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Abstract: Delafossites, with a unique combination of electrical conductivity and optical transparency
constitute an important class of materials with their wide range of applications in different fields.
In this article, we review the high pressure studies on copper based semiconducting delafossites
with special emphasis on their structural and vibrational properties by synchrotron based powder
X-ray diffraction and Raman spectroscopic measurements. Though all the investigated compounds
undergo pressure induced structural phase transition, the structure of high pressure phase has
been reported only for CuFeO,. Based on X-ray diffraction data, one of the common features
observed in all the studied compounds is the anisotropic compression of cell parameters in ambient
rhombohedral structure. Ambient pressure bulk modulus obtained by fitting the pressure volume
data lies between 135 to 200 GPa. Two allowed Raman mode frequencies Eq and A1, are observed in
all the compounds in ambient phase with splitting of E; mode at the transition except for CuCrO,
where along with splitting of E; mode, A;; mode disappears and a strong mode appears which
softens with pressure. Observed transition pressure scales exponentially with radii of trivalent cation
being lowest for CuLaO; and highest for CuAlO;. The present review will help materials researchers
to have an overview of the subject and reviewed results are relevant for fundamental science as
well as possessing potential technological applications in synthesis of new materials with tailored
physical properties.
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1. Introduction

Delafossites are ternary metal oxides belonging to a large family of compounds with the general
formula A*1B*30%~, (A is monovalent cation Pt, Pd, Ag or Cu; B is trivalent transition metal).
The primary member of the series is the mineral CuFeO, and the compounds adopting structure of
CuFeO; are clubbed together as delafossites [1]. Scientific interest in this class of compounds is due to
the diversity of the physical properties exhibited by them. They show a wide range of conductivity
from insulating to metallic [2-4]. Most of the Cu and Ag based delafossites are semiconductors
whereas Pt and Pd based compounds exhibit good metallic conductivity; with their room temperature
in-plane conductivity reaching about a few p() cm, which is comparable to that of metallic elemental
copper [5]. Along with good electrical conductivity, many of the delafossites show good transparency
to optical photons and the compounds exhibiting the combination of these two properties are termed
as transparent conducting oxides (TCO) [6-8]. Furthermore, depending on the donor or acceptor
level in the band gap, they can show p-type or n-type conductivity. The origin of p-type conductivity
in un-doped delafossites is either due to excess oxygen in the interstitials or copper vacancies [9].
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Due to the unique combination of optical transparency and electrical conductivity, delafossites have
been proposed to be useful in many areas, including in the solar energy industry [10], for liquid
crystal displays [11], and in electro-chromatic materials for smart windows [12]. Thin films of a few
delafossites find their uses as photocathodes to produce hydrogen by water splitting [13]. The catalytic
activity of copper delafossites also finds applications in hydrogen production by decomposition of
toxic H,S gas [14]. Doping of a few delafossites also increases the p-type conductivity by an order of
three [15,16]. Mineral CuFeO, finds its uses in medicine as a novel antimicrobial material [17],
as an anode in lithium ion batteries [18], and as a gas sensor [19]. CuCrO, is being used as a
catalyst for the production of chlorine [20]. Interestingly a few of these compounds also exhibit
negative thermal expansion (NTE) behavior [21], which is attributed to the anharmonicity of linear
O-Cu-O bond along the c-axis. A few members of the delafossite family where B atom is magnetic
have attracted interest due to the multiferroic properties, wherein ferroelectricity is induced by
magnetic ordering [22]. Low temperature investigations of these materials led to interesting magnetic
behavior along with spin lattice coupling [23]. Various synthesis routes are also being employed to
engineer different polymorphs of these semiconductors for applications as an absorber in solar cells by
manipulating their band gaps. In fact, synthesis of tetrahedral structured wurtzite analogues with the
same general formula ABO, has been successfully achieved [24]. These are direct narrow band gap
semiconductors, unlike the rhombohedral modification where the band gap is indirect. Synthesis of
delafossites in nanophase such as nanoparticles, nanowires, nanoplates and investigating the particle
size effect on the properties of these materials is another interesting field which is currently being
explored. Eu®* doped CuAlQO; single phase nanofibers prepared via an electrospinning technique
show strong photoluminescence spectra with emission bands at 405 and 610 nm due to the intrinsic
near-band-edge transition of CuAlO; and the f-f transition of the Eu3* activator respectively [25].
Nanoplates of CuGaO; synthesized via low temperature hydrothermal method exhibited a blue
emission at room temperature and free exciton emission at low temperature. P-N junction fabricated
by these nanoparticles of p-type CuGaO; and n-type nano ZnO exhibited enhanced photocatalytic
activity and light absorption properties [26]. Investigation of structural and vibrational behavior
of CuAlO; as a function of particle size shows the expansion of lattice parameters and the cell
volume with the reduction of particle size. Raman spectra shows large red shifts (~60 cm~!) and line
broadening (~50 cm™!) as the particle size becomes of the order of 13 nm [27]. The electrochemical
performance of nano CuAlO, with an average particle size of ~20 nm demonstrated 12 times more
catalytic activity in the electrolysis of water to the hydrogen evolution reactions and oxygen evolution
reactions compared to bulk CuAlO; [28]. Research on thin films of delafossite is another interesting
and widely investigated area for their potential uses in optoelectronic device fabrication [29-32]. As
has been well established by the high pressure scientific community, compression is yet another way
to engineer the crystal/electronic structure of materials, producing compounds with entirely different
set of physical properties without altering their chemical composition [33,34]. The focus of the present
article is to comprehend the high pressure studies on delafossite structured compounds till date in
general, with special emphasis on their X-ray diffraction and Raman spectroscopic investigations. With
the exception of one preliminary study on PdCoO; [35], most of the high pressure work has been
focused on copper based delafossites, probably because of the difficulty in preparing the Ag/Pt/Pd
based delafossites. Due to low decomposition temperature of their respective oxides, special synthesis
techniques are required to synthesize Ag/Pt/Pd based delafossites [36,37]. It is to be noted here, that
since it is easier to synthesize the rhombohedral polytype of delafossites, most of the experimental
high pressure studies carried out are on rhombohedral structured delafossites [38].

