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This paper reports an investigation of the pressure dependence of lattice-dynamical and dielectric properties
of CuAlQO, delafossite by means of Fourier transform infrared spectroscopy and ab initio calculations. The
availability of single-crystal and powdered samples allowed for an almost complete characterization of the
pressure behavior of polar phonons and dielectric function from the far-infrared to the near-ultraviolet spectral
range. The pressure-induced increase of the electronic contribution to the dielectric constant for polarization
perpendicular to the ¢ axis is fully accounted for by volume reduction, showing that the electronic polarizability
remains virtually constant under pressure. The behavior of the polar phonon contribution to the static dielectric
constant is more complex. The contribution of the high-frequency E:’ 1o mode (489 cm™"), with positive pressure
coefficient, slightly decreases under pressure. On the opposite, the contribution of the low-frequency Eft,TO mode
(143 cm™! at ambient pressure) largely increases as it becomes softer under pressure, leading to an overall
increase of the static dielectric constant. For polarization parallel to the ¢ axis, the electronic contribution is
insensitive to pressure. The polar mode A%, 1, (700 cm™") has positive pressure coefficient. Then, an overall

decrease of the static dielectric constant for polarization parallel to the ¢ axis is expected.
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I. INTRODUCTION

Delafossite structure compounds CuM;O, (My; = Al Ga,
In, Sc, Cr, Fe, etc.) have been intensively studied since the late
1990s, when they were identified as one of the first families
of performant p-type transparent conductive oxides (p-TCOs)
[1-4]. Even if, strictly speaking, they cannot be considered
as wide-gap materials [5,6], many delafossite thin films are
transparent in the near-infrared—visible-near-UV range and
have been used in transparent electronic devices, especially
in p-n heterojunctions with n-ZnO [7-9], UV light-emitting
devices [10,11], and also in photoelectrochemical [12] or pho-
tovoltaic [12,13] devices.

More recently, the interest in these materials has been
refueled by the multiferroic behavior of transition-metal de-
lafossites, like CuCrO,. While still presenting improved
p-TCO features [14], in these materials antiferromagnetic or-
der triggers ferroelectric [15] and ferroelastic [16] transitions,
giving rise to anisotropic magnon dispersion [17] and complex
magnon-phonon [18] or magnon-exciton [19] elementary ex-
citations. This complex multiferroic behavior has been shown
to allow for fine-tuning of electric polarization reversal by
electric or magnetic fields [20]. It has also been shown that
under high pressure they also exhibit a very complex multi-
ferroic phenomenology [21].
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The structural and lattice dynamical properties of delafos-
sites under high pressure have been widely investigated, as
reviewed in Ref. [22], by means of x-ray diffraction (XRD),
x-ray absorption (XAS), and Raman-effect experiments. De-
lafossite vibration modes of the rhombohedral polytype at the
I point (point group R3m) can be decomposed as I' = A;, +
Eq + 3Ay, + 3E,. Figure 1 shows the vibration schemes of
these zone center modes. Given the centrosymmetric character
of the space group, Raman scattering only yields information
on the pressure behavior of A, and E, even modes [23,24].

In contrast to the wealth of results on Raman experi-
ments found in the literature, infrared (IR)-active modes of
delafossite compounds have not yet been investigated. In
this paper we present an investigation on CuAlO, by means
of Fourier transform infrared (FTIR) reflectance and trans-
mittance measurements under high pressure. The quality of
experimental reflectance and transmittance spectra at different
pressures allows for fits of theoretical models yielding the
wave number of the oo and o1 IR-active modes and their
pressure dependence. Fits also yield a good estimation of
the static- and electronic dielectric constants. On the other
hand, in some configurations, the mirrorlike sample interfaces
create a well-defined Fabry-Perot cavity. In these cases, in-
terference fringe patterns are observed both in the low- and
high-frequency sample transparency range. This allows for

©2024 American Physical Society
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FIG. 1. Delafossite CuAlO, normal modes. White, light-gray, and dark-gray spheres correspond to O, Cu, and Al atoms, respectively.
Wave numbers o are given in cm™! and pressure coefficients in cm™!/GPa.

a precise determination of the frequency-dependent optical
path and, consequently, of the refractive index and dielectric
function dispersion. This technique provides an independent
determination of the static- and electronic dielectric constants,
yielding a supplementary self-consistence test for the set of
physical quantities investigated here.

The experimental setups and calculation methods are
described in Sec. II. Experimental results are presented, in-
terpreted, and discussed in Sec. III, which is divided into
subsections, each one devoted to results of different physical
parameters and their pressure dependence. We first present
and discuss, in Sec. Il A, the results at ambient pressure,
as they involve all physical quantities whose pressure depen-
dence is the object of this paper (TO/LO polar phonons and
static dielectric constants). Then, in Sec. III B, we discuss
the pressure dependence of the refractive index, from which
the pressure dependence of the electronic contribution to the
dielectric constant is obtained. It is worth stressing that this
technique (based on interference fringe patterns) provides us
with an independent parameter to check the consistency of
the different methods. In Sec. IIIC, we discuss the pressure
dependence of the static dielectric function. The fact that
its decrease under pressure in the far-infrared (FIR) range
seems to be inconsistent with the Lyddane-Sachs-Teller re-
lationship reveals the role of the low-frequency E! mode. In
this subsection we show that the E! mode softening under
high pressure is the key to give a consistent account of the
pressure dependence of the dielectric function. The pressure
dependence of the high-frequency E" modes is then presented
and discussed in Sec. I[IID. The pressure evolution of single-
crystal transmission spectra (that exhibit a series of absorption
peaks above the TO-LO opacity range) is the basis to study the
pressure dependence of both the A’gu polar phonons and two-

phonon absorption processes (Sec. IIL E). In order to keep the
length of the paper reasonable, results of pellets are reported
and discussed in the Supplemental Material [25].

