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A combination of high optical transparency and good electrical conductivity is realized in
CuCrO,, a p-type transparent conducting oxide. With an aim to improve its physical properties, a
CuCr_,Ti,O, (x=0, 0.05, 0.1) series was prepared and investigated for its structural, electrical
transport, and optical properties. Along with the lattice parameter values, refinement of X-ray
diffraction profiles confirm the solubility limit of Ti within the delafossite unit cell. Electrical
resistivity and heat capacity measured by varying the temperature further characterize the
Ti-substituted compositions. As determined from ultraviolet-visible spectroscopy, no significant
changes take place in the optical gap of CuCrO, with Ti addition. Apart from confirming the
4+ valence state of Ti, the X-ray absorption near edge structure highlights the subtle changes tak-
ing place in the Cu—O hybridization upon Ti-substitution. The analysis of temperature dependent
extended X-ray absorption fine structure spectroscopy, recorded at the Cr and Cu K-edge, empha-
sizes the impact of redistribution of charges on the local crystal structure. Cu—Cu hybridization
along the a-axis appears to be influenced mainly by the temperature and only slightly by Ti sub-

stitution. Published by AIP Publishing. https://doi.org/10.1063/1.5003965

I. INTRODUCTION

One of the prime areas of research in the rapidly expand-
ing semiconductor industry is the development of metal oxide
based transparent electronics. In fact, oxide materials have
surpassed the applicability of silicon in certain domains, and
new industry standards are set by materials like indium tin
oxide and its substitutional variants.'> The development of an
entirely feasible device, however, requires both n and p-type
oxides that can be easily integrated with the existing large-
scale manufacturing technology. In practice, as compared to
the n-type oxides, there have been a limited number of p-type
materials with sufficiently high mobility and suitable band
structure.” A few Cr-based oxides such as Mg-doped Cr,0s,*
Sr-doped LaCrO3,5 and Li-doped ClrzMnO46 have been dis-
cussed to constitute this emerging class of p-type Transparent
Conducting Oxides (TCOs).

CuCrO, is one such TCO with a direct band gap of
3.1-3.35eV.”® It belongs to the delafossite family of com-
pounds, generally known for its large unit cell and layered
structure, and described by space group R3m in the hexago-
nal setting. These compounds are represented by the general
chemical formula, ABO,. The B cations form layers of edge-
shared BOg octahedra in the ab plane, stacked along the
c-axis and connected via the O-A-O linear chains. For the
CuCrO, composition, the Cu'" ions constitute the filled 3d'®
orbitals and form linear chains along the c-axis. The mag-
netic Cr’ " ions (3d3, t%g) present within the CrOg4 octahedra
constitute a triangular lattice in the ab plane that interacts
antiferromagnetically (AF) with an ordering temperature
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Ty ~ 24 K.? Besides being a candidate material for TCO,
CuCrO, has been actively pursued for its multiferroic prop-
erties. For example, the dilution of the magnetic sublattice of
CuCrO, with nonmagnetic ions like Sc, Rh, Ga, and Al, and
its effect on electric polarization is reported in Ref. 10. The
change in the magnetic ground state by substitution of Cr
with other transition metal ions like Ni, Rh, and Mn has been
investigated by Refs. 11-13. Other non Cr-based delafossite
oxides like CuScO,, CuLaO,, CulnO,, and CuAlO, also dis-
play unusual structural properties, for instance, negative
thermal expansion of the unit cell.'*'”

To improve the transparency and p-type conductivity of
CuCrO,, various studies have been carried out by substituting
different valence cations at the Cr-site. One such example is
the increase in electrical conductivity achieved through the
introduction of holes by replacing 5% Cr’" ions by Mg®" in
Refs. 16 and 17. Another study reports the crystal and mag-
netic properties of Ti substitution at the Cr’ " site,'® claiming
Ti to adopt a 2+ state, whereas Li et al. reports a strong
resistive relaxation behavior in CuCr;_,Ti,O, and argues that
it is Ti*" that substitutes the Cr’" site, leading to a signifi-
cant increase in the resistivity due to the diminishing
conducting holes.'” Hence, it becomes pertinent to re-visit
such a study and clarify the valence state and its impact on
the interesting properties of this important delafossite
composition.

