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Maximum 7, at the verge of a simultaneous order-disorder and lattice-softening transition in
superconducting CaCg
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In order to account for the large drop of superconducting critical temperature, 7,, and for the dramatic
increase in residual resistivity, @,, previously reported in CaCq at P.,~9 GPa, we studied the room-
temperature crystal structure of bulk CaCy samples as a function of pressure up to 13 GPa by means of

synchrotron x-ray diffraction in diamond anvil cells. At P.,, we found no change of the trigonal R3m space
group symmetry, but a large increase in isothermal compressibility, k, from —0.0082 GPa~! to —-0.0215 GPa™!,
accompanied by a large broadening of Bragg peaks. With both effects being reversible, it follows that super-
conductivity in CaCq is maximized at the verge of a peculiar order-disorder phase transition concomitant to a
large lattice softening. Space group symmetry considerations supported by ab initio calculations of the relaxed
structure within the density functional theory lead us to conclude that the disordered phase is presumably
characterized by a random off-centering of the Ca atoms in the ab plane with respect to the C honeycomb

layers.
DOI: 10.1103/PhysRevB.78.064506
I. INTRODUCTION

The properties of superconductors in presence of lattice
instabilities have attracted a great deal of interest for a long
time since the early evidence of enhanced critical tempera-
tures, T, concomitant to soft phonon modes reported on a
variety of systems such as simple elements,"?> Al15
compounds,’ transition metal carbides,* and borocarbides.>®
Recently, there was a renewed interest in the subject for soft
modes were found to reflect electronic instabilities such as
electronic phase separation in high-7, cuprates,”® charge
density waves in layered dichalcogenides,”'® and strong
electronic correlations in intercalated oxides such as
Na,Co0,."""13 Thus, soft modes appear to be important for
studying the stability of superconductivity and for maximiz-
ing T, in complex systems.

Despite intense efforts, the field remains controversial, so
it seems useful to focus on model systems displaying a clear
link between microscopic Bardeen-Cooper-Schrieffer (BCS)
parameters and mode softening. Here we study the lattice
instability of the graphite intercalated compound (GIC) CaCq
(Refs. 14 and 15) that has attracted a great deal of interest
owing to the unusually high 7.=11.5 K for GICs. Both
experimental'®~'8 and theoretical'®?! studies point at a con-
ventional BCS phonon-mediated pairing with a sizable
electron-phonon coupling constant, A = 0.8, and with s-wave
gap symmetry. Ab initio calculations within the density func-
tional theory (DFT) have put into evidence the dominant role
of two phonons with in-plane Ca and out-of-plane C polar-
izations, respectively, in the pairing.?*?>23 In addition, CaCgq
exhibits an interesting behavior under high pressure, P, as 7
first rapidly increases with pressure, until it reaches the
record value of 15.1 K for GICs at 7.5 GPa, and then sud-
denly drops to =5 K at P,,~9 GPa.>* This drop is accom-
panied by a dramatic increase in the residual resistivity, Q,
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and by an anomalous softening (hardening) of the above Ca
(C) mode.?* Indeed, a pressure-induced vanishing of the Ca
mode has been predicted?>?*> and possible high-pressure
structures have been calculated.”®?” However, no high-
pressure structural data are available yet so the origin of the
structural instability and of the corresponding change of
transport properties remains to be determined. In order to
address these issues, in this work we studied the room-
temperature crystal structure of CaCgq at high pressures up to
13 GPa. At P, we found a jump of the isothermal compress-
ibility concomitant to a large Bragg peak broadening. This
unveils a unique order-disorder phase transition concomitant
to a lattice softening, which accounts for the above T.. reduc-
tion and phonon anomalies.

II. EXPERIMENT

The experiment was carried out at the high-pressure dif-
fraction beamline ID9 of the ESRF. A high-quality =1 mm
size bulk sample of CaCyq was prepared from a platelet of
highly oriented pyrolithic graphite, as described elsewhere.?®
A few =50—-100 um pieces were mounted in two diamond
anvil cells (DAC) in the usual opposite anvil configuration.
The cells were subsequently charged with high purity helium
(sample 1) and argon (sample 2) used as pressure-
transmitting media. Due to the reactivity of CaCg, the proce-
dure was carried out in a high-purity dry box, where the cells
were sealed under an initial gas pressure of 0.1 GPa.