II. EXPERIMENTAL AND CALCULATION DETAILS

CuAlOQ; single crystals were grown from CuAl,04-CuO
melt by a slow cooling method from 1423 K in air, fol-
lowing the procedure described in Ref. [26]. This method
yields single crystals with different sizes. Platelets with typi-
cal dimensions of 200 x 200 x (10—30) um?, whose largest
surface is oriented perpendicular to the hexagonal c axis,
were chosen for high pressure experiments. Thicker single
crystals exhibiting larger faces nearly parallel to the c-axis
were selected for FTIR experiments at ambient pressure.

Polycrystalline CuAlO, was prepared by the ceramic
method. Stoichiometric amounts of Al,O3 and Cu,0 (99.995
and 99.9% pure, respectively) were milled and homogenized
during 2 h in a planetary mill using hexane as medium. The
mixture was calcined in a tubular furnace, under Ar-controlled
atmosphere, at 1100 °C for 12 h using high-purity alumina
crucibles.

Most of the experiments under high pressure were per-
formed at the Spectroscopy and Microscopy in Infrared using
Synchrotron (SMIS) beamline [27] in the French National
Synchrotron Facility (SOLEIL). High pressure was gener-
ated with a membrane diamond-anvil cell (MDAC) [28]. The
anvils consisted of Ilac diamonds with 500-um culet diameter.
The pressure chamber in the MDAC was defined by a hole
drilled in a previously indented Inconel steel gasket. The pow-
dered samples were mixed with a solid pressure-transmitting
medium (KBr or Csl), filling the pressure chamber with the
mixture. The proportion of delafossite powder can be changed
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in order to obtain thinner or thicker samples in terms of the
effective light absorption length. KBr was used for the 600—
6000-cm~! midinfrared (MIR) range and CsI was used for the
100-600-cm~! far-infrared (FIR) range. For crystalline sam-
ples either KBr or neon were used as pressure-transmitting
medium. Pressure was systematically measured before and
after the acquisition of each spectrum using the fluorescence
emission of a ruby chip [29,30].

The SMIS optical setup used a NicPlan IR microscope
coupled to an FTIR spectrometer (Thermo Nicolet Magma
560). The microscope was operated in confocal mode, using
a 32x infinity-corrected Schwartzschild objective (numerical
aperture 0.65) and a matching tenfold condenser. Two dif-
ferent IR detectors were used. A Cu-Ge bolometer (Infrared
Laboratories) cooled to liquid He temperature was used in
the FIR range, which allowed for an effective spectral range
between 100 and 600 cm™'. A mercury-cadmium telluride
(MCT) detector was used for the MIR range, with spectral
range from 600 to 6000 cm™'. Typically, the spectral reso-
lution was set to 1 cm™! and up to 256 scans per spectrum
were accumulated and averaged. Given the high brilliance
of the synchrotron radiation, the beam size can be set down
to 15 x 15um? at the focal point, allowing the study of far
smaller samples than those used in a laboratory setup with
an IR Globar source. In transmittance experiments, thanks to
the small but bright synchrotron infrared beam, the reference
beam was measured at each pressure through the diamonds in
the void space next to the sample. In reflectance experiments,
we took the reference spectrum using the metallic surface of
the gasket as a mirror.

In a second set of experiments on monocrystalline samples
we used a home-built FTIR setup, described in Ref. [31],
operating in the mid-IR region (400-6000 cm™!). The setup
consisted of (i) a commercially available FTIR module
spectrometer (TEO 400 FTIR Module by Interspectrum), in-
cluding a Globar IR source and a Michelson interferometer,
and (ii) an all-reflecting optical bench, including a DAC stage
and a MCT IR detector.

Total energy simulations without thermal contributions
were performed with first-principle calculations carried out
within the framework of density-functional theory [32], us-
ing the Vienna Ab initio Simulation Package [33], VASP. In
our study we used the projector augmented-waves pseudopo-
tential [34,35]. A plane-wave energy cutoff of 550 eV was
used to ensure highly converged results. The k-special point
sampling of the Brillouin zone (BZ) was performed using
a 6 x 6 x 6 dense grid to obtain highly converged results.
The exchange-correlation energy was described using the
generalized gradient approximation, with the Perdew-Burke-
Ernzerhof for solids (PBEsol) functional [36].

At selected volumes, the unit-cell parameters and the
atomic positions were fully optimized to obtain the relaxed
structures, imposing that the forces on the atoms were less
than 0.003 eV/;\, and deviations of the stress tensors from a
diagonal hydrostatic form were lower than 0.1 GPa.