2. Ambient Crystal Structure and Vibrational Properties of ABO;

As shown in Figure 1, delafossite crystallizes in layered structure with hexagonal symmetry
and can exist in two structural polymorphs, namely rhombohedral 3R with space group: R-3m, or
hexagonal 2H with space group: P63/mmc. The building block of both the polytypes is layers of
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edge-connected BOg octahedra and triangular metallic planes of monovalent element A which are
stacked along the c-axis. A cation is linearly coordinated with oxygen of upper and lower BOg layers.
The difference in the two structures is the different orientation of the triangular metallic plane along
the c-axis stacking. When two consecutive A layers are stacked with each layer rotated by 180° with
respect to one another, the structure is hexagonal. Alternatively, when the layers are stacked in the
same direction with respect to one another, resultant structure is rhombohedral. In the primitive
rhombohedral cell, there are only four atoms: one A, one B and two oxygen atoms. However, in
the triple hexagonal cell which is conventionally used to describe this structure, A and B cations
occupy 3a (0,0,0) and 3b (0,0,0.5) Wyckoff positions respectively. The O atoms are situated at 6¢ (0,0,11)
positions [39,40]. Each element in the delafossite structure forms the triangular lattice and stacks along
the c-axis in the sequence B3*-O?~-A*-O?~-B3*. One of the key features delafossite structure has in
common with other layered structured oxides is its extremely accommodating nature and flexibility to
host many different elements. Another structure commonly adopted by the ABO, compounds and
related to delafossite is ordered rock salt. This structure too has a similar triangular lattice with same
space group (R-3m), the only difference is in the stacking pattern of O?~-A*-O?~layers. While the
delafossite structure has a straight stacking, the ordered rock salt structure has a zigzag one (Figure 1).
In both cases the rhombohedral (ABCABC...) stacking is realized among B>* layers, although the
distance between them is much shorter in the latter case.

o9 O
Z m
X Q—I—t ¥
Rhombohedral  Hexagonal Ordered Rock Salt
R-3m P65/mme R-3m

Figure 1. Various crystal structures adopted by ABO, layered compounds. Rhombohedral and
hexagonal polytypes adopted by delafossites have linear A-O bonding while in ordered rock salt
structure, octahedra is formed around both A and B atoms.

