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The high-pressure behavior of fully intercalated lithium cobaltite, LiCoO,, has been investigated by angle-

dispersive synchrotron x-ray powder diffraction and Raman spectroscopy. The layered structure (R3m) is found
to exist up to at least 26 GPa. From refinements of x-ray diffraction patterns information is derived on changes
of Co-O and Li-O bond lengths under pressure. The stability of the ambient-pressure phase is confirmed by
Raman spectroscopy. The pressure coefficients for the A;, and E, Raman modes and their mode-Griineisen
parameters are reported as well as qualitative observations concerning unusual changes in width and intensity
of the Raman lines under pressure. The obtained high-pressure structural and vibrational properties are com-

pared to results of ab initio calculations.
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I. INTRODUCTION

Lithium cobaltite has the most remarkable property of al-
lowing a reversible removal and reinsertion of lithium."> Re-
chargeable batteries using Li,CoO, cathodes exhibit the
highest energy density among batteries using similar transi-
tion metal oxides (e.g., LiNiO, or LiVO,)."3=3 Consequently,
a large amount of work has been devoted to studying the Li
intercalation process which includes extensive modeling of
the structural properties, the insulator to metal transition, and
the electrochemical parameters of the Li-deficient cobaltite.

The fully “lithiated” compound with stoichiometry
LiCoO, crystallizes in two modifications.®~'* The common
form (Fig. 1), synthesized at 850 °C, adopts a layered a-
NaFeO,-type structure, which has space group R3m and Z
=1 formula units in the thombohedral cell.®!3 The second

form (synthesized at 400 °C) is cubic (space group Fd3m),
and it is related to the spinel-type structure.®”-!> The main
structural difference between the layered and cubic forms of
LiCoQO, is how cations are distributed over octahedral inter-
stitial sites of a distorted cubic-close-packed oxygen lattice
(for a detailed discussion see, e.g., Ref. 16). The layered
modification is known to be the more stable of the two,!’
although their energies are very close.'®

The layered LiCoO, is an insulator with an optical gap of
about 2 eV. Spectroscopic studies along with theory-sup-
ported interpretations have provided us with a basic picture
of the electronic structure.'®!8-20 Briefly, the formal oxida-
tion state of cobalt is 3+, corresponding to a d® config-
uration. The Co ions adopt a low-spin state. Within a molec-
ular-orbital picture of the CoOg octahedral unit, three 7,, or-
bitals are fully occupied; they form the top of the valence
band. The optical gap results from the splitting between
weakly bonding 7, and antibonding ¢, states.'! The con-
ventional one-electron band structure approach is considered
to be basically adequate for the description of LiCoO,."

In this paper we report the effects of pressure on structural
and vibrational properties of layered LiCoO, as investigated
by synchrotron x-ray diffraction and Raman spectroscopy,
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respectively. Little experimental and theoretical work has
dealt with the behavior of LiCoO, or related compounds at
high pressure. Based on ab initio calculations for LiCoO,, a
phase transition from the layered to a cubic phase was pre-
dicted to occur at around 3 GPa.'s This kind of transition
was not observed in our experiments. Instead, at room tem-
perature the layered structure was found to exist up to at least
26 GPa. Our structural studies provide information on the
compressibilities and distortions of the LiO4 and CoOg octa-
hedra (cf. Fig. 1). From high-pressure Raman spectra we
have determined the mode-Griineisen parameters of the two
Raman-allowed zone-center optical modes. With increasing
pressure we observed pronounced intensity changes of the
two Raman modes; such an effect may be related to a
pressure-induced change in the electronic excitation spec-
trum. We compare the experimental high-pressure structural
and vibrational properties to results of ab initio calculations
performed within the density functional theory.