Lattice-dynamic calculations of the phonon modes were
carried out at the zone center (I" point) of the BZ with the
direct force-constant approach using the PHONOPY package
[37]. These computations provided not only the frequency
of the normal modes, but also their symmetry and polar-

ization vectors. This allowed us to identify the irreducible
representations and the character of the phonon modes at the I"
point. To calculate the LO/TO splitting we used a 2 x 2 x 2
supercell to include the nonanalytical-term corrections [38],
using density-functional perturbation theory [39] to obtain the
dielectric tensor and the Born effective charge tensor.

III. RESULTS AND DISCUSSION

A. Polar phonons and dielectric function of
CuAlQ; at ambient conditions

In order to model the experimental reflectance spectra,
including the interference pattern, we used the factorized form
of the dielectric function proposed in Refs. [40-42],

2 .
— 0" — lejLOU

J=N 2
OpiLo
Sp(a) = Epe 1_[ 5 > T s
=1 apTO — 0 — Ul p;T00

ey
where o stands for the wave number and N for the number of
polar modes in the explored spectral range; p stands for the
light polarization conditions (L, ||), perpendicular or parallel
to the ¢ axis; &, is the electronic dielectric constant, 6,;t0/L.0
are the TO and LO frequencies of the polar mode j, and
I"pjto/L0 are their associated damping coefficients. Given the
optical absorption selection rules for the 3m point group, the
phonon frequencies for polarization perpendicular (parallel)
to the ¢ axis correspond to the E, (A,,) IR-active phonons.

Figure 2(a) shows the reflectance spectrum of two CuAlO,
platelets at ambient conditions, in the Reststrahlen spectral
range associated with the E" phonon, for polarization per-
pendicular to the ¢ axis. Samples were held in air in ambient
pressure studies. Each spectrum was taken in one of the IR
spectral ranges described in Sec. II (red symbols in the FIR
range and black symbols in the MIR range). The spectra
exhibited interference fringe patterns on both sides of the
high-reflectance interval between the TO/LO modes. From
the real and imaginary parts of the dielectric function given
by Eq. (1), for p = L, the refractive and extinction indexes
were calculated and introduced in the theoretical expression
of the reflectance, at normal incidence, of a dielectric slab
between two different media developed by Heavens [43]. The
value of the electronic dielectric constant for polarization
perpendicular to the ¢ axis was taken from Ref. [44]. The
interference fringe pattern in the MIR range allowed for an
accurate determination of the sample thickness by using the
refractive index dispersion (also taken from Ref. [44]) (see
Note [45]).

Table I includes all parameters used to calculate the re-
flectance [dashed lines in Fig. 2(a)]. The difference between
the values of polar phonon frequencies and static dielectric
constant obtained here and those reported in Ref. [44] sim-
ply reflected the fact that interference fringe measurements
in Ref. [44] were limited to the midinfrared spectral range
and only the product 8()0’%0 could be determined. It should
be stressed that in the present results, the interference fringe
pattern in the FIR range conveys supplementary relevant in-
formation, providing further self-consistency to the physical
parameters given in Table I. Please note that the amplitude
of the oscillations depended on extrinsic factors such as the
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FIG. 2. Reflectance spectra at ambient conditions of differ-
ent CuAlO, single-crystal samples in both FIR and MIR ranges:
(a) two platelets with polarization perpendicular to the ¢ axis
and (b) a mirrorlike thick sample for both light polarizations
parallel- (sample slightly tilted though) and perpendicular to ¢
axis). The dashed lines represent a fit using a dielectric function
oscillator, plus that of the interference pattern within the platelet

[in (a)].

optical quality of the surface and was not relevant to the
discussion of optical parameters.

Figure 2(b) shows the polarized light reflectance spectra
of a thick CuAlO, single crystal with a mirrorlike surface
nearly parallel to the ¢ axis. By rotating the polarizer it was
possible to identify the direction for which the incident beam
was polarized perpendicular to the ¢ axis. When rotating the
polarizer 90 °, the reflectance spectrum was dominated by the
response of the Agu phonon. However, it was not possible
to completely eliminate the E, contribution, indicating that
the selected sample face is not strictly parallel to the ¢ axis,
but slightly tilted with respect to it. The normal incidence
reflectance on the oblique face (at an angle 6 to the ¢ axis)
can be calculated from the effective dielectric function [46]:

1 cos’0 n sin%0 @
gg(o) e1(o)  ¢g(o)

Dashed lines in Fig. 2(b) have been calculated using
Egs. (1) and (2), with & = 90° for s polarization conditions
and = 8° and 0 = 14° for samples M3 and M4, respec-
tively, with the parameters listed in Table 1.

The pressure dependence of the polar phonons’ frequen-
cies will be determined in Sec. III D by fitting the calculated
reflectance to the experimental reflectance spectra at different
pressures. Obtaining reliable values of the phonon frequen-
cies through this method requires limiting the number of free
parameters, which can be done by determining the pressure
dependence of some of them by a different technique. This
is the case of the electronic contribution to the dielectric
function, whose pressure dependence will be determined in
Sec. III B from the pressure evolution of interference fringe
patters in the NIR-VIS range. This involves an accurate de-
termination of the electronic dielectric function at ambient
pressure that is presented and discussed in Sec. SM-I of
Supplemental Material [25] The dispersion of the dielectric
function was determined from the interference fringe pattern
of a thin sample and interpreted through the Phillips—van
Vechten model [47,48] including the contributions of the Penn
gap [49] as well as the contribution of a direct exciton. Results
were shown to be consistent with ab initio calculations by
Kumar and coworkers [50].