As has been mentioned earlier, ABO, delafossites with rhombohedral structure (space group
R-3m), consist of one formula unit of ABO; per primitive cell with four atoms, resulting in twelve
vibrational modes at the zone center, which transform as I' = Ay + E¢ + 3Ay;, + 3Ey. Modes denoted
by subscript ¢ are Raman active modes and modes denoted by subscript u are infrared active which
also includes acoustic modes Ay, +E,. In Figure 2, we show the pictorial representation of the two
Raman active modes. Delafossites with hexagonal structure consist of two formula units of ABO; per
primitive cell with A at 2¢, B at 2a and O at 4f position resulting in 24 modes of vibration at the zone
center. Based on the structural information, using the nuclear site method [41], these vibrational modes
are found to transform as I' = Aj¢ + Ey¢ + 2Epg + 2B1g + 3Az, + 3E1y, + 2Epy + 2By, Out of these
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Aig, E1g, Exg and Byg are Raman active modes while Ay, Eyy, Ey and By, are infrared active modes.
So, at ambient conditions, six distinct Raman modes are expected in hexagonal structure. Finally, in
the ordered rock salt as the atoms occupy the same sites as in delafossite rhombohedral structure,
the expected Raman modes are same in both structures. Table 1 shows the structural and vibrational
details of the three structures.

g

Figure 2. Eigen vectors for E; and A;; modes of vibration in ABO; delafossite compounds.

Table 1. Structural and vibrational details of ABO, type compounds.

Hexagonal P63 /mmc, Z = 2 Atomic coordinates Vibrations at the zone centre

Wyckoff position X y z Agg Eqq Eje By Ay Eqy Ej, By,
Monovalent cation A at 2¢ 1/3 2/3 1/4 - - 1 1 1 1 - -
Trivalent cation B at 2a 0 0 0 - - - - 1 1 1 1
Oxygen at 4f 1/3  2/3 00892 1 1 1 1 1 1 1 1
Rhombohedral R-3m, Z =1 Atomic co-ordinate Vibrations at the zone centre

