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Abstract. The effects of pressure in electronic and vibrational properties of the double
perovskite CaCu3TisO12 have been investigated in the 0-25 GPa range by optical absorption
and Raman spectroscopy. Besides a full structural characterization, we aim at unveiling whether
the ambient Im3 crystal structure is stable under high pressure conditions and how its giant
dielectric permitivity and electronic gap varies with pressure. Results show that there is evidence
of neither structural phase transition nor metallization in CaCusTisO12 in the explored pressure
range. We have observed the eight Raman active modes associated with its Im3 crystal phase
and obtained their corresponding frequency and pressure shift. Moreover, the direct electronic
band gap (2.20 €V), which is mainly associated with the oxygen-to-copper charge transfer states,
increases slightly with pressure at a rate of 13 meV GPa ™! from 0 to 10 GPa. Above this pressure
is almost constant (E; = 2.3 €V). The results highlight the high stability of the compound in
its Im3 phase against compression.

1. Introduction

CaCu3TigO12 (CCTO) is a double perovskite oxide which acquired interest due to its giant
dielectric permittivity (16000-18000) at ambient conditions [1, 2, 3]. Actually, it is not only at
room temperature, but its permittivity remains almost constant over a wide temperature (100-
700 K) and frequency (0-10° Hz) ranges [4]. The origin of its unexpected huge dielectric constant
is still a mystery for which many models have been proposed [1, 2, 3, 4]. Recent studies relate
this behavior to extrinsic factors such as defects and the creation of barrier layer capacitances at
twin boundaries [1]. First-principles DFT calculations suggest that it could be related to lattice
effects [5, 6], however, the obtained permittivity is much lower than the observed experimentally.
Experiments on thin films of CCTO showed a low frequency permittivity of about 108 [7], that
supports the hypothesis of extrinsic defects as the main cause for the giant dielectric constant.
Furthermore, the observation of small length scale twinning in CCTO single crystals [1] is also
consistent with this hypothesis.

CCTO belongs to the family of ACu3TiyO12 (A = Ca, Sr, Ba, Biy/3, Yo/3, Lag/3) double-
perovskite-type oxide [1], space group Im3 at ambient conditions, where Ca?* and Cu?* ions are
ordered on site A, and Ti** is located on site B of the ABOj3 perovskite structure. Interestingly,
Cu?* shows a Jahn-Teller distortion tilting the TiOg octahedra. Thanks to the double perovskite
structure, this material accommodates both Ti** and the open-shell Cu? in the lattice sites
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providing, respectively, photocatalitic and electronic gap reduction in this material. In addition,
its high dielectric permittivity makes it promising for microelectronics. Since TiOs is an efficient
UV-active photocatalyst and CuO is an efficient visible light absorber, the combination of both
in the same crystal structure enhances its visible light photocatalytic activity [8]. Also, CCTO
shows a polycrystalline porous nanostructures being of interest for gas and biochemical sensing.
The application of pressure to CCTO allows us to explore phase stability and how it affects
its mechanical, electrical and optical properties. We are interested in the pressure-dependence
of Raman modes to clarify the vibrational structure of this compound. Previous Raman [9, 23],
x-ray diffraction [9], electrical condutivity as a function of temperature and pressure together
with DFT calculations [22] report contradictory results about phase transformation and pressure-
induced metallization deserving clarification. Firstly, studies in the 10 and 600 K range [4] or as
a function of pressure (up to 5.3 GPa [9] or up to 20 GPa [23]), reported different Raman mode
structure and associated frequencies. Secondly, there is a lack of consensus about structural
transformations induced by pressure. Whether pressure induces a cubic (Im3) to rhombohedral
(R3) phase transition around 3-4 GPa as predicted by DFT following a metallization (gap
closure) between 6 and 7 GPa [22], or there is an iso-structural phase transition between 8 and
9 GPa as deduced by Raman spectroscopy in the 0-20 GPa range with no sign of metallization
[23]) are contradictory results deserving clarification.
Our main goal is to investigate on the stability of the the ambient-pressure cubic phaselm3
together with the behavior of the electronic gap under high-pressure conditions. An important
aspect is to use single-phase synthesized CCTO samples, enabling to measure the band gap
as a function of pressure and check whether it reduces with pressure yielding metallization, or
remains insulator from 0 to 25 GPa.