TABLE I. Dielectric constants, frequencies, and damping coefficients of selected polar normal modes in CuAlQO,.

Sample in this

work or d 010 oL0 I'ro o
reference (um) 0 £0o (cm™1) (cm™h) (cm™h) (cm™h)
M1 17.7£ 0.1 9.4+0.1 5.1£0.1 489 £ 2 666 + 5 3.0+£0.5 8+1
Plc M2 29.1 £0.1 9.340.1 5.1£0.1 489 £ 2 661 £5 3.0£0.5 10£+1
M3 9.340.1 5.1+£0.1 489 +£2 661 £5 3.0£0.5 11+1
M4 9.3+0.1 5.1+0.1 487 £ 2 659+ 5 3.0+£0.5 1141
E:’ Ref. [43] 13.1 £0.1 7.7+0.8 5.1+£0.1 550 £25
Theor. Ref. [24] 532 45 645+ 6
Ref. [43] 3.6 0.1
File M3 55+0.1 3.6+0.1 700 £+ 10 865 + 10 20+ 2 20+2
M4 5.6+0.1 3.6+0.1 700 £+ 10 869 £+ 10
Agu
Theor. Ref. [24] 737+ 7 874 +9
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FIG. 3. CuAlO; refractive index for polarization perpendicular
to the ¢ axis at 0 and 21.2 GPa, including experimental points and
also best fits obtained with a Penn gap and exciton contribution.
Inset: pressure dependence of the electronic dielectric constant &.
The dotted lines represent a linear fit (black), an EOS calculated fit
(red) assuming a pressure dependence only determined by volume
decrease under pressure, and ab initio calculations (blue).

B. Pressure dependence of the electronic dielectric function

Figure 3 shows the refractive index for polarization perpen-
dicular to the ¢ axis at ambient pressure and at 21.2 GPa, as
obtained from the interference fringe pattern at both pressures.
As it can be seen in the figure, the refractive index increased
with pressure in the whole explored spectral range, including
the strong dispersion high-energy interval associated with the
CuAlO, direct band gap (between 400 and 600 nm). The
exciton peak responsible for the strong dispersion in the high-
energy limit has been shown to shift to higher energies under
high pressure [6], with a pressure coefficient of 2 meV/GPa.
As a consequence, the exciton contribution to the refractive
index should also have shifted to higher photon energies. If
one assumed that the exciton peak width did not change under
pressure, its blueshift would have resulted in a small negative
contribution at a given wavelength. This did not appear to be
the case, and indicated that in spite of the exciton blueshift, the
exciton contribution increased under pressure. This was the
expected behavior, given that as shown in Ref. [6], the indirect
gap of CuAlO; had a pressure coefficient of 15 meV/GPa.
Therefore, the energy difference between the direct and indi-
rect gaps decreased from about 0.5 eV at ambient pressure to
about 0.2 eV at 21.2 GPa, which indicated that the resonant
character of the exciton decreased under pressure, and led to
an increase in its absorption intensity.

In order to evaluate the behavior of the different contribu-
tions, we have calculated the dielectric function at different

200

150

2nd (um)

100

FIG. 4. The optical-path spectrum, unambiguously obtained
from the interference fringe pattern in the reflectance spectra, de-
creases with pressure in the whole spectral range. Fringes are
shown in the inset with an evident blueshift for different increasing
pressures.

pressures using Eq. SM(2) [25]. The plasma frequencies at
each pressure have been scaled to the dipole density given by
the equation of state (EOS) of CuAlO; [51]. The exciton peak
energy at each pressure was determined from the pressure
coefficient of the direct gap [6]. The best fit was obtained
by keeping the Penn gap unchanged and linearly decreasing
the exciton width as the pressure increased. Table SM-I [25]
shows the parameters used to calculate the dielectric function
(refractive index) at 21.2 GPa through Eq. SM(2). The result
is plotted as blue line in Fig. 3.

The inset of Fig. 3 shows the pressure dependence of the
electronic contribution to the static dielectric constant. The
dotted black line is a linear fit. The dotted red line corresponds
to the calculated value on the assumption that the pressure
dependence is determined only by the volume decrease under
pressure. The fact that within the experimental errors, the
red line reasonably fit the experimental results indicated that
the pressure dependence of the electronic dielectric function
was mainly determined by the positive contribution of the
increased dipole density (arising from the volume decrease).
It could be inferred that the overall electronic polarizability re-
mained practically unchanged under high pressure. In terms of
electronic transitions, the pressure behavior of the electronic
polarizability was accounted for by the pressure behavior of
the intense direct transitions that contributed to the imaginary
part of the dielectric function. It seemed reasonable to assume
that the slight decrease associated with the blueshift of the
direct absorption around 3.5 eV was compensated by a slight
redshift of the Penn gap.