Wyckoff position X y z Asg Ee A Ey

Monovalent cation A at 3b 0 0 0 - - 1 1

Trivalent cation B at 3a 0 0 1/2 - - 1 1

Oxygen at 6¢ 0 0 0108 1 1 1 1

Ordered rock salt R-3m, Z =1 Atomic co-ordinate Vibrations at the zone centre

Wyckoff position X y z Azg E; Ay E,

Monovalent cation A at 3a 0 0 1/2 - - 1 1

Trivalent cation B at 3b 0 0 0 - - 1 1

Oxygen at 6¢ 0 0 0743 1 1 1 1

3. High Pressure Studies

The first high pressure in-situ X-ray diffraction (HP-XRD) measurement was reported on copper
iron oxide, the representative of the series by Zhao et al. [42] in the year 1996. The measurement
was carried out on powdered sample up to 10 GPa. Authors found an increase in c/a ratio indicating
lattice anisotropic compression; however the ambient phase was found to be stable in the studied
pressure range. On fitting the pressure volume data to 3rd order Birch-Murnaghan equation of
state (BM-EOS) [43], ambient pressure bulk modulus, By, of the compound was reported to be
156 GPa, with its pressure derivative By’ = 2.6. Nearly seven years later, Hasegawa et al. reported the
HP-XRD measurements on metallic delafossite PdCoO; up to 10 GPa [35]. Structurally this compound
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was also found to be stable with anisotropic compression of lattice -parameters and increase in
c/a ratio. The reported value of bulk modulus for the compound based on 3rd order BM-EOS
fitting of experimental pressure volume data is 224(2) GPa with pressure derivative of bulk modulus
By’ = 0.7(0.5). High value of bulk modulus and low value of By’ indicates highly incompressible
nature of the compound [43]. In both these measurements, methanol:ethanol in 4:1 ratio was used
as pressure transmitting medium. Subsequently, with the availability of bright synchrotron sources,
evolution in the diamond anvil cell (DAC) and detector technology, many of the delafossites have been
investigated under high pressure with increased pressure range. Revisiting the compression behavior
of CuFeO, up to 30 GPa using XRD along with % Fe Mossbauer and Fe & Cu K-edge X-ray absorption
spectroscopy methods, reveal a sequence of electronic-magnetic pressure-induced transitions along
with structural transition to more isotropic C2/c structure with onset of long range antiferromagnetic
order at 18 GPa. Beyond 23 GPa, interionic valence exchange between Cu and Fe leads to a four-fold
coordinated Cu, resulting in another crystallographic structure with space group P-3m. All the observed
transitions are reversible with minimal hysteresis [44]. However, a neutron diffraction experiment on
isotropically compressed CuFeO; indicated suppression of long range magnetic ordering at around
7.9 GPa [45]. X-ray diffraction data on CuGaO,, collected up to 28.1 GPa, at two different temperatures,
indicated pressure induced phase transition in the compound beyond 24 GPa [46]. As observed in
CuFeO, and PdC00,, anisotropy in the axial compressibility was also observed in this compound.
Though the transition was found to be irreversible, no details of the high pressure phase were provided
in this article. A report on vibrational behavior up to 33.3 GPa on the same compound followed in the
year 2005, which happens to be the first delafossite whose vibrational properties were investigated
experimentally under high pressure [47]. Based on splitting of the E; mode, authors reported a
structural phase transition in the compound beyond 26 GPa. Raman measurements on single crystal
of CuAlO; up to 48 GPa indicated a pressure driven phase transition at around 34 (£2) GPa, which
is completed by 37 (+2) GPa [48]. Raman data on the pressure cycled sample showed the presence
of two modes as observed in the ambient sample, indicating the reversibility of the phase transition.
Based on density functional theory, the phase transition is related to the dynamic instability in the
compound [49]. High quality X-ray diffraction and X-ray absorption measurements on CuAlO,,
also indicated the presence of phase transition around 35(+2) GPa [50]. However, first-principles
calculations on CuAlO; under high pressure showed transformation to a leaning delafossite structure
at 60 GPa with an increased energy gap due to the enhanced covalency of Cu 3d and O 2p states [51].
Optical absorption measurements on thin films of CuAlO, (indirect band gap) and CuScO; (direct
band gap) up to 20 GPa indicated two phase transitions in CuScO, at 13 and 18 GPa [52], however
the structures of high pressure phases have not been identified. High pressure behavior of CulnO,,
which is the only copper based delafossite that can be doped with both 7- and p-type ion [53], has not
been investigated experimentally, however, its structural, elastic, mechanical and optical properties
have been reported by first-principles density-functional theory [54]. The two polytypes of the
compound with 3R and 2H phases become unstable beyond 9.3 and 8.7 GPa with the value of bulk
modulus as 121 and 117 GPa which are nearly 20% less than the earlier reported values of 156 and
146 GPa respectively [55]. The dielectric, ferroelectric and ac calorimetric measurements on CuCrO,
have revealed the increase in magnetic transition temperature Ty remarkably on pressurization.
However, the magnitude of the dielectric anomaly at Ty is suppressed by applying pressure and the
magnitude of the spontaneous polarization below Ty is abruptly suppressed at around 8 GPa [56].
We have investigated the high pressure behavior of CuCrO; and CuLaO; using synchrotron based
X-ray diffraction and Raman spectroscopic technique on polycrystalline samples followed by Raman
studies on single crystal of CuFeO;. For all these XRD measurements, Mao-Bell type of diamond
anvil cell with stainless steel gasket pre-indented to a thickness of 40-80 um and central hole of
100-200 pm was employed as the sample chamber. Methanol:ethanol in 4:1 ratio by volume was used
as pressure transmitting medium and ruby fluorescence technique was employed for in-situ pressure
calibration [57]. In X-ray diffraction measurements, equation of state data of standard like gold/copper
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was used for pressure calibration [58]. Rietveld/Lebail analysis of the XRD data was carried out using
GSAS software [59]. All Raman spectroscopic measurements were carried out using a 532 nm laser
in back scattering geometry. Polycrystalline samples of all these compounds were synthesized using
conventional solid state route. Single crystals of CuFeO, used in the present work were grown by
the floating zone technique [60]. Readers can refer to earlier publications to get more detail about the
sample synthesis and experimental details.