The diffractograms were taken in the Debye-Scherrer ge-
ometry suitable for the above DAC configuration using a
wavelength A\=0.4133 A. The diffracted beam was collected
within a maximum diffraction angle 29,,,,=25° by an image
plate. Owing to the small diameter of the stainless steel gas-
ket (150 wm), the beam spot size was reduced down to
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FIG. 1. (Color online) Rhombohedral (left) and hexagonal
(right) unit cells of R3m CaCg, according to Table 1. The latter unit
cell enables a better visualization of the stacking of the Ca and C
layers; the corresponding volume is three times larger than that of
the former unit cell (Ref. 28).

40 um for P=10 GPa. At higher pressures, this size was
further reduced to 20 wm due to the shrinkage of the cell.
For each pattern, the pressure value was determined from the
emission line of a ruby crystal. To maximize the number of
reflections detected, the DAC was spindled within an angle
of +3° with respect to the incident beam direction. This is
especially important in our case, as the layered structure of
CaCy is expected to induce a preferential orientation of the
graphene layers perpendicular to the incident beam. For both
samples, no significant amount of secondary phases was de-
tected in the sample regions probed by the x-ray beam. This
enabled us to reliably refine the unit cell up to 13 GPa, as
described below.

II1. UNIT-CELL REFINEMENT

Sample 1 gave a larger signal-to-background ratio, so the
analysis below mainly refers to this sample. More than hun-
dred diffractograms were taken on sample 1 by progressively
increasing pressure from 0.1 up to 13 GPa and upon depres-
surization. Representative diffractograms are shown in Fig.
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FIG. 2. (Color online) Representative diffractograms of Sample
1 at different pressures upon pressurization and depressurization.
Intensities are normalized to the maximum intensity of the strongest
(113) peak. Bragg indices refer to the hexagonal unit cell of Fig. 1.
Diamonds mark unindexed peaks and additional broad features ap-
pearing above 9 GPa (see text).

2. All of the main Bragg peaks are found to match those of
the trigonal R3m phase (see Fig. 1), in agreement with the
report by Emery et al.>® Two unit-cell choices corresponding
to either rhombohedral or hexagonal axes are possible (see
Table I, Ref. ?° and Fig. 1). The indexation adopted for Fig.
2 corresponds to the latter choice, which enables to better
visualize the crystal structure as an alternate stacking of
graphene and Ca layers (see Fig. 1). The additional features
appearing above 9 GPa are to be discussed later.

The indexation of Fig. 2 shows that despite the expected
preferential orientation of the sample, reflections with vari-
ous combinations of A, k, and [ indices are present. This
might be due to the folding of the CaCgy flakes during sample
manipulation. About thirty diffractograms in the 0.1-13 GPa
range were selected for the unit cell refinement. For the P
=10 GPa data, we typically used as many as 12-15 Bragg
reflections. This number reduces to eight at higher pressures
because of the weaker signal and the appearance of addi-
tional broad features to be discussed later. The result of the
refinement and the equation of state are shown in Fig. 3.
Thanks to the presence of strong (300), (113), (003), and

TABLE I. Nuclear structure of the trigonal phase of CaCg (space group R3m) in the rhombohedral and
hexagonal axes (Ref. 28). The room-temperature lattice parameters are a=5.17 A and a=49.55° in the
former case, and a=b=4.33 A and ¢=13.57 A in the latter case. Atomic coordinates x, v, z are in reduced
lattice units; SOF denotes the site occupancy factor. Note that the x coordinate of the C site is not set by
symmetry (see also Ref. 29). The regular C honeycomb structure corresponds to x=1/6 or x=1/3 for the

rhombohedral and hexagonal axes, respectively.

Atomic Wyckoff Site
site position symm. X y z SOF
Rhombohedral Ca la 3m 0 0 0 1
axes C 6g 2 X X 172 1
Hexagonal Ca 3a 3m 0 0 0 1
axes C 18¢ 2 X 0 172 1
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FIG. 3. (Color online) (a) Experimental (symbols) and calcu-
lated (solid lines) pressure dependence of the hexagonal @ and ¢ cell
parameters. (b) pressure dependence of the unit cell volume corre-
sponding to the data (symbols) and calculations (solid line) of panel
(a). The onset T, vs P data from Ref. 24 are also reported to show
that the T, drop coincides with the kink of the equation of state at 9

GPa, marked by vertical arrows. The broken line is a guide to the
eye.