C. Pressure dependence of the static dielectric constant:
Effect of E, low polar phonon

As previously discussed when commenting on the
low-frequency interval of Fig. 2(a), pressure effects on
the interference fringe pattern in the reflectance spectrum
convey relevant information about the pressure behavior of the
dielectric function. The inset of Fig. 4 shows that as pressure
increases, the maxima and minima of the reflectance spectrum
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shift to higher frequencies, indicating a pressure-induced
decrease of the optical path. The interference order can be
unambiguously determined, which allows for a precise deter-
mination of the optical-path spectrum at different pressures,
as shown in Fig. 4. Two relevant pressure effects are observed.
First, as pressure increases there is an overall decrease of the
optical path in the whole spectral range. Second, the high
dispersion interval associated with the E,f (TO) phonon shifts
to higher frequencies, consistently with the positive pressure
coefficient of this phonon mode, as shown in the inset.

Let us start the discussion with an estimation of the
pressure-induced decrease of the optical path in the low-
frequency range. At 300 cm™!, the experimentally measured
optical path decreases by 28% between ambient pressure and
28 GPa. Given the value of the material compressibility along
the ¢ axis (8.3 x 107*GPa™!) [51], the sample thickness re-
duction would account only for a decrease of 2.3%. This
would imply a decrease of the refractive index by more than
25% and then, a decrease in the dielectric constant by more
than 50% between ambient pressure and 28 GPa. As shown
in the previous section, the electronic dielectric constant in-
creased under pressure. At ambient pressure the electronic
contribution to the static dielectric constant makes up about
50% of its value (see Table I). Then, to give account of a
decrease of the total static dielectric constant by 50% the con-
tribution of the E" polar phonon to it should decrease down
to a vanishingly small value. Apart from being physically
unlikely, this hypothesis is not consistent with the Lyddane-
Sachs-Teller relationship.

These apparently inconsistent results may be explained by
taking into account the behavior of the E! phonon (149 cm™!
at ambient pressure). As shown below, this phonon softens
and becomes more polar under pressure. We will show that
this behavior accounts for most of the observed decrease of
the optical path in the low-dispersion range (from 200 to 400
cm~! in Fig. 4).

Owing to the use of different filters, the spectrum of
the IR signal in the synchrotron beamline exhibits many
absorption peaks in the frequency range around the Ei
phonon. Slight instabilities of the electron beam during a
set of measurements can change the intensity of those peaks
in the sample-transmitted intensity (with respect to their
intensity in the direct beam reference spectrum). As a con-
sequence, the E! signature, which is clearly observed in the
sample-reflected intensity spectrum, can be distorted in the
normalized reflectance. For this reason, Fig. 5 presents the
spectrum reflected by the sample, without normalization. A
transmission minimum, which clearly correlates to the re-
flectance structure, is also observed in the sample transmission
spectrum (not shown). The contribution of the Ei phonon to
the sample reflectance could be calculated through Eq. (1)
using the E! phonon parameters. In order to compare with
the experimental one, the calculated spectrum is multiplied
by a smoothed Iy spectrum (a polynomial fit to the IR
beam intensity not including the filter absorption peaks). As
shown in Fig. 5, the reflectance structure associated with
E! shifts to lower energies and becomes more intense as
pressure increases. As we have not been able to perform a
proper normalization of the spectra in Fig. 5, the informa-
tion obtained from simulating the reflectance is limited. We

05 I 1 T 1
®  Exp.3.1GPa CuAlO, E, ,, 300K
0 ---- Fit. 3.1 GPa '
A4 m Exp. 250GP .
---- Fit25.0 GPa ,‘f "
:(LT /
'c
>
g
<
_n:

100 120 140 160 180
c (cm‘1)

FIG. 5. Symbols: Intensity reflected by the sample without nor-
malization so as to evidence an E! phonon-mode feature around
150 cm ™" at two pressures: 3.1 GPa (red) and 25 GPa (blue). Dashed
lines: calculated fit using a dielectric oscillator function. This E!-
related feature redshifts and increases its intensity with pressure.

propose a different, more fundamental approach, to extract
information about the pressure behavior of the E! mode.
Figure 6 shows the pressure dependence of three features of
the sample reflection and transmission experimental spectra
(reflection minimum, reflection maximum, and transmission
minimum), as well as the ab initio calculated pressure de-
pendence of the E! TO and LO phonons. The calculated E!
LO mode closely follows the behavior of the reflectance min-
imum, as expected. The slope of the calculated E! TO mode
corresponds to that of the transmittance minimum. We there-
fore attribute the pressure dependence of the transmittance

160 T T 1 ]
ir‘:—‘f'*};“’o— __o~-~—o—‘(.:,liAI02 Euow 300K
< [ g,
- |  ® s Rmax [ gl -
S B0  Rmin (lin. fit) . "
© —— & R max (lin. fit)
120F ® o&T min 7
==== & T min (lin. fit)
110 L —-0-= EU, oy LO (ab-initio) _
—0-= EU,y o, TO (ab-initio)
100 L : ' !
0 5 10 15 20
P (GPa)