II. EXPERIMENTAL METHODS

The sample of LiCoO, used for the present study was a
commercial product (Merck) with stated metal purity of
>99.6%. For high-pressure x-ray diffraction experiments,
the sample was ground to a fine powder and then loaded into
a diamond anvil cell (DAC). Nitrogen was used as the
pressure-transmitting medium. Angle-dispersive powder
x-ray diffraction patterns (wavelength N=0.4125 A) were
measured at the ID09a beamline of the European Synchro-
tron Radiation Facility, Grenoble, using an image plate de-
tector. The intensity versus 26 diagrams were obtained by
integration using the FIT2D software.?' To improve powder
averaging, the DAC was rotated by £3°. Raman spectra were
recorded in back-scattering geometry, using a micro-Raman
spectrometer (LABRAM by Dilor) equipped with a He-Ne
laser (632.8 nm), a 20X magnification objective, a holo-
graphic notch filter for blocking the laser light, and a CCD
detector. For the Raman studies, we initially used a 4:1
methanol/ethanol mixture as the pressure-transmitting me-
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FIG. 1. (Color online) The ambient-pressure crystal structure of
the layered form of LiCoO, (space group R3m, Z=1, Pearson sym-
bol: hR4). The view is along the [110] direction of the hexagonal
unit cell. In the hexagonal setting, the oxygen anions occupy the
Wyckoff 6¢ (0,0,z) site, and lithium and cobalt cations occupy the
3a (0,0,0) and 3b (0,0,0.5) octahedral sites. The structure can be
derived from rocksalt-type CoO by substituting Li for Co in every
second cation layer perpendicular to the cubic [111] direction
(which results in a hexagonal supercell cell with c/a=2\e“g) and
then allowing for two types of relaxations, a small elongation along
the hexagonal [001] axis and a pairing of close-packed oxygen lay-
ers described by z<ﬁ. The resulting building blocks are tightly
bound O-Co-O slabs separated by layers of lithium atoms. At am-
bient pressure, the LiOg octahedra are about 28% larger in volume
than the CoOg4 octahedra.

dium and then checked the reproducibility of data using ni-
trogen. In all experiments, pressures were measured by the
ruby luminescence method.

III. STRUCTURAL PROPERTIES

Selected diffraction diagrams of LiCoO, at different pres-
sures are presented in Fig. 2(a). A small amount (~3%) of
the impurity phase Co;O, was detected; its most intense
Bragg peaks are marked by asterisks in Fig. 2(a). The dif-
fraction diagrams also contained a 1% admixture of an uni-
dentified phase, presumably a carbonate; its Bragg peaks are
not visible on the scale of Fig. 2(a).

The patterns in Fig. 2 demonstrate that the layered phase
of LiCoO, does not undergo a phase transition within the
pressure range up to 26 GPa. The Bragg peaks of LiCoO,
become a little broadened at pressures above 16 GPa. This
effect is attributed to nonhydrostaticity caused by the solid
nitrogen pressure medium and is not believed to signal a
structural instability.

All diffraction diagrams measured for pressures up to
15 GPa were analyzed by full-profile (Rietveld) refinements
using the program GSAS.?>?* The refined parameters were
the lattice constants, the atomic position of oxygen, a Cheby-
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FIG. 2. (a) X-ray powder diffraction patterns of LiCoO, at se-
lected pressures (7=300 K). Arrows mark reflections due to the
nitrogen pressure medium. Impurity reflections are marked by as-
terisks. (b) Rietveld refinement of a pattern measured at 9.9 GPa.
Vertical markers indicate the calculated peak positions. The agree-
ment indices of this refinement amount to R,,=1.6% and R,
=1.3% (without background).

shev polynomial background, Pseudo-Voigt profile param-
eters, and an overall intensity scaling factor. Isotropic ther-
mal parameters for all atom sites were fixed to previously
reported ambient-pressure values® for all the refinements. A
correction for preferred orientation (spherical harmonics
model) was applied. Figure 2(b) shows a representative full-
profile refinement of LiCoO, at 9.9 GPa (with impurity-
related peaks being masked). Lattice parameters only were
extracted from diffraction patterns measured at pressures
above 15 GPa. Table I lists refined structural parameters ob-
tained at zero pressure and at 9.9 GPa. Our ambient-pressure
results agree with the literature data.®?

TABLE I. Structural parameters obtained from full Rietveld re-
finements of the diffraction diagrams for LiCoO, collected at am-
bient pressure and at 9.9 GPa. Data refer to the nonprimitive hex-
agonal cell with three formula units.