(006) peaks corresponding to independent Bragg planes, the
accuracy obtained for the a and ¢ parameters is as good as
+0.001-0.002 and *0.002-0.004 A, respectively. Good
refinements were obtained also using the data of samples 1
and 2 upon depressurization and pressurization, respectively.
The comparison of the three data sets shows their reproduc-
ibility within the experimental error and no hysteresis is
found upon depressurization.

IV. EXPERIMENTAL AND THEORETICAL EQUATION OF
STATE FOR CaC,

A summary of the results obtained from the unit-cell re-
finement described above is shown in Fig. 3. One notes that
both a and ¢ parameters decrease roughly linearly with pres-
sure down to 9 GPa. In this range, a linear regression yields
the following isothermal compressibility coefficients:
da/dP=-0.0038 A/GPa; dc/dP=-0.081 A/GPa. Hence,
the c-axis compressibility is about twenty times larger than
the in-plane one, as expected considering the layered struc-
ture. The corresponding isothermal compressibility is «
=(1/Vy gpa)dV/dP=-0.0082 GPa~'. The above values and
the large anisotropy are consistent with previous studies on
graphite’® and graphite intercalated compounds with same
composition and similar crystal structure such as LiCg.3! In
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FIG. 4. (Color online) Pressure dependence of the full width at
half maximum (FWHM) of the (113) (circles) and (300) (squares)
peaks. Open symbols refer to data after depressurization. The de-
pendence of the residual resistivity, @, (triangles), taken from Ref.
24 is also shown for comparison (the line is a guide to the eye).
Error bars are smaller than symbols when not visible.

order to study in more detail the pressure-induced structural
changes, the relaxed structure was calculated as a function of
pressure up to 12 GPa using the ESPRESSO DFT code,** as
described elsewhere.??? In Fig. 3, the results of the calcula-
tions are compared to the experimental data. For P
=<9 GPa, it is noted a good agreement for both a and ¢
parameters, except a slight overestimation of the former.

V. EVIDENCE OF ORDER-DISORDER AND
LATTICE-SOFTENING TRANSITION AT 9 GPa

Notable feature of the experimental equation of state of
Fig. 3 is a kink at 9 GPa corresponding to a jump of «,
evidence of a second-order phase transition. The discrepancy
between experiment and calculations in the P=9 GPa range
is due to the fact that the relaxed structure was calculated
using the rhombohedral cell of Fig. 1 for all pressure values.
In fact, the kink indicates that this structure is unstable above
9 GPa, as will be discussed later. A linear fit of the experi-
mental data in the P=9 GPa region yields «
=(1/Vy Gp)dV/dP=-0.0215 GPa~'. Thus, the high-
pressure structure is almost three times softer than the low-
pressure one.

In order to unveil the origin of this jump of «, we notice
the following: (1) The analysis of the diffraction data of Fig.
2 in the pressure range near the kink in the equation of state
indicates no change of space group symmetry as no sizable
new peaks are detected. (2) The kink is concomitant to a
dramatic peak broadening, which turns out to be fully revers-
ible upon depressurization (see Figs. 4 and 5). Result (1)
rules out the formation of new high-pressure phases such as
those predicted by the ab initio calculations of Refs. 26 and
27. Also, we should rule out the possibility of pressure-
induced staging transitions, which are known to occur in
other GICs at P~ 0.1 GPa,*? for these transitions would lead
to a change of c-axis parameter. On the other hand, result (2)
suggests that the second-order phase transition at 9 GPa is
associated with an incipient amorphous phase or the forma-
tion of pressure-induced disorder.
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FIG. 5. (Color online) Evolution of the (113) peak profile upon
pressure. Note the recovery of the pristine width and maximum
intensity upon depressurization.