FIG. 6. Pressure dependence of three features of the sam-
ple reflectance and transmittance experimental spectra (reflection
minimum, reflection maximum, and transmission minimum): ex-
perimental values, linear fits, and ab initio calculated pressure
dependence of the E! TO and LO phonons. Both phonons become
softer under pressure with a larger coefficient for the TO frequency,
indicating it becomes more polar under pressure.
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FIG. 7. The dielectric function of CuAlO; at three different pres-
sures, including the effect of both E, phonons, as calculated through
Eq (1) (dashed lines; see text) in good agreement with experimental
points (symbols) obtained from the interference fringe patterns. The
figure also shows the calculated dielectric function when the contri-
bution of E; is not taken into account (continuous lines). The ab initio
calculations are performed without thermal contribution.

minimum to the E! TO mode. A summary of the wave num-
bers and pressure coefficients obtained is given in Fig. 1. From
this analysis we conclude that both the TO and LO phonons
become softer under pressure, but the TO frequency decreases
with a larger absolute coefficient, clearly indicating that the
phonon becomes more polar under pressure. The increase in
polarity is crucial in describing the behavior of the dielectric
functions, as explained below, and supports our analysis.

In order to get a quantitative account of the effects of the
E! phonon in the dielectric function, the corresponding term
must be included in Eq. (1), with N = 2 (j = 1 corresponding
to E!, and j = 2, corresponding to E). Figure 7 shows the
dielectric function of CuAlO, at three pressures, including
the effect of both E, phonons, as calculated through Eq. (1).
The experimental points obtained from the interference fringe
pattern (Fig. 4) are also shown in order to point out the good
agreement. Figure 7 also shows the calculated dielectric func-
tion when the contribution of E! is not considered (continuous
lines). As expected, for lower wave numbers, it tends asymp-
totically to a constant value and does not fit the experimental
values. This result shows that both the large decrease and
dispersion of the dielectric function in the 200—-400-interval
can be quantitatively accounted for by taking into account the
pressure behavior of the E! phonon.

It should also be noticed that, as expected, for frequencies
larger than about 80% of the E ,ﬁ' TO frequency the contribution
of the E! phonon to the dielectric function becomes irrelevant
and it is not necessary to include it in the calculation.

D. Pressure dependence of the E, high
polar phonons: Reflection

The pressure dependence of the LO and TO modes of Elﬁ'
phonon has been determined from fits to the reflectance spec-
tra of several samples in different experiments, in both FTIR

. 250
120 F ' ' :; | '
I
100 + = 2nd (Exp.) ,II- | 200
_ -~~~ 2nd (Fit) s
[0 | —— Reflectance (Exp) -
= - --—- Reflectance (Fit) ‘-i" | 150 i
: 60 71 300K >
Z 1 52GPa J 4100 &
x 40 I{
| !
450
20 ¥ '1; I] |
4 vy l\ f (\f L \\
0 \/ LN vy ! 1 Bindts Tt 0
200 300 400 500 600

FIG. 8. Experimental reflectance spectrum of a sample at 5.2
GPa, measured at SMIS, using Ne as PTM. The oscillations in the
range 200-500 cm™' are an interference fringe pattern originated
within the sample that allows for a precise determination of the
optical path (second) at the reflectance maxima and minima. The
fit to the reflectance (dashed red) is confirmed by the fit to the
experimental optical path second (dashed blue).

experimental setups (SMIS beamline and in-house) described
in Sec. II.

Both setups have spectral range limitations owing to the
IR detectors and IR filters used in each one. The FIR setup
in the SMIS beamline is limited to the range between 100 and
700 cm ™! for the FIR range and 600 to 6000 cm ™' for the MIR
range, while the in-house setup does not provide any reliable
signal below 500 cm~!.

Figure 8 shows an example of fit to the experimental spec-
trum of the sample at 5.2 GPa, measured at SMIS, using
Ne as pressure-transmitting medium (PTM). Given the large
refractive index of CuAlO, in this spectral range, the PTM-
sample-PTM Fabry-Perot cavity determines the interference
fringe pattern between 200 and 500 cm™!, allowing for a pre-
cise determination of the optical path (2nd) at the reflectance
maxima and minima. Both the fit to the reflectance (red dashed
line in Fig. 8) and the fit to the experimental optical path (blue
dashed lines in Fig. 8) were calculated with the same parame-
ters, confirming the previously mentioned self-consistence of
the fitting procedure.

Figure 9(a) shows an example of fitting to the experimen-
tal reflectance measured at SMIS in the MIR range. In this
configuration, the interference fringe pattern above the LO
frequency contains contributions of two Fabry-Perot cavities,
the sample itself, and the sample-PTM—diamond cavity, with
optical paths close to one another (resulting in a modulation of
the interference amplitude). Consequently, the fringe pattern
cannot be directly used to extract information on the sample
dielectric function. Nevertheless, it seems interesting to stress
that the fitting procedure can reproduce some features of
the interference in the interval just below the LO frequency
(through which the sample refractive index is very different
from the one of the PTM).