P (GPa) a (A) c (A) cla z(0) v (A3)
0 2.8155 14.0537 4.992 0.2391(3) 96.48
9.9 2.7732 13.6474 4921 0.2413(2) 90.89
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The full set of refined structural parameters is shown in
Fig. 3. By fitting a Birch equation of state® to the pressure-
volume data [Fig. 3(a)], we obtain values for the zero-
pressure bulk modulus B, and its pressure derivative B, as
By=149(2) GPa and By=4.1(3). For the fit, the zero-pressure
unit cell volume was fixed at the experimental value of V,
=96.48 A, The c¢/a ratio [Fig. 3(b)] is found to drop with
increasing pressure. Simultaneously, the oxygen position pa-
rameter z increases [Fig. 3(c)]. At about 13 GPa the c/a ratio
passes through the “cubic” value of 2 X V6. At that pressure,
the z parameter is still significantly different from z=3—1. In
other words, the application of pressure does not lead to an
ideal cubic-close-packed oxygen sublattice. A linear extrapo-
lation of the z(P) data suggests that the pairing of oxygen
layers will be suppressed only at significantly higher pres-
sures than covered in the experiment (see below).

In Fig. 4 the structural parameters are translated into in-
teratomic distances. The fact that the c/a ratio passes
through the cubic value at about 13 GPa is equivalent to
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FIG. 4. Interatomic distances in LiCoO, as a function of pres-
sure. (a) Metal-metal distances Li-Li (Co-Co) and Li-Co. The arrow
points to the pressure where all metal-metal distances are equal. (b)
Metal-oxygen bond lengths Li-O and Co-O. For comparison, the
ambient-pressure Co-O bond length in rocksalt-type CoO (high
spin) is 2.132 A; for antifluorite Li,O the Li-O bond (tetragonal
coordination) is 2.0 A.
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having all metal-metal distances being equal near that pres-
sure [Fig. 4(a)]. The ambient pressure Li-O and Co-O bond
lengths are 2.097(3) A and 1.918(2) A, respectively. The
Li-O bonds are about three times more compressible than the
Co-O bonds [Fig. 4(b)]; the bond length difference extrapo-
lates to zero at the same pressure where the z parameter
extrapolates to the value of 4]_1-

The difference in the Li-O and Co-O bond compressibili-
ties affects the distortions of the octahedral coordinations. As
illustrated in Fig. 1, the deviation of the oxygen parameter
z(0) from z:i describes a compression of the CoOg4 octahe-
dra along ¢ and a corresponding elongation of the LiOg oc-
tahedra. This type of distortion does not lift the degeneracy
of the six intraoctahedral bond lengths. At zero pressure, the
LiOg octahedra can be characterized by the two distances
0(1)-0(2)=2.816(1) A and O(1)-0(3)=3.098(3) A and by
the two bond angles O(1)-Li-O(2)=84.5(4)°, and O(1)-
Li-O(3)=95.4(6)°. With increasing pressures, the difference
in O-O distances becomes smaller and the bond angles
change towards 90°. For example, at 15 GPa, the bond
angles are O(1)-Li-O(2)=86.3(5)° and O(1)-Li-O(3)
=93.6(5)°. The CoOg octahedra undergo corresponding
changes. So, the distortions in both types of octahedra are
reduced when applying pressure.

Figure 5 shows the “thicknesses” of the octahedral layers,
i.e., their heights projected onto the ¢ axis. Along the ¢ axis
direction, the size of the CoOg octahedra remains essentially
constant; it is the LiOg octahedra which are compressed.

IV. RAMAN-ACTIVE PHONON MODES

Turning to the Raman spectroscopy on LiCoO,, Fig. 6
shows selected spectra of LiCoO, measured at different pres-
sures up to 18 GPa. Two strong modes are observed. Their
ambient-pressure frequencies, denoted w, in the following,
are 486(1) and 595(1) cm™!, which is in accordance with
previous ambient-pressure Raman studies’®?’ of LiCoO,. As
expected for nearly stoichiometric LiCoO,, we find no indi-
cation for Raman features related to Li vacancies. Impurity-
related Raman peaks originating from Co;04 could be

224102-3



WANG et al.

2-7 llllllllllllllllll
26
A2.5—
< i
%2.4- -
S i dco-0
%2.3- -
[(}]
z i diio
- 22+ -
21 |- -
dcoo o
'A«JG:PO—O__AH:—C———T'
oo bSO S P

0 5 10 15
Pressure (GPa)

FIG. 5. (Color online) Li-O and Co-O layer thicknesses (projec-
tion onto the ¢ axis) as a function of pressure.

avoided by selecting a “good” spot on the sample.