2. Experimental

CCTO powder has been synthesized by the solid state reaction method [10, 11] using CaCOs,
CuO and TiO; as precursors. The precursors have been air milled for 24 h, using a planetary
mill equipped with a container and balls made both of zircon, and operating at 250 rpm with
a ball ratio of 1/10. The resultant powder was then pressed into pellets under 5-ton loading
(about 0.5 GPa). In order to get an homogeneous structural sample, the pellet was subjected
to a thermal treatment in air using an electrical oven. The method consisted of heating the
sample slowly (3 °C/min) up to 500 °C for 2 h. Then, it was heated again (3 °C/min) up to
850°C for 1 h, following a further heating (4 °C/min) up to 1100 °C, at which temperature
the sample was annealed for 24 h. After this treatment the sample was cooled gradually down
to room temperature. The structure at ambient pressure, Im3 space group, was checked by
powder X-ray diffraction (XRD) using a Bruker D8 diffractometer, and analyzed by a TOPAS
software. The obtained powder x-ray diffractogram was accounted for on the basis of a cubic
structure (Im3 space group) with a cell parameter a = 7.394(2) Aat ambient conditions. No
sign of impurities and other phase formation was found within the experimental uncertainty.

We used a four-post diamond anvil cell (DAC) and a membrane DAC for optical absorption
and Raman spectroscopy. 200-um-thick Inconel 625 gaskets were preindented to reduce thickness
down to 40 ym. Then, suitable 200- um-diameter holes were perforated with a BETSA motorized
electrical discharge machine. Spectroscopic paraffin oil (Merck spectroscopic grade) was used
as pressure transmitting media. It must be noted that according to the ruby line broadening,
nonhydrostatic effects were significant in the explored range, as previously reported [12].

The diffuse reflectance spectra were obtained using a Cary 6000i UV-Vis-NIR spectropho-
tometer equipped with an integrating sphere over the 200-1700 nm range. Since the CCTO is
almost black, for room temperature optical absorption, we made a thin pellet by pressing the
powder in the DAC. This way allows us to get measurable transmitted light through the sample
for absorption under high-pressure conditions. The experimental setup for optical absorption
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Figure 1. a) Pressure dependence of the Raman spectrum of CCTO. The spectra show the
eight peaks which are associated to the corresponding Raman active modes of the Im3 phase. b)
Variation of the vibrational frequencies with pressure for the eight Raman modes. The equations
obtained by least-squares linear fits to the experimental frequencies as w(P) = wy + (dw/dP)P,
in the I'm3 phase are shown. Frequencies and corresponding pressure rates and Griineinsen
parameters are collected in Table 1.

has been described elsewhere [13, 15]. Vis-NIR absorption data were obtained by using an
Ocean Optics USB 2000+ spectrometer and a NIRQUEST 512 spectrometer, respectively. The
Raman spectra were taken from the powder with a Horiba T64000 triple spectrometer using
the 514.5-nm line of a Coherent Innova Spectrum 70 Ar* -Kr* laser and nitrogen-cooled CCD
(Jobin-Yvon Symphony) with a confocal microscope operating with a Mitutoyo 20x and 50x
objectives.

