
minimize x-ray absorption from the environment.’! The
sample was loaded with heavy mineral oil as PTM in a
glovebox. Pressure was measured with the ruby fluorescence
method. The three x-ray absorption Cs edges were collected
using the same setup. In order to reduce the presence of
glitches originated from the single crystal diamond anvils,
the cell was properly oriented with respect to the x-ray beam.

XAS is a powerful tool for the study of materials under
very high-pressure conditions.”” In particular, it allows to
obtain both electronic and structural information of the local
environment of atoms (in our case the Cs atoms). The Cs L, 3
edges enable the study mainly of d states, whereas in the L,
edge, p final states are involved, as given by the dipolar
selection rules. Information on guest-host hybridization or
charge transfer under pressure can be made available through
their study. Extended x-ray absorption fine structure
(EXAFS) oscillations were obtained for the L; edge, allow-
ing, as it will be further discussed, to obtain qualitative in-
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FIG. 13. XANES evolution with pressure at both (a) Cs L; edge
and (b) Cs L3 edge of CsCg from our experiment at SLS.

formation on the local structure evolution with pressure.

Figure 13 shows the normalized Cs L; and L; x-ray ab-
sorption near edge structure (XANES) evolution as a func-
tion of pressure. The L, edge is not shown due to a lower
signal-to-noise ratio and the similarity with the L5 edge. For
both Cs L; and L5 edges, we observe a progressive evolution
of XANES resonances with pressure. No sign of phase tran-
sition can be directly derived from the inspection of the
XANES evolution. We followed then the inflexion point for
the different absorption edges to monitor their energy posi-
tion as a function of pressure. The absolute error bars in the
determination of their energy position were too large to ob-
serve a significant evolution in the 0.9-14.5 GPa range.
Nevertheless, the accuracy of measurements was high
enough to study the pressure dependence of the relative po-
sition between the L; and L5 edges at each pressure point. In
Fig. 14, we plot the difference of energy position between
the L; and L; edges as a function of pressure. An abrupt
jump of approximately 1 eV occurs between 7 and 10 GPa.
This sudden change can be related to charge transfer effects
between guest Cs atoms and the graphite host. Selection
rules impose that this changes concern p states and/or d
states. However, there is no further information allowing to
establish the relative weight of charge transfer between the p
and d channels.

705.6 — _
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Ey(L) - Eq(Ly) (eV)
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FIG. 14. Difference between the energy of the L; and L; Cs
edges in CsCg as a function of pressure.
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FIG. 15. (Color online) Extracted Cs L; edge EXAFS oscilla-
tions as a function of pressure. The arrow shows increasing pres-
sures from 0.9 to 14.6 GPa. Dotted lines correspond to the low
pressure phase, and continuous lines to the high-pressure phase (see
text).

Let us now turn to the EXAFS part of the spectrum. The
Cs Ly edge EXAFS oscillations were extracted from the ab-
sorption spectra with the standard AUTOBK procedure.”® The
obtained EXAFS oscillations are shown in Fig. 15, which are
expressed in terms of the photoelectron wave number k
=1/[#iN2m(E—-E,)], where m is the electron mass and E|, is
the absorption edge position. The limited extent of the signal
originates from dynamic or static disorder as well as due to
the low-Z values of the main photoelectron scatterers (C at-
oms). In spite of the reduced k domain, we can appreciate
important changes in the amplitude of EXAFS oscillations in
the region between 2.5 and 4.5 A~'. These changes corre-
spond to a sudden increase of the amplitude of the signal that
takes place between 7 and 10 GPa and that can be associated
with the observed changes in the relative position of the
x-ray absorption edges (Fig. 14).

Due to the reduced k window for the EXAFS oscillations
and the presence of disorder in the material, we have re-
stricted the quantitative analysis to the first shell of carbon
neighbors around the absorbing Cs atoms. We used the ab
initio FEFF 8.0 code’* (based on Hedin-Lundqvist exchange
potential) to generate the scattering functions (amplitude and
phase shift of the photoabsorbed and backscattered atoms).
The EXAFS oscillations corresponding to the first shell of C
atoms around the Cs absorbers were Fourier filtered and fit-
ted with the first single diffusion path using the FEFFIT
program.” In addition to the Cs-C first neighbor distance
[Fig. 16(a)] and the associated pseudo-Debye-Waller factor,
we considered also the third cumulant as the only free pa-
rameters in our fitted EXAFS expression. We used the cumu-
lant expression implemented in the FEFFIT program based on
an anharmonic effective pair potential. The observed change
in magnitude of the EXAFS oscillations translates into a
modification of the pseudo-Debye-Waller contribution, as
shown in Fig. 16(b). The contribution of local disorder ef-
fects (thermal or structural) through the C5 cumulant allows
to reproduce the graphite interplane distance, in good agree-
ment with our other data from XRD and NPD (Fig. 17).