Figure 9(b) shows an example of fitting to the experimental
reflectance measured in the in-house setup. In this experiment,
a gold film was deposited on the back face of the sample. In
this way the reflected beam only contained contributions from
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FIG. 9. Two fitting examples: (a) to the experimental reflectance
measured at SMIS in the MIR range. The amplitude-modulated
oscillations above the E" TO frequency indicate that the interfer-
ence fringe pattern is originated both in the sample cavity and the
sample-PTM—diamond cavity, with similar optical paths, and (b) to
the experimental reflectance measured in the in-house setup, with a
sample with a gold-film deposition on the back face, to include only
contributions from the sample cavity.

the diamond-sample and sample-gold interfaces. Then, the
interference fringe pattern from the sample was not perturbed
by the back Fabry-Perot cavity at the DAC pressure chamber
(sample-PTM—diamond cavity), as shown in Ref. [52]. In this
configuration the reflectance was also calculated through the
theoretical expression developed by Heavens [43], including
(for the back medium) the dielectric function of gold as mod-
eled in Ref. [53].

O'Ig,Au (3)

enn(0) = 1—
where opa, was the effective plasma frequency of gold
(68150 cm™!) and T" the electron relaxation frequency (3280
cm™"). This model correctly accounted for the observed inter-
ference fringe pattern. It is relevant to notice that the position
of the maxima and minima was modified by the phase shift
induced by the sample-Au interface (with respect to their
position in the reflectance spectrum of a sample without a gold
back coating).
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FIG. 10. Pressure dependence of the E/ TO-LO phonon frequen-
cies. Experimental points for different sets of samples with their
linear fits yielding pressure coefficients 4.6 + 0.2 cm~!/GPa for E!
(TO) and 3.4+ 0.1 cm~'/GPa for E;’ (LO). The results of the ab
initio calculations are also depicted, showing an overall underesti-
mation of the EZ’ polar character, i.e., overestimate (underestimate)
of TO (LO) mode frequencies. The complete linear regression results
are included in Fig. 1.

Figure 10 shows the pressure dependence of the TO and
LO E! phonon frequencies. Both frequencies exhibit a linear
behavior, with pressure coefficient 4.6 + 0.2 cm~!/GPa for
E, TO and 3.4 4+ 0.1 cm~!/GPa for E, LO. Figure 10 also
shows the results of the ab initio calculation that overestimate
the frequencies of the TO mode and slightly underestimate
the frequencies of the LO mode, resulting in an overall un-
derestimation of the polar character of this phonon mode.
As regards the pressure dependences, ab initio calculations
slightly overestimate the pressure coefficient of E/ TO (4.8 &
0.1 cm~!/GPa) and largely overestimate the one of E,f LO
(4.6 £0.1 cm~!/GPa) (Fig. 1).

E. Pressure dependence of the A,, high polar phonons:
Transmission spectra of single crystals

Given the orientation of single crystal platelets used in this
paper, optical transitions related to A,, phonons are forbidden
for normal incidence conditions, as incident light is polarized
perpendicularly to the ¢ axis. Nevertheless, a closer look
at the transmission spectra shows that the situation is more
complex. Figure 11 shows the transmission spectra of several
CuAlO; single-crystal platelets at ambient pressure through
the spectral range above EL’,’ LO phonon frequency. These
spectra exhibit a series of absorption bands, whose intensity
clearly correlates to the sample thickness. It seems in principle
reasonable to assign them to second-order two-phonon ab-
sorption processes. This is certainly the case of band C, as it
is discussed in Sec. SM-III of the Supplemental Material [25].
Nevertheless, as we will show below, there are not IR-active
two-phonon combinations at the specific frequencies of bands
A’ and B’ that turn out to be very close to the frequencies
of Agu (TO and LO) phonons (see Fig. 1 and Table I). The
fact that forbidden transitions are actually observed as weak
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FIG. 11. Transmission spectra of several CuAlO, single-crystal
platelets of different thickness through the spectral range above the
E!" LO phonon frequency, showing a series of absorption bands A’,
B’, and C' with intensities correlated to the sample thickness. They
can be assigned to the A%, (TO and LO) phonons and to a second-
order two-phonon absorption E, + E'(TO).

absorption peaks can be explained by considering the geom-
etry of Cassegrain reflective objectives. IR beams focused by
this kind of objective hit the sample surface at a small angle
from the surface normal. In such configuration, the beam
light propagating inside the sample includes a low-intensity
extraordinary beam, with a small proportion of light polar-
ized parallel to the ¢ axis, giving rise to a weak absorption
band. This interpretation is confirmed by the behavior of these
absorption bands under a sample rotation by a small angle
around an axis perpendicular to the optical axis of the setup.
The absorption intensity of these bands quickly increases as
the rotation angle increases, consistently with the fact that
rotating the sample increases the average incidence angle and
then the intensity of the extraordinary ray.

Figure S3 shows the pressure evolution of the transmittance
spectra of a single-crystal platelet (the 31.5-um-thick platelet
of Fig. 11) up to 12 GPa [25] The pressure dependence of the
frequencies of peaks A’, B, and C’ is shown in Fig. 12. This
figure also shows the theoretically predicted pressure depen-
dence of Agu (TO and LO) phonons. The pressure coefficients
of peaks A’, B', and C’ are 4.8 £ 0.1,5.3 £ 0.2, and 7.3 £ 0.3
cm™~!/GPa respectively (Table II). The pressure dependence of
peaks A’ and B’ closely matches the predicted pressure coeffi-
cients of Agu (TO and LO, respectively). Nevertheless, while

C''E, + I (TO’)./.’”.,O

1000
" ®
g Y
s’ B 21u(l;(2)_—0
900 e
‘TE £'°"’;;o’/o
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o)
800 | 1 (0
&——0—.".'.——...—_‘.
e
| W ¢ o/o//
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FIG. 12. Experimental frequency vs pressure (solid circles) of
features A’, B’, and C’ (in Fig. 11) and their linear fit (dashed lines)
that yield coefficients 4.8 £ 0.1 cm~!/GPa, 5.3 £0.2 cm~'/GPa,
and 7.3 £0.3 cm~!'/GPa respectively (Table II). The theoretically
predicted pressure dependence of the A4 (TO and LO) phonons is
also shown (empty circles with solid lines).

ambient pressure B’ frequency is very close to Agu LO, the
ambient pressure of both the theoretical values of Agu TO and
A’ are slightly larger than the experimental value measured in
Sec. IIT A (see Table I).