With this aim, we investigated the local crystal structure
as well as the electrical and optical properties of CuCr,_,
Ti,O,. A comprehensive analysis of the crystal structure
using room temperature powder X-ray diffraction (XRD)
and temperature dependent extended X-ray absorption fine-
structure (EXAFS) spectroscopy at the Cu and Cr K-edge

Published by AIP Publishing.
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has been performed here. These results are viewed in the per-
spective of the electrical and optical properties measured
using temperature dependent four-probe resistivity, heat
capacity, and ultraviolet-visible (UV-Vis) spectroscopy for
all the studied compositions.

Il. EXPERIMENTAL DETAILS

Polycrystalline samples of CuCr_,Ti,O, (with x=0,
0.05, 0.1) were prepared using the standard solid state reac-
tion method. Stoichiometric amounts of the starting oxides
(99.99% purity), viz., Cu0, Cr,03, and TiO,, were mixed
thoroughly, pelletized, and calcined in air at a temperature of
1000 °C for 12 h. These pellets were re-ground, re-pelletized,
and annealed in air at 1200 °C for another 12 h. Powder XRD
profiles of the samples so obtained were recorded in the
range of 10°-80°, using a RIGAKU SMARTLAB diffractom-
eter equipped with a monochromatic Cu Ko (4 = 1.541 A)
source. The XRD patterns were analyzed by the Rietveld
refinement technique using the FULLPROF suite.?® The heat
capacity of all the three samples was recorded as a function
of temperature in the range of 5-300K using a physical
properties measurement system (PPMS) by Quantum
Design, Inc. Further, the temperature dependence of four
probe electrical resistivity was measured using PPMS in the
range of 200-380 K. Below 200 K, the rise in resistance was
beyond the measurable range of the instrument. Room tem-
perature UV-Vis diffusion reflectance spectroscopy was car-
ried out using the Perkin-Elmer lambda 950 spectrometer, in
the wavelength range of 200-800 nm.

EXAFS was recorded at the undulator beamline P65 of
PETRAIII, DESY, Hamburg. The experiments were per-
formed in the transmission mode at the Cr K-edge (5989 V)
and Cu K-edge (8979eV). The incident and transmitted
intensities were measured using gas-filled ionization cham-
ber detectors. The absorber thickness was adjusted to restrict
the absorption edge jump (Ap) to an optimum value.
Multiple identical spectra were acquired and averaged to
improve the signal-to-noise ratio. The spectra were recorded
at 10, 100, and 300K, spanning the magnetic order-disorder
transition in CuCr;_,Ti,O,. Data reduction and analysis were
carried out using the DEMETER suite.?' Fitting was carried
out by extracting the data in the k-range of (2-13.25) Al
Room temperature Ti K-edge X-ray absorption near edge
spectroscopy (XANES) was recorded in the fluorescence
mode at the BL-09, INDUS-2 synchrotron source, RRCAT,
Indore.

lll. RESULTS AND DISCUSSION

Room temperature XRD patterns for the prepared sam-
ples of CuCr;_,Ti,O, (with x=0, 0.05, 0.1) are presented in
Fig. 1. All the observed peaks are indexed to a layered 2H
delafossite structure with R3m space group with Cu at
3a(0,0,0), Cr at 36(0,0,1/2), and O at 6¢(0,0,z) sites.
Given that the lattice constant along the c-axis of a delafossite
unit cell is generally quite large in comparison to its g-axis,
certain peaks representing the reflections along the c-axis are
unusually high in intensity. The lattice parameter values
obtained after Rietveld refinement of the XRD profile of
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FIG. 1. (a) Powder XRD patterns for CuCr;_,Ti,O,. The peak labeled with
(x) belongs to the TiO, phase. (b) Two-phase Rietveld refinement fit for the
XRD pattern of x=0.1. The typical values of goodness-of-fit parameters,
Bragg R-factor =8.96%, R,,,, = 10.5%, R .\peciea = 8.81%, and 7 =1091.