In Figure 3, we show the refined ambient XRD data on CuCrO,, CuFeO, and CuLaO, along with
residuals while their Raman spectra are depicted in Figure 4. All the observed diffraction peaks could
be fitted with rhombohedral symmetry, indicating the single phase formation of these compounds.
Raman data of all three compounds have two prominent Raman modes along with a few disorder
induced non-zone center modes. While the vibrations in the direction of Cu-O bonds along the c-axis
are represented by Aj; modes, vibrations in the direction perpendicular to c-axis correspond to Eg
modes (Figure 2). As seen in Figure 4, both the frequencies in all three compounds shift to higher
values as the ionic radii of trivalent cation decreases from La3* to Cr*>* which is a consequence of lattice
contraction due to decrease in B>* ionic radii. Higher frequency modes are identified to be A1g and the
lower frequency mode as E¢ from ab-initio calculations [48] as well as polarized Raman measurements
on single crystals [61]. In Table 2, we give ionic radii of various trivalent cations [62] along with
lattice parameters and Raman frequencies of copper delafossites in rhombohedral symmetry [63-67].
There are various efforts to substitute trivalent cation and investigate the effect of chemical doping
on structural and vibrational properties on delafossite systems. Depending on the ionic radii, there is
a contraction or expansion of the lattice which results in increase/decrease in the frequency of
the Raman modes, particularly the E; modes which are highly sensitive to the ionic radii of the
trivalent cation. In doped CuCrO,, the lattice parameters were found to vary according to Vegard’s
law with broadening in the reflection due to local lattice distortion as a result of difference in ionic
radii between Cr®* and trivalent dopants [68]. The effect of scandium doping in CuCrO, [69] and
CuFeO; [70] indicated the softening of both the modes. Temperature dependence of the two modes
of CuFeO, was found to decrease with increasing temperatures and the behavior was attributed to
thermal expansion of the lattice and phonon—phonon interaction [71].

Table 2. Ionic radii, Raman mode frequencies, lattice parameters and bond-lengths for various copper
delafossite compounds.

Ionic Radii of Raman Mode Frequency Lattice Parameter Bond-Length

Delafossite Trivalen[t6§]ati0n (&) Eg Agg a c Cu-0 M-0 Ref.

(em™1) (em™1) (A) (A) (A) (A)
CuLaO, 1.032 318 652 3.8326 17.092 1.760 2.466 [63]
CuPrO, 0.99 3.7518 17.086 1.789 2411 [63]
CuNdO, 0.983 3.7119 17.085 1.836 2.370 [63]
CuSmO, 0.958 3.6628 17.078 1.880 2.325 [63]
CuEuO, 0.947 3.6316 17.074 1.895 2.302 [63]
CuYO, 0.90 3.5330 17.136 1.827 2.285 [64]
CulnO, 0.8 378 678 3.2922 17.388 1.845 2172 [65]
CuScO, 0.745 3.2204 17.099 1.831 2121 [66]
CuFeO, 0.645 352 692 3.0351 17.166 1.835 2.033 [61]
CuGaO, 0.62 368 729 2.9770 17171 1.848 1.996 [46]
CuCrO, 0.615 454 703 2.9767 17.111 1.8455 1.989 [67]
1

CuAlO, 0.535 418 767 2.8584 16.958 1.8617 1.912 [50
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Figure 3. Rietveld refined ambient pressure and temperature X-ray diffraction patterns of
as-synthesized CuLaO;, CuFeO, and CuCrO, showing single phase formation of the compound
in rhombohedral structure. Difference plot is also plotted. Vertical tick marks represent allowed
reflection of delafossite structure with R-3m space group.
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Figure 4. Raman spectra of as-synthesized CuLaO,, CuFeO, and CuCrO,,showing two allowed
Raman modes, a few weak modes shown by asterisks are disorder induced non-zone centre modes.