An important hint as to the structural changes occurring at
9 GPa is obtained by using symmetry arguments supported
by ab initio calculations of the relaxed structure. We recall

that the only free parameter of the R3m structure is the in-
plane coordinate, x, of the C site in the ab plane of the
hexagonal cell (see Table I and Ref. 29). As mentioned in the
legend of Table I, the regular honeycomb structure of the C
layers corresponds to x=1/3. Different x values would cor-
respond to a deformed structure within the ab plane. It is
unlikely that pressure would induce this type of deformation
for our ab initio calculations of the relaxed structure, used to
compute the pressure-dependent unit-cell parameters of Fig.
3, show that the structure is extremely rigid within the ab
plane. Therefore, since we find no evidence of change of
space group symmetry at the kink, no changes of the crystal
structure are consistent with our data. On the other hand,
recent ab initio studies’®?® suggest that the off-center dis-
placement of the Ca atoms in the ab plane with respect to the
C honeycomb structure requires a modest amount of energy,
as shown by the soft phonon mode associated with this dis-
placement. Furthermore, the above studies predict the en-
hanced softening of this mode with pressure,? in full agree-
ment with our previous report of anomalous softening of this
mode?* and with our present observation of abrupt lattice
softening at 9 GPa. In summary, the above considerations
point at a progressive pressure-induced flattening of the po-
tential of the Ca atoms relative to their off-center displace-
ment in the ab-plane. We conclude that at some point, any
position of the Ca atoms within the ab plane between adja-
cent C layers should become energetically equivalent. Owing
to the symmetry constraint discussed previously, only ran-
dom displacements of the Ca atoms are allowed, in full
agreement with our experimental observation of Bragg peak
broadening concomitant to the kink at 9 GPa. We conclude
that at 9 GPa, an order-disorder transition of the Ca sublat-
tice occurs.

This disordering mechanism is consistent with our previ-
ous observation of anomalous hardening of the out-of-plane
C mode and of bad metallic properties with high residual
resistivity values and flat resistivity curves above 8 GPa.?* It
is also consistent with the above ab initio studies on the
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high-pressure stability of CaCg,2?” which predict the forma-

tion of lower-symmetry variants of the pristine R3m structure
such as Cm. Indeed, these structures are characterized by
off-centered Ca atoms with respect to the C honeycomb lay-
ers and by a buckling of these layers. Apparently, our results
indicate that nature prefers a disordered arrangement of the
intercalant Ca atoms in the ab plane rather than lowering the
pristine R3m space group symmetry. Though, high-resolution
data may enable to detect minor distortions (if any) of the

R3m structure. Mutatis mutandis, an instability of the inter-
calant sublattice under high pressure was recently reported
also in the graphite intercalated compound CsCg.3*

Finally, we should discuss the minor non-reversible
changes of the diffraction patterns observed upon depressur-
ization. We have found (see also Fig. 2) that these changes
only concern the relative intensity of some peaks. Specifi-
cally, the doublet at 299=9.5° [the higher angle peak of the
doublet being the (104) reflection] becomes stronger, whilst
the (003), (036), and (223) peaks almost vanish. The follow-
ing phenomena may account for these changes: (1) a
pressure-induced texture change, which typically is irrevers-
ible; (2) a partial and irreversible transformation of the pris-

tine R3m phase into the hexagonal P6s/mmc one, whose
energy is only slightly larger.?? Indeed, the diffraction pat-
terns of the two phases are similar but the peak intensities are
different. For example, the (002) reflection of the P65/mmc

phase, which corresponds to the (003) one of the R3m phase,
is weak, in agreement with our observation. High-resolution
data on single crystals would help to verify the above sce-
narios.

VI. CONCLUSIONS

In conclusion, by means of synchrotron x-ray diffraction
under high pressure, we have found that the 7, drop and the
dramatic increase in residual resistivity previously reported
in superconducting CaCgq at =9 GPa are caused by an order-

disorder phase transition with no change of the R3m space
group symmetry of the ambient pressure phase. This transi-
tion is found to be concomitant to a nearly three-time in-
crease in isothermal compressibility. Space group symmetry
arguments supported by the above lattice softening and by ab
initio calculations suggest that the disorder consists of ran-
dom off-center displacements of the Ca atoms in the ab
plane with respect to the C honeycomb layers. This is the
case of superconductor-superconductor phase transition
driven by a simultaneous order-disorder and lattice-softening
transition. We argue that this conclusion provides a clear
framework for understanding the microscopic mechanisms
limiting 7. in BCS superconductors.
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