CuCrO, are a=2.971(8)A and ¢=17.074(5) A, in accor-
dance with the reported values in literature.”* As Ti is doped
at the Cr-site, a normal expansion of the unit cell is observed
along the c-axis, while the change in a is within error bars.
The lattice constant values for x=0.05 and 0.1 are
a=2.9748) A; 2.977(5) A and ¢ = 17.087(9) A; 17.103(5) A,
respectively. In the case of x=0.1, an extra peak appears at
20 =27.4° that was identified as the rutile TiO, phase. The
corresponding XRD profile was thus refined including TiO, as
a second phase and upon refinement, it turned out to constitute
only ~3.5% of the total phase. So, out of the total substitution
of 10% Ti, we expect ~9.7% to form the delafossite phase,
and remaining ~0.3% contributes to the formation of TiO,.
We continue to refer to this 10% composition as x=0.1. The
appearance of the TiO, peak is an indication that solubility of
Ti in the parent compound is limited to x < 0.1 and any fur-
ther substitution would not yield a single phase material.
CuCrO, displays a complex magnetic nature with com-
peting antiferromagnetic (AF) and ferromagnetic (FM)
Heisenberg exchange interactions.”>** Its delafossite unit
cell consists of edge-shared CrOg octahedra. A frustrated AF
triangular lattice is formed by direct interaction between
Cr’" ions in the 2D plane, whereas the 90° Cr**— 0% —Cr**
interactions result in FM interactions. The competition
between these interactions is delicately balanced by the over-
lap of orbitals in the unit cell. With the introduction of non-
magnetic Ti at the Cr site, the lattice parameters are seen to
increase, affecting the Cr—Cr and Cr—O orbital overlap. The
signatures of such competition are reflected in the measured
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magnetic properties of Ti substituted compositions. A
detailed study of the magnetic properties of CuCr,_,Ti, O,
(with x=0, 0.05, 0.1) has earlier been reported by us,?> and
hence briefly discussed here.

Previous neutron scattering studies*® report AF ordering
of CuCrO, with a Ty~25K. Accordingly, the magnetic
properties measured for our sample of CuCrO, also shows
AF order with a Ty ~ 24 K. The high temperature region of
1/xpc vs. T obeys the Curie—Weiss law [y=C/(T + ©,,)],
with deviation from linearity below ~150K, reflecting the
presence of underlying short-range AF interactions long
before the system orders magnetically. The paramagnetic
moment extracted from the fit, i, ~ 3.92u3, is close to the
theoretical estimate of Cr’" =3.87u. Ti substitution alters
the magnetization [M(T)] curve with no sharp or clear fea-
ture signaling an AF transition. Rather, the x =0.05 shows a
highly diffused ferromagnetic-like hump over a broad transi-
tion region, and a slight drop in M(T) at ~20 K. No clear AF
transition is seen for x = 0.1, except for a small kink-like fea-
ture at ~15 K.

The heat capacity measured as a function of temperature
for CuCr;_,Ti,O, and presented in Fig. 2 complements the
magnetic properties discussed above. CuCrO, displays a
sharp A-type anomaly at Ty. This anomaly is considerably
broadened and gets systematically shifted towards low tem-
peratures for Ti-substituted compositions. It has been
reported that a non-magnetic substituent like Mg " at the Cr-
site in CuCrO, is known to make the peak at Ty sharper and
shift it towards a higher temperature.”” They attribute such
behaviour to introduction of holes by Mg " that enhance the
spin fluctuations at the Cr-site. Contrary to such observation,
the present data do not seem to signal the introduction of
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holes in CuCr,_,Ti,O,. In other words, Ti substituted in
CuCr;_,Ti,O, cannot be assumed to be in the 2+ state, as
reported in Ref. 18.

To understand the role played by Ti-substitution on the
electrical properties of CuCrO,, we carried out electrical
resistivity measurements as a function of temperature. Figure 2
shows the resistivity (p) measured while warming the sam-
ples for 200-380 K. Reflecting its semiconducting nature,
the resistivity for all three samples seems to fall with the ris-
ing temperature. The p(T) curves of our samples are compa-
rable to those of single crystalline, as well as polycrystalline
materials previously reported in literature.”® The thermal
activation energies (E,) extracted for these compositions are
0.34eV, 0.29¢eV, and 0.28¢eV for x=0, 0.05, and 0.1,
respectively. A decrease in the activation energy with Ti-
substitution indicates introduction of in-gap states in
CuCrO,. However, it is also noticed that the electrical resis-
tivity for Ti doped samples saturates at temperatures higher
than the parent CuCrO,. In other words, though the thermal
energy needed to activate the charge carriers across the gap
reduced, the overall conduction itself has decreased with Ti-
substitution. Putting both these aspects together, one can
attempt to interpret an eventual decrease in the carrier con-
centration taking place, with higher valence Ti ions replacing
the Cr’" ions. This argument is further supported by the
drastic decrease in resistivity brought about by lower valence
Mg2+ substitution in CuCrl_ng,\.Oz,28 and reinforces our
inference that the 2+ valence state for Ti ions is unlikely in
the CuCr;_,Ti,O, series.