Figure 5 shows the high pressure Raman data on CuLaO, which shows interesting sequence of
phase transitions. Unlike other delafossites, structural transition in CuLaO, takes place at a relatively
low pressure of 1.8 GPa. Appearance of several new modes beyond 1.8 GPa indicates lower symmetry
of the high-pressure phase. The nature of changes observed in the Raman spectra at 1.8 GPa are similar
to CuAlO, at 34 GPa [48]. Beyond 7 GPa, there is sudden loss of Raman intensity as the compound
becomes opaque indicative of electronic/structure changes. The changes are irreversible from 8
GPa [72]. In Figure 6, pressure evolutions of XRD data of CuLaO; up to 36 GPa are shown. Data at
0.7 and 1.6 GPa could be fitted with the ambient structure. However, data collected at 4.2 GPa shows
appearance of a few peaks at 26 = 6.6° and 13.8°. On further pressurization, these two peaks build up
in intensity while the peak intensity from ambient structure reduces. Data collected beyond 8 GPa,
shows disappearance of the peaks corresponding to the first HP phase along with clusters of new peaks
with broadening. This is the same pressure region where there is a complete loss of Raman intensity.
Possible reasons for loss of Raman intensity could be that the second high pressure phase is Raman
inactive or the reduction in band gap across the transition which results in increase in absorption.
Indeed, our electrical resistance measurements under high pressure show a considerable drop in the
resistance, indicating a reduction in band gap [72]. Compressibility was found to be highly anisotropic
and further investigation to identify the high pressure structure is in progress. Pressure evolution of
XRD data on CuCrO; (Figure 7) do not reveal any major changes in the data except for the shifting
of diffraction peaks to higher angle, indicative of lattice compression. Refined pattern with residuals
at two pressures are shown in Figure 8. Similar types of refinements were obtained for all the data
points. High pressure Raman data on CuCrO; shown in Figure 9 indicates usual pressure hardening of
both modes up to 24.5 GPa however major changes are observed beyond 24.5 GPa with splitting of Eg
mode and appearance of a new mode which softens with pressure and grows in intensity with further
pressurization. At 31 GPa, the delafossite modes completely disappear with an intense broad mode at
lower frequency [73]. The features in the Raman spectra are similar to that seen in lithium intercalated
compound LiCoO, [74] which crystallizes in closely related structure of layered rock salt. However, in
our XRD measurements, we have not reached the pressures at which transition has been observed
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in Raman data. Experimental pressure volume data obtained by the Rietveld refinement [59] of XRD
data for the low pressure phase when fitted to 3rd order Birch-Murnaghan equation of state results
in ambient pressure bulk modulus as 154(25) and 156(2.8) GPa with their pressure derivative of bulk
modulus as 4.8(0.5) and 5.3(0.5) for CuLaO, and CuCrO, respectively. It is to be noted here that bulk
modulus and pressure derivative of bulk modulus are highly correlated [75]. In Figure 10 we show
the normalized pressure volume data for CuCrO; and CuLaO,. As one can see, the data of CuLaO,
almost overlaps with that of CuCrO,, indicating the similarity of bulk modulus of both compounds.
Nearly same value of bulk modulus for the two compounds indicates that it is mainly the compression
of Cu-O bonds which contribute to the overall compressibility of the compounds. Normalized a
and c axis for CuCrO; and CuLaO; in the ambient pressure phase are plotted in Figure 11. One can
clearly see an anisotropic compression of the axes in both the compounds. Interestingly, anisotropy in
axial compressibility seems to be the only common feature of all the studied delafossites with a R-3m
structure, which results in the regularization of oxygen octahedra around B atom which is slightly
distorted at ambient conditions [54]. High pressure Raman measurements on single crystals of CuFeO,,
shown in Figure 12a, could well reproduce the structural changes reported earlier [52]. While both the
Raman modes harden under pressures up to 18 GPa, the first transition around 18 GPa to the reported
monoclinic C2/c phase is indicated by splitting of the E; mode. This is accompanied by softening of A,
mode thereafter [76]. Figure 12b shows the pressure dependence of mode frequencies. Rapid softening
of the high frequency mode is understood as due to the change in Fe-O bond-length which ultimately
results in change in copper coordination leading to the second high pressure phase transition above
23 GPa. Unlike in CuLaO; and CuAlO,, there are no additional modes in the low frequency region
(around 100 cm™!) in CuFeO, across the transition. In Figure 13, we have summarized the bulk
modulus of various copper delafossites where except for CuYO, and CulnOj, the experimental values
have been plotted. The high value of bulk modulus for CuAlO, and CuGaO, are expected because of
the covalent nature of B-O bond in these compounds, however we need more accurate measurements
on a few other compounds to establish an empirical relation for bulk modulus in ABO, delafossites.