The symmetry analysis for LiCoO, (R3m, point group
Dj,) yields the following optical phonon modes at the T’
point: A, +2A,,+2E,+E,. The E, and A;, modes are
Raman-active, and the two observed Raman peaks have been
attributed to these modes.?®2® For propagation along the
trigonal axis of the rhombohedral lattice, the modes corre-
spond to relative displacements of neighboring oxygen layers
with respect to each other, the displacement being along the
c axis for the A;, mode and perpendicular to ¢ for the E,
mode.?” The two modes can be interpreted as predominantly
Co-O stretching and O-Co-O bending motions.”6~28 This in-
terpretation is supported by Li isotope substitution experi-
ments®® and by comparison to NaCoO, which occurs in the
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FIG. 6. High-pressure Raman spectra of LiCoO, measured at
room temperature for increasing pressure and after releasing the
pressure. The pressure medium was nitrogen.
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FIG. 7. (Color online) Frequencies of the A;, and E, Raman
modes of LiCoO, as a function of pressure. Closed symbols are for
increasing pressure, open symbols for decreasing pressure. Solid
lines refer to fitted results. The inset shows the mode splitting as a
function of pressure. There, the solid line is just a guide to the eye.

same layered structure and shows E, and A, Raman modes
at 486 and 586 cm™!, respectively.f9 Thus, by substituting
sodium for lithium, the £, mode does not shift in frequency
(within experimental resolution) and the shift of the A,
mode is quite small, about 9 cm™!.

With increasing pressure, the two Raman modes of
LiCoO, shift to higher frequencies, their absolute intensities
increase, the intensity ratio changes, and the linewidths also
vary. To quantify these effects, the modes have been fitted by
Pseudo-Voigt line shapes.

Within experimental errors, the pressure dependence of
the mode frequencies (Fig. 7) can be described by

Ey: o(P)=485.6(7) +3.75(17)P - 0.0026(9) P?,

Ay @(P)=594.7(7) +3.15(18) P — 0.006(9) P,

where frequency w is in wavenumbers and pressure P in
GPa. Note that the quadratic pressure coefficient for the A,
mode is statistically insignificant. In the range up to 10 GPa
the splitting between the A, and E, mode frequencies de-
creases at an average rate of —0.45 cm™!/GPa (see inset of
Fig. 7). Using the definition of the zero-pressure mode-
Griineisen parameter

(i)l
W=\ amv) oy~ wo\dP) oy

combined with the experimental value of the bulk modulus,
the obtained values are y,=1.15 for the E, mode and 7,
=0.79 for the A, mode.
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FIG. 8. (Color online) Widths of the A, and E, Raman peaks of
LiCoO, as a function of pressure. Open symbols are for the
methanol-ethanol pressure medium and closed symbols for the ni-
trogen medium. Solid lines are guides to the eye. Data were mea-
sured using 632.8 nm laser excitation.

The effect of pressure on the Raman linewidths (not cor-
rected for the spectrometer resolution of about 3 cm™'
FWHM) is demonstrated in Fig. 8. Data taken in methanol-
ethanol and nitrogen pressure medium are shown. Despite
some irregular scatter in the data points, presumably caused
by inhomogeneity of the sample, overall trends are clearly
visible. The width of the E, peak approaches the resolution
limit at pressures from 5 to 10 GPa where the true width of
the phonon line must be less than 2 cm™!. At first, it is tempt-
ing to attribute the linewidth increase starting at about
12 GPa in 4:1 methanol/ethanol to the solidification of the
pressure medium. However, a similar effect is not observed
for the Alg mode; on the contrary, its width continues to
decrease at pressures beyond 10 GPa. Identifying the physi-
cal effects leading to the linewidth changes under pressure,
whether caused by anharmonicity or by structural effects not
detected in the diffraction measurements, would require a
more systematic study using single-crystal samples.

For the given experimental conditions, i.e., 1.96 eV exci-
tation, the integrated intensity of the Raman peaks was ob-
served to increase significantly under pressure (Fig. 6). This
effect is more pronounced for the A;, mode (between 0 and
20 GPa its intensity increases by a factor of 7), such that the
intensity ratio R=IEg/I g drops from about 0.9 at ambient

pressure to ~0.5 at 10 GPa and above. Upon releasing pres-
sure, the intensity changes are largely reversible; this rules
out pressure-induced reorientations of the sample as being
responsible for the intensity changes. So, it appears that the
pressure effects on Raman intensities are induced by changes
in the electronic structure.