3. Results and discussion
3.1. Raman spectra
Figure 1 shows the variation of the Raman spectrum of CCTO with pressure up to 18.3 GPa,
in this pressure range no phase transition was detected. Peak frequencies and mode assignment
are collected in Table 1. Mode assignment was done following previous measurements reported
elsewhere [4, 9]. We observe all eight Raman active modes expected for the Im3 phase. Peaks
at 244.1, 341.0, 442.0, 453.2, 514.9 and 520.7 cm™! correspond to TiOg rotation-like modes,
whereas peaks at 576.1 and 763.6 cm™! correspond to Ti-O-Ti anti-symmetric and symmetric
(breathing) stretching modes of the TiOg octahedron, respectively. The intensity of the Fy(1)
(244.1 cm™!) and E,4(1) (341.0 em™!) modes is too weak to get suitable values of their pressure
shift above 10 GPa. The A4(2) mode (514.9 cm™!) appears like the most prominent peak in
the Raman spectrum. Upon pressure, we detect another mode which appears as a shoulder of
the Ay(2) peak. Its blueshift pressure rate is faster than the A4(2) pressure rate (Figure 1).
We associate this shoulder to the E4(2) mode that can be clearly identified above 7 GPa. We
estimate a frequency of 520 cm~! at ambient pressure by extrapolating the linear fit w(P) to
Zero pressure.

From the pressure dependence of the Raman spectrum no evidence of structural phase
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Mode wy (cm™!) wg (em™) LDC (em™!) wg (em™!) ~ = (Ko/w) dw/dp
F,(1) - 292 280 244.1 1.16
E,y(1) - - 318 341.0 0.59
Ay(1) 444 445 428 442.0 0.73
F,(2) 453 4007 405 453.2 1.07
Ay(2) 510 511 512 514.9 1.17
Eg(Q) - 499 548 520.7 1.48
Fy(3) 576 575 574 576.1 1.09
F,(4) 761 - 708 763.6 0.90

Table 1. Raman mode frequencies and Griineisen parameters of CCTO (Im3 phase) measured
in this work, wp, compared with those obtained by Valim (wy) [9] and Kolev (wg) [4].
LCD corresponds to the calculated frequencies using lattice-dynamics methods [4]. Griineisen
parameters v were derived from the frequency and pressure coefficient values from Fig. 1 using
a CCTO bulk modulus of K¢ = 212 GPa (with fixed Kj = 4) [9)].

transition was found up to 18 GPa, thus stressing the stability of the Im3 phase in this range.
All Raman frequencies increase linearly upon increasing pressure, at rates ranging from 1.0 to
3.8 cm™! GPa~! (Table 1). It must be noted that previous works in CCTO [9] report a negative
pressure shift coefficient (o < 0) for the highest frequency F,(4) breathing mode at 763.6 cm™*
in contrast to the positive sign reported in this work (Fig. 1), which shows one of the highest
positive pressure shifts (o« = 3.4 cm™' GPa~!)). The existence of possible crystal instabilities in
previous works is likely but no information about it is provided in [9]. The Griineisen parameters
given in Table 1 have been obtained using a bulk modulus of 212 GPa [16, 9]. These values
for the stretching modes are close to 1 thus being consistently with other experimental and
calculated values typically reported for stretching modes. v values of 1.5 and 1.1 have been
derived for the highest stretching vibrations in TiOs using o and K values reported for rutile
[20, 21, 19] and anatase [17, 18], respectively. The slightly smaller v and higher frequency wy
measured in CCTO indicate that Ti-O bonds in CCTO are probably tougher than Ti-O bonds
in rutile and anatase TiOy phases.