Results of the pressure dependence of the transmittance
spectra of CuAlO, pellets (which, as expected, exhibit the
absorption band associated with A% TO-LO phonon) fully
confirm the assignments of peaks A" and B’ in this section.
Those results are presented and discussed in Sec. SM-IV of
the Supplemental Material [25]. It is relevant to stress that
the lack of information on both the orientation of crystallites
in the powder and on the behavior of polar quasimodes [54]
prevents any attempt to obtain a quantitative model of the
transmission spectra.

The assignment of peak C' as an IR-active two-phonon
combination is discussed in detail in Sec. SM-V [25]. Based
on the direct product table of irreducible representations
(IReps) of the 3m point group [55], the IR-active two-phonon
combinations are identified and, from its frequency at ambient
pressure and pressure behavior, the C' absorption peak at 940
cm™! is assigned to the E, + E! double-phonon absorption.

TABLE II. Theoretical and experimental frequencies, pressure coefficients, and Griineisen parameters of CuAlO, A%, polar modes and
two-phonon absorption peak. Wave numbers are expressed i cm ™!, and pressure coefficients in cm™!/GPa.

Experiment Experiment
Theory (single crystal) (pellet)
o do /P do /P o do /oP
Agu,TO 7377 5.0+£0.2 A 721+ 1 48+0.1 B.C 694 + 1 4.8+0.1
At o 874+9 52402 B 869 +2 53+£02 F 872+12 4.74+02
E, + E,quO 920 £ 40 73+£03 (o 935+3 74+0.3 H 93713 7.30+0.3
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Finally, the behavior of the transmission spectra of the
“thin” pellet for pressures larger than 32 GPa suggests that
a phase transition is observed at around 32-34 GPa. This
issue is discussed in detail in Sec. SM-VI [25], taking into
account pressure inhomogeneity in the sample [56] and com-
paring with previous results on phase transitions observed
in CuAlO, and related materials through other experimental
techniques [23,57].

IV. CONCLUSIONS

In this paper we have investigated the pressure behavior
of polar phonon modes and dielectric properties of CuAlO,
delafossite by means of FTIR spectroscopy in diamond anvil-
cell and ab initio calculations. Results at ambient pressure
show that CuAlO, is a very anisotropic material in which the
E, and A,, contributions to the dielectric response occur in
different spectroscopic MIR intervals through which the ma-
terial has hyperbolic behavior, type II (from 490 to 660 cm ')
and type I (from 700 to 870 cm™!). The electronic dielectric
function at ambient pressure for E L ¢ could be determined up
to the UV range (370 nm). To give quantitative account of
the large dispersion in the UV range, a significant excitonic
contribution had to be taken into account. Under high pressure
a linear increase of the static electronic dielectric constant (for
E1c) was observed. This effect is fully determined by the
sample volume decrease, indicating that the electronic polar-
izability of CuAlO; for E Lc does not change under pressure.

The pressure behavior of the polar phonon contribution to
the static dielectric constant was shown to be quite complex.
In the spectral range between E' and E!* phonons the dielectric
function for E Lc exhibits an anomalously large decrease, in-
compatible with the Lyddane-Sachs-Teller relationship. This
behavior is shown to be the result of the opposite pressure
behavior of those phonon modes. While the £/ mode (with a
large positive pressure coefficient) becomes less polar under
pressure, the E! mode (with a negative pressure coefficient)
becomes more polar under high pressure. The static dielectric

constant increases under pressure, in spite of the decrease of
the E,f contribution, due to the increase of the electronic and
E! phonon contributions. For polarization parallel to the ¢
axis, the electronic contribution is expected to be very insensi-
tive to pressure. Given that both AgM’TO (700 cm~!) and AlZu,TO
(430 cm™!) phonons have positive pressure coefficients, an
overall decrease of the static dielectric constant (E || ¢) is
expected.

In addition, a relatively intense absorption peak was ob-
served at 935 £+ 3 cm™!, with a pressure coefficient of 7.4 &
0.3cm~! GPa~!. Based on its frequency and pressure co-
efficients the peak was assigned as an IR-active E, + E!
two-phonon absorption.

Finally, the pressure dependence of the absorption features
associated with modes E.f,Lo and Agu,TO’ Agu’ Lo up to 40 GPa,
exhibit anomalies around 32 4 2 GPa that can be reasonably
attributed to the occurrence of crystal phase transition to
the high-pressure phase, previously detected through Raman,
XRD, and XAS experiments under high pressure.
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