PHYSICAL REVIEW B 72, 224102 (2005)

Optical absorption measurements on thin films of LiCoO,
reveal a prominent absorption band (oscillator strength not
specified) at 2.1 eV.*" In the spirit of earlier theoretical mod-
els, the absorption band was attributed to a tZgHe: excita-
tion process. The laser energy used in our experiment
(1.96 eV) falls slightly below the 2.1 eV band. Depending
on the shift of the 2.1 eV feature with pressure, the laser
energy may become more or less resonant with electronic
transitions. Within the molecular orbital picture of octahe-
drally coordinated low-spin Co®*, the average tzg—ez, split-
ting is expected to increase with decreasing Co-O distance.
Within this scenario, which neglects bandwidth and local
symmetry changes, an increase in Raman intensity may sim-
ply arise from a detuning of a resonance and a related in-
crease in scattering volume. While speculative at this point,
the above interpretation is supported by tentative calculations
of band gaps of LiCoO, at two different volumes (see be-
low).

V. CALCULATIONS

We attempted to reproduce the main experimental results
on the basis of “total-energy” calculations of LiCoO, using
the density functional theory (DFT). The electronic exchange
was treated within, on the one hand, the local density ap-
proximation (LDA) and, on the other hand, the generalized
gradient approximation (GGA).3' The calculations employed
the VASP implementation of the DFT in a plane-wave basis*?
and used the projector augmented waves (PAW) method.?>34
Among the PAW potentials for Li, Co, and O provided in the
database of Ref. 32 we selected the ones that treat as valence
states the outermost 1, 9, and 6 electrons, respectively. Re-
laxing the 1s? orbital of lithium was not deemed necessary.
We are staying within the framework of LDA/GGA and do
not consider spin-polarized states as spin polarization was
reported previously*>-3® to not have a significant effect on the
structural properties of LiCoO, at ambient conditions.

A plane-wave cutoff of 500 eV has been used and the
uniform mesh employed for the Brillouin zone integrations is
defined by (¢;,¢2,93)=(4,4,4) in the notation of Ref. 37.
This choice corresponds to ten “special k points” of Monk-
horst-Pack.3” This relatively limited sampling is justified by
the semiconducting character of LiCoO, (Ref. 36) (note that
the conduction is ionic, not electronic), a property clearly
demonstrated by, e.g., the calculations of the electronic den-
sities of states in Ref. 20. We checked, on all the k points
used for Brillouin zone sampling, that even at pressures of
the order 30 GPa the gap still does not close.

We obtain, for every atomic configuration, not only the
total energy but also the forces acting on all atoms, the
stresses acting on the lattice, and the pressure. At every cho-
sen volume we first relax the atomic positions (the oxygen
positional parameter z) and then vary the cell shape (the
lattice parameters a and c/a) together with z, until the diag-
onal stresses are equal and forces on all atoms smaller than
107 eV/A.

Figure 9 summarizes the main results obtained from the
DFT calculations of the structural properties of layered
LiCoO,. The calculations were extended to volumes corre-
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FIG. 9. (Color online) Calculated structural parameters of lay-
ered LiCoO, as a function of volume: (a) Pressure-volume relation;
(b) hexagonal axial ratio c/a; (c) the z parameter of the oxygen 6¢
site. Results for LDA and GGA calculations are given. Experimen-
tal data (solid symbols) are included for comparison.

sponding to a pressure of about 100 GPa in order to see how
the structural changes would extrapolate if the layered struc-
ture is assumed to be stable over the whole range. Table 11
summarizes calculated zero-pressure structural parameters
interpolated from the optimizations at different volumes.
Again, a fit by a Birch relation was used to determine V,,, B,
and B).

The LDA and GGA approximations nicely bracket the
experimental pressure-volume data, Fig. 9(a). Fitting a Birch
equation of state to the calculated PV data in the range be-
tween approximately 33 and 23 A3/molecule leads to values
for the bulk modulus and its pressure derivative as given in
Table II.