3.2. FElectronic structure, reflectance and optical absorption

Figure 2 shows the diffuse reflectance spectrum of CCTO at ambient conditions, with F'(R) being
the Kubelka-Munk function (F(R)=(1-R)?/2R), with R(\) = I()\)/Io(\) being the integrated
reflectance signal. The spectrum shows a complex band structure which is basically related to
internal Cu?*t crystal-field excitations and O?~ to Cu?t charge-transfer (CT) transitions, and
band gap excitation involving Ti** conduction band states. In particular, we associate the band
at 1.5 eV to internal Cu®* (d — d) transitions within a square planar coordination (Dgy,). The
higher energy band, between 2 and 4 eV corresponds to CT transitions from O?~(2p) valence
orbitals to Cu?*(3d) intermediate band. Bands located above 4 eV correspond to band-gap
transitions (CT-like) to the Ti** (to, and ey; Op notation) conduction band states [8]. We
have explored the variation of the CT band-gap edge as a function of the photon energy in
detail by plotting [F(R) x E]|™ vs E in order to unveil the direct (n=2) —or indirect(n=1/2)-
type behavior of the absorption edge. The analysis indicates that both plots show a linear
dependence, providing gap energies of E,; = 2.09 eV for direct gap transition and E, = 1.42 eV
for indirect gap.
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Figure 2. Diffuse reflectance spectrum of CCTO at ambient conditions. The band below 2
eV corresponds to internal Cu?* (d — d) transitions (Dy;). The band between 2 and 4 eV
corresponds to CT transitions from O2?~(2p) valence orbitals to Cu?*(3d), and those above 4
eV correspond to band-gap transitions to the Ti"(ty, and ey; Op, notation) conduction-band
states.

We have also investigated the optical absorption spectrum of a DAC-pressed CCTO powder
sample near the band gap edge (Fig. 3), which is quite challenging due to its intense dark colour
(blackish) even working with 20um-thick samples. Nevertheless, this absorption-based method
provides more suitable data for band gap analysis and thus of the gap energy. At ambient
pressure, we measured a CT band gap of F;, = 2.2 eV for direct gap and E; = 1.6 eV for
indirect gap. It must be noted that there is a slight difference with £, values obtained through
the diffuse reflectance spectra. However, the absorption F; values are in good agreement with
those reported elsewhere [8]. Pressure measurements show that the CT band gap doesn’t vary
very much with pressure stressing the stability of the crystal structure and electronic band gap
from 0 to 25 GPa range. The direct band gap increases linearly at a rate of about 13 meV
GPa~! from 0 to 10 GPa, and remains almost constant in the 10 - 25 GPa range. This result
clarifies the electronic structure of CCTO, and shows that there is no CT band gap closure in
this pressure range, in contrast to expectations on the basis of DFT results reported elsewhere
[22].

4. Conclusions

We have shown that the electronic and vibrational structures of CCTO do change smoothly
with pressure from 0 to 25 GPa range, thus indicating a high stability against compression.
We have identified the eight Raman active modes consistently with the Im3 crystal phase.
Neither evidence of structural phase transition, nor metalization was found in the explored
pressure range from Raman and optical absorption spectroscopy. We show that all Raman
peaks undergo continuous blueshifts with pressure, whereas the Raman spectra preserve the
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Figure 3. a) Variation of the CCTO absorption spectrum near the band-gap edge with pressure.
The absorption spectra are vertically displaced to allow comparison for different pressures.
The direct band-gap energy was derived by plotting (absorptionxhv)? vs. hv through the
interception of straight lines corresponding to the absorption edge and the zero-absorption
background. b) Variation of the charge-transfer direct band gap with pressure. Note the band-
gap blueshift of 13 meV GPa~! from 0 to 10 GPa, and the constant value —within 0.1 eV— of
E, = 2.3 eV above 10 GPa.

eight-peak ambient-pressure structure in the whole pressure range. The obtained Griineisen
parameters for the stretching vibrations suggest that Ti-O bonds in CCTO are slightly tougher
than those in TiO9 in both rutile and anatase phases. The diffuse reflectance spectrum allows us
to identify the different charge-transfer band components from mainly O%~ valence band states
to conduction band states involving mainly low-energy Cu?* (2-3 eV) and high-energy Ti** (>
3 eV) 3d orbitals. We also demonstrate that the high stability of the Im3 phase with pressure
up to 25 GPa, is accompanied by concomitant band gap stability, the energy of which increases
slightly with pressure at 13 meV GPa~! up to 10 GPa, whereas it remains as E, =2.30+0.06
eV at higher pressures. Thus, no evidence of pressure-induced metallization was found in the
explored range.
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