125433-8



HIGH-PRESSURE BEHAVIOR OF CsCg GRAPHITE...

LN S S O LA R

0.1 —

Relative Cs-C distance (A)
=)
—

0.028 »% } (b) )
0.024 - .

< 0.020 |- .

o L i
0.016 ]
0.012 4

PR N TR U U R

4 6 8 10 12 14 16

Pressure (GPa)

1

T

Ll
0 2

FIG. 16. Pressure evolution of (a) the relative Cs-C first neigh-
bor distance and (b) the pseudo-Debye-Waller 2. The EXAFS sig-
nal was k> weighted and Fourier transformed [2.5,6.0] A~! to real
space and finally fitted in the range [1,3] A.

III. DISCUSSION

As it is shown in Table IV, we can distinguish four do-
mains of stability of CsCg. The transitions between these
domains are characterized either by modifications in the
crystalline structure (as determined by XRD, NPD, or by
Raman spectroscopy) or by modifications of the electronic
structure (evidenced either by XAS or Raman spectroscopy).
The most remarkable facts are the smooth evolution both of
the c lattice parameters obtained by NPD up to 9 GPa and of
the Cs-C distances given by EXAFS up to 14.6 GPa even if
the incertitudes remain very large in this last case. The high
sensitivity of XRD to the Cs atom ordering with respect to

100 U I T I T I T I T I T I T I T
0.98 —
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0.86"""""""
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FIG. 17. (Color online) Dependence of the CsCg graphitic inter-
plane distance with pressure combining both diffraction (XRD and
NPD) data indicated by empty and solid circles and local spectros-
copy (EXAFS) data indicated by solid squares. Crosses from
0 to 1.1 GPa correspond to the data of Wada (Ref. 24). The com-
pressibility of graphite (solid line) from Ref. 41 is plotted for
comparison.
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NPD lets us conclude that the two first phase transitions up
to 14.0 GPa are related to slight modifications of the arrange-
ment of Cs atoms, which involve the modification of the
correlation between the different layers. In fact, the best fits
to the XRD data at 2.0 GPa were performed with a very
large unit cell (a=5.24 A, b=6.02 A, and ¢=56.75 A, SG
C222, No. 21) which is, in addition, not commensurate with
the graphitic subnetwork.

The I—1II phase transition is particularly clear, as it is
well defined and both observed by XRD and by Raman spec-
troscopy. The comparison of XRD and NPD data points out
a modification of Cs decoration without changes in the gra-
phitic plane stacking because, in spite of their relative inten-
sity changes, (00€) reflections are observed during the whole
compression. The important change in the high-frequency
Raman peak position at the [ —II phase transition could be
interpreted as a stage modification. Nevertheless, this ap-
pears as contradicting with the NPD data. A possible inter-
pretation is that Raman spectroscopy being more surface
sensitive in this metallic compound, staging transitions could
be observable at the grain surface. The II—III phase transi-
tion, as already discussed, has only been detected through
XRD and it may be accompanied by the presence of an in-
termediate phase. As for phase II, phase III seems to involve
a very large crystalline lattice, as suggested by the appear-
ance of low-angle difraction peaks. NPD does not show any
difference between phases I, II, and III, so again CsCgIII is
most probably associated with changes in the decoration of
the Cs subnetwork. The last phase transition, Il —1IV at
around 8 GPa, is related to changes of the electronic struc-
ture, which could imply a stage transition. It is clearly ob-
served by XAS with the associated 1 eV shift between the
Cs L, and L5 absorption edges and by Raman spectroscopy
with an interior graphitic layer mode and a bounding layer
mode, characteristic of a high-stage n>2. This transition oc-
curs in all the sample since XAS is a bulk probe. The obser-
vation of a doublet in the Raman signal from around 10 GPa
is very intriguing, as there are no concomitant observations
at this pressure with diffraction techniques. Again, we could
invoke the surface sensitivity of Raman spectroscopy in me-
tallic samples to explain this observation. Furthermore, we
cannot exclude that this doublet could result from a local
laser heating during the experiment. As we do not have NPD
data above 9 GPa and fits of the XRD data in this region are
not reliable, we cannot assure the persistence of stage 1.
Other structural changes associated with the transition
around 8 GPa cannot be excluded. Indeed, n—n+1 staging
transition implies the presence of an additional phase to
maintain the density of Cs atoms.