In both approximations, LDA and GGA, the c/a ratio,
Fig. 9(b), comes out somewhat smaller compared to experi-
ment; in fact, the calculated c is a little smaller and the cal-
culated a a little larger than the experimental values. We
checked once more in this context that an eventual relaxation
of the 1s? electrons in the Li pseudopotential (i.e., treating
them as valence states) would not fix these discrepancies in
cla.

PHYSICAL REVIEW B 72, 224102 (2005)

TABLE II. Structural parameters of LiCoO, obtained from DFT
calculations using the LDA and GGA schemes. Experimental data
are listed for comparison. The quoted equilibrium volumes V|, refer
to the primitive rhombohedral cell containing one formula unit. The
lattice parameters a and c refer to the nonprimitive hexagonal cell.
The quantities By and B, were obtained through a fitting of the
calculated or experimental P(V) data by a third-order Birch equa-
tion of state.

Method a (A) c/a  z2(0) Vy (A% B, (GPa) B
LDA 27921 4.849 02399 30471 1685  4.67
GGA 28559 4.899 0.2392 32946 1429 451
Expt. 28155 4992 02391 3216  149(2) 4.1(3)

As for the z parameter, Fig. 9(c), the experimental data are
bracketed again. The calculations indicate that the condition
Z=i at which the octahedra around Co and Li become iden-
tical can only be achieved at pressures of the order 100 GPa.

Using the frozen-phonon method,° we have also calcu-
lated at different volumes the harmonic frequencies of the
two optical phonon modes. Their displacement patterns show
that, in both of them, only the oxygen atoms are moving:
either “horizontally” (E,) or “vertically” (A,,), and in the
opposite directions. We evaluated the increase in total energy
for small displacements v/a=0.016 (E,) and v/c==0.004
(A, ¢)» which amount to ~0.004 and 0.005 A. The A, ¢ mode
turns out to exhibit a weak but non-negligible cubic anhar-
monicity; in order to eliminate this term we repeated the
calculations with + and — displacements (“inward” and “out-
ward” patterns) and averaged the resulting energy changes
AE. The remaining quartic terms in both power expansions
for E(v) can be disregarded because the errors they introduce
into the calculated frequencies do not exceed 0.1 to 0.2 cm™.

Figure 10 shows the frequencies as a function of calcu-
lated pressure. In this representation, the absolute frequen-
cies from the LDA and GGA calculations differ by up to 8%.
The results provided by the two approximations get consid-
erably closer to each other (to within =1%) when plotted as
a function of volume. Note, in particular, that the calculated
effect of pressure on the mode frequencies compares well
with the experimental results.

Anharmonicity of the modes in question is an interesting
feature which the frozen-phonon calculations reveal with
much more ease than most experiments. As already men-
tioned, the relation E(-v)=E(v) holds for the E, mode which
means that its lowest anharmonic term is quartic; in the case
of the A;, mode the E(v) expansion is marked by the pres-
ence of a small cubic term.

Further insight into the anharmonic behavior can be ob-
tained from the knowledge of the forces felt by the displaced
atoms; these quantities are provided by the DFT formalism
as well. Figure 11 shows the components of the forces acting
on one of the displaced oxygen atoms. They are plotted ver-
sus the displacement, for both modes and at two different
pressures (volumes). The main effect of the displacement,
immediately visible in both panels, is the restoring force: that
is the largest component, proportional to the displacement
and having opposite sign.
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FIG. 10. (Color online) Calculated harmonic phonon frequen-
cies of layered LiCoO, as a function of calculated pressure. Results
for LDA and GGA calculations are given. When plotted as a func-
tion of volume, the frequencies provided by the two approximations
would differ by <1%. Experimental data (symbols) are included for
comparison.

A closer inspection of the A, panel [Fig. 11(a)] reveals
that the restoring force is not a perfectly straight line as one
would expect from a harmonic oscillator; a small deviation
from linearity results from the cubic term o3 in the E(v)
expansion; we plotted this contribution separately as “bend-
ing” in Fig. 11(a).

In contrast to the Alg case, the restoring force of the Eg
mode is exactly linear [Fig. 11(b)], because the cubic anhar-
monicity is absent from the expansion of E(v) and the quar-
tic anharmonicity does not show its presence through a slight
nonlinearity. Rather, the restoring force is not exactly parallel
to the displacement [which is oriented along (0,v,0)], i.e., it
also acquires small F, and F, components. The slight non-
parallelism of displacement and force, a consequence of the
anharmonicity of the E(v) potential, has already been noticed
in earlier DFT calculations of phonons, in a different
context.*’

Also shown in Fig. 11 is the increased slope of the restor-
ing force upon compressing the volume, which correlates
with the increase in the eigenfrequency under pressure.
Somewhat surprisingly, the anharmonic components (the
“bending” of the A;, mode and the F,, F, of the E, mode)
hardly vary with pressure.