T " T - T

CuLaO,

6.7

w
1

Intensity (arbitrary units)

2 L. 4
1.9
0.8
1 L -
Eu
10* GPa 4,
200 400 600 800

Raman Shift (cm'l)

Figure 5. Raman spectra of CuLaO; at various pressures. Note the appearance of new modes above
2 GPa.
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Figure 6. X-ray diffraction data for CuLaO, at a few selected pressures. Arrow indicates appearance
of new peaks indicating instability in the ambient phase. Diffraction peaks from gold, used as

insitupressure marker is indicated with Au.
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Figure 7. X-ray diffraction data at a few selected pressures for CuCrO, along with the released data.
Diffraction peaks from in-situ pressure calibrant (Cu) are also indicated. Numbers denote the pressure

in GPa.
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Figure 8. Observed, calculated and difference plot of X-ray powder patterns for CuCrO, at 4.8 GPa,
at 20.4 GPa. Top, middle and bottom vertical marks indicate Bragg reflections from the sample, pressure
calibrant (Cu) and sample chamber (W) respectively. The difference between fitted and observed data

is also plotted.
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Figure 9. Pressure evolution of Raman spectra of CuCrO, at a few selected pressures. Arrow indicates
the splitting of E; mode and appearance of new modes at higher frequency which soften with pressure.



Crystals 2018, 8, 255

1.00
(=]
2 095
>
0.90

= Exp_CuCrO,

- B-MEOS CuCrO,
K\ o Exp_CulLaO,
0 2 4 6 8 10 12 14 16 18 20

Pressure (GPa)

12 0f 18

Figure 10. Normalized pressure-volume data for CuCrO, and CuLaO,. Symbols are explained in
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Figure 13. Landscape of bulk modulus of various copper delafossites as a function of trivalent cationic
radii. Numbers in the bracket indicate the references.

In Figure 14, we have plotted the trivalent ionic radii vs. transition pressure for available
copper delafossites. Based on this data, we found following empirical relation between transition
pressure and cationic radii.

Y=Yy +A xexp(—Rp x X)

where Y = transition pressure in GPa; Y, A and Ry are constants with their numerical values as = —1.74,
430.73 and 4.6 respectively. X = trivalent cationic radii in A. In spite of various elements at B site
(transition metal, rare earth, group III), the transition pressure scaling systematically indicates that
the size of the trivalent cation plays an important role in phase transition pressure in delafossites.
Empirical relations have been proposed earlier in general for compounds containing different rare-earth
ions with widely spaced radii [77] to predict transition pressures. In the present article, from the
available data for delafossites, we have found a non-linear dependence of transition pressure with
cationic radii, which is unusual. Only future high pressure studies on other delafossites can validate
this empirical relationship.
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Figure 14. Transition pressure of various copper delafossites as a function of trivalent cationic radii.

Green line is a fitted exponential function showing decrease in the transition pressure with the increase
in trivalent cationic radii. Numbers in the bracket indicate the references.
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4. Summary

To summarize, we have reviewed the structural and vibrational properties of copper delafossites
under high pressure. While there is a similarity between the high pressure vibrational behavior of
CuGaO;, CuAlO,, CuLaO, and CuFeO;, the high pressure behavior of CuCrO, is quite different
and unique, where an intense Raman mode appears in the high pressure phase which softens under
pressure. Another feature common to all the delafossites investigated so far is the anisotropy in the
compressibility of cell axes in the initial phase and the rapid increase in ¢/a ratio leading to structural
phase transition. Surprisingly, in spite of having good quality synchrotron based XRD data, the
structure of high pressure phase has only been reported for CuFeO,. Probably high quality single
crystal X-ray diffraction data under high pressure may be helpful to get the structure of high pressure
phase. Till now the high pressure studies are focused on copper based delafossites with rhombohedral
symmetry, however delafossites with hexagonal symmetry have not yet been investigated, and hence
systematic investigations on these compounds is required. Another area of research under high
pressure is the effect of non-hydrostatic stresses [78] on the crystal structure and band gap of these
materials which may result in synthesis of new metastable polymorph with improved properties.
Doped delafossites with reduced band gap and increased conductivity can also be investigated under
high pressure to obtain compounds with tailor made properties for specific applications.
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