Let us now turn to the compressibility of the structure.
Compressibility of phase I, characterized either by the vol-
ume bulk modulus or by the linear bulk modulus of the ¢
axis, is given in Table II. Our values are compared with other
values from the literature which propose higher compress-
ibilities. As mentioned, the neutron diffraction data (Fig. 5)
show a smooth variation of the graphiticlike cell parameters
with pressure that do not appear to be affected by any clear
phase transitions within the calculated incertitude. With a
Murnaghan fit up to the highest pressure measured in the
NPD experiment, i.e., 8.9 GPa, we obtain a bulk modulus
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TABLE IV. Summary of the principal changes observed in the CsCg compound as a function of

pressure.
P stability Observed Most significant changes at phase transition
(GPa) structures and other relevant information
CsCg 1 0.0-1.2 P6,22 Linear compressibility
stage 1 (aBvy)

CsCg I 1.2-3.5 C222% Change in the Cs decoration accompanied
with small displacements and strong
modification of the Raman signal

stage 1+7? Abrupt change in the relative intensity of
(003) and (006) diffraction lines, strong
broadening of the diffraction lines in NPD

CsCg III 3.5-8.0 Fddd* Changes in the Cs decoration (slight
displacements), in the stacking (aByJ),
and possible intermediate structure
between II and III

stage 1+7? Broadening of the diffraction lines in NPD
CsCg IV 8.0-32.0 stage n (n>2) Electronic changes observed by EXAFS

+ other phase ?

and Raman at the transition

Significant broadening of the diffraction lines
and very low-intensity signal in XRD;
no evidence of the presence of stage 1.
Doublet observed in the Raman signal

*Proposed space groups.

equal to 72 GPa, which, as can be seen in Table II, is closer
to the value published by Wada.?*

In addition, we deduced the graphitic interplane com-
pressibility from the projection of the Cs-C distance on the ¢
axis by EXAFS. Taking into account an anharmonic correc-
tion through the third cumulant related to this distance allows
to provide a reasonable agreement with the compressibility
obtained by the diffraction experiments within the incerti-
tudes (Fig. 17). Introduction of disorder variations in the
EXAFS expression to best fit the diffraction data should be a
consequence of the changes in the Cs atom decoration ob-
served in the XRD patterns. We observe in Fig. 16(b) from
the pseudo-Debye-Waller factor evolution that compression
leads to a progressive reduction of the static or/and dynamic
disorder of the local Cs structure.

IV. CONCLUDING REMARKS

Combining different techniques, we have studied the pres-
sure behavior of the guest and host subnetworks and the
guest-host interaction of the CsCyg intercalated graphite in the
0-32 GPa range. Three pressure-induced transformations
have been clearly observed. The high reactive nature of the
sample coupled with its ill order nature made the use of
complementary experimental techniques a necessity. The
combination of these techniques, in which different selectivi-
ties apply, has been essential for the understanding of the
observed transitions. We have given evidence of evolution in
both the electronic structure (using Raman and XAS spec-
troscopies) and in the crystallographic structure (XRD and

NPD) occurring in the studied pressure range. The main ob-
served facts can be summarized as follows: (i) the aniso-
tropic compressibility with the ¢ axis softer than the in-plane
one, (ii) stiffening of the ¢ axis in CsCg in comparison with
graphite up to 8.9 GPa due to the presence of intercalated Cs
atoms (Table II), (iii) subtle rearrangements of the Cs atom
layers lead to the observation of complex lattices at high
pressure, (iv) a reorganization of the stacking probably oc-
curs (from hexagonal «By to orthorhombic «Byd at
4.8 GPa, for example), and (v) hybridization between Cs at-
oms and graphite layers could explain the charge transfer
observed in XAS around 8 GPa. Finally, with the exception
of the appearance of an impurity phase, it seems that these
transformations are reversible at least up to ~8 GPa, indicat-
ing that they do not result from a deintercalation process.
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