Altogether, the anharmonic terms are rather small in
LiCoO,—at least as far as the above two modes are
concerned—in contrast with certain other rhombohedral sub-
stances such as, e.g., Sb (see Ref. 41): there, the magnitude
of all the above anharmonic phenomena becomes compa-
rable with the restoring force itself and, in addition, the re-
spective anharmonic terms vary considerably with the ap-
plied pressure.
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FIG. 11. (Color online) Calculated forces (LDA) as a function of
atomic displacements. (a) Restoring forces F, for the A, displace-
ment at two different volumes corresponding to pressures of about 0
and 40 GPa. The curves in the inset, marked “bending,” indicate the
deviations from linear behavior. (b) Forces for E,-type displace-
ments. In this case the restoring force F) is linear in the displace-
ment, but there are force components F,, F, perpendicular to the
displacement direction.

Finally, we briefly comment on the pressure dependence
of direct band gaps of LiCoO,. At a unit cell volume of
32 A3, the smallest direct gap along any of the high-
symmetry lines of the Brillouin zone is calculated to be
1.2 eV within GGA. The fundamental gap located elsewhere
in the Brillouin zone is about 0.3 eV lower in energy. At
28 A3 the 1.2 eV gap increases by about 0.3 eV. So, the
volume deformation potential dE/d InV comes out as about
—2.4 eV. Similar changes are calculated for other points
within the Brillouin zone. The obtained value for the volume
deformation potential is relatively small on the scale of de-
formation potential values for direct gaps in covalently
bonded semiconductors.

In the context of our Raman studies it is of interest that
the overall trend indeed appears to be an increase of direct
gap energies in LiCoO, with increasing pressure. Therefore,
the calculated results are in support of our tentative explana-
tion for the pronounced pressure dependence of the Raman
intensities.

VI. SUMMARY

The high-pressure x-ray diffraction studies show that the

layered modification (R3m) of LiCoO, exists up to at least
26 GPa. Observing no structural phase transformation of lay-
ered LiCoO, occurring at pressures below 26 GPa does not
necessarily invalidate the earlier prediction'® that a cubic
spinel-related phase might be thermodynamically more
stable at zero temperature and elevated pressures. It could
just mean that at room temperature one cannot overcome the
high kinetic barriers® involved in a redistribution of cations
over octahedral sites.
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The two structural degrees of freedom of layered LiCoO,,
namely the c/a ratio and the oxygen positional parameter z,
change in such a way that the LiOg and CoOg octahedra tend
to become more similar under pressure in the geometrical
sense.

Total energy calculations performed within density func-
tional theory yield pressure-induced changes of structural
and elastic parameters in very good agreement with experi-
mental data. Deviations on the absolute scale are within the
margins usually encountered when comparing LDA and
GGA calculations with experiment (e.g., of the order £1% in
lattice parameters). A brief check of Kohn-Sham eigenvalues
calculated at two different volumes indicates that the band
gap of LiCoO, increases under applied pressure.

The pressure dependence of the two Raman-active modes
was also investigated. The pressure coefficients of the mode
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frequencies and the mode-Griineisen parameters were ob-
tained. While no anomaly is evident in the phonon frequency
shifts, a somewhat unusual behavior of peak widths and in-
tensities of both Raman modes is observed. The interpreta-
tion of width changes is believed to require a more system-
atic Raman study using single-crystal samples. The Raman
intensity changes may be related to the change in band gap
under pressure.

The fact that the layered form of LiCoO, is found to be
not susceptible to a pressure-driven structural instability or
cation redistribution leads us to suggest that pressure could
be an interesting parameter in the study of in-plane vacancy
ordering in delithiated Li,CoO, (x<1) and other layered co-
baltites. Also, staging phenomena®*? are expected to be sen-
sitive to pressure, similar to the well-established staging tran-
sitions in graphite intercalation compounds.

*Electronic address: k.syassen@fkf.mpg.de
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