To clarify the impact of Ti-substitution on the optical
properties of CuCrO,, we investigated the CuCr,_,Ti, O,
series for its optical absorbance. CuCrO, belongs to the
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family of transparent conducting oxides and has a high
absorption coefficient in the UV region. According to the first
principle calculations,” the optical excitation takes place
across Cu3d+0O 2p — Cu 3d:+4s with an absorption
energy E,=3.2¢eV, whereas the occupied tp, and the empty
e, bands of Cr' are energetically away from the valence
band maximum and conduction band minimum. The optical
absorbance spectra for the CuCr;_,Ti, O, series was hence
obtained in the wavelength range of 200 to 800 nm and the
corresponding plots are shown in Fig. 3. The optical band-gap
was deduced using Tauc’s relation,* (ochz/)":A(hz/-Eg), as
shown in Fig. 3. Here, (hv) is the photon energy, A is a con-
stant, and E, is the band gap. The parameter # is set to a value
of 2 for materials with a direct band-gap. The gap extracted
from such an analysis is found to vary from 3.24eV for x=0
to 3.21eV for x=0.1. Similar values of E, for CuCrO, have
been reported in literature for polycrystalline (=3.35eV)’ and
thin films (=3.2eV).>! Thus, the small variation in E, seen
with Ti-substitution indicates a very subtle change in the
Cu-O hybridization.

Besides the optical gap, the absorbance spectrum for
CuCrO, shows additional features at 2.12eV (585nm) and
1.85eV (670nm) that are distinct signatures associated with
ligand field excitations of octahedrally coordinated Cr’"
ions.*> The Cr’" ions have a *A,, ground state with two low
lying spin allowed excitations derived from 4T2g and 4T1g
states of the excited #,.¢;, configuration. Thus, the low energy
features at 2.12eV and 1.85eV in the present data-set are
identified as the *Ay, — *Ty,(*F) and Ay, — *Ty,(*F) tran-
sitions, respectively. With the substitution of Ti, the absorp-
tion energies of these transitions shift to lower values and the
sharp transition seen in x =0 also smoothens out. An extra
absorption level at 2.53eV (491 nm) is observed. To under-
stand the origin of such an extra level, we need to reflect that
a straightforward impact of substituting Cr>" by Ti is the re-
distribution of valency vis-a-vis amongst the cations. In other
words, to accommodate the substituted Ti which is likely to
be in the 4+ state, the hybridization of Cr> " and/or Cu' " with
0% can change. Thus, direct evidence for the valence state of
Cu, Cr, and Ti ions becomes important for understanding the
electrical, as well as the magnetic properties of this material.

XANES spectra at the Cu, Cr, and Ti K-edge were
recorded to confirm the valence state of these ions in the
CuCr;_,Ti,O, series. The plots are shown in Fig. 4. The Ti
K-edge recorded for x=0.05 and 0.1 compositions is shown
in the bottom panel of Fig. 4 and found to match exactly
with that of TiO,. Besides, some small pre-edge features due
to dipole and quadruple excitation of Ti present in the octa-
hedral coordination are also observed at the low binding
energy side of the spectra confirming that Ti replaces the tar-
geted Cr-octahedral sites in CuCr;_,Ti,O,. The current spec-
tra are experimental evidence confirming the 4+ nature of Ti
jons and discarding previous speculations'® of it being in the
2+ valence state. Next, is the Cr K-edge spectra measured
for all three compositions and displayed in the central panel

T
|

Cu K-edgg
|

Norm. absorption (a.u.)

-10 0 10 20 30

Relative Energy (eV)
FIG. 4. XANES spectra for CuCr;_,Ti,O, recorded at room temperature

across the Cu, Cr, and Ti K-edge. The absorption edge energy along the x-
axis is calibrated with respect to the corresponding pure metal edge energy.
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FIG. 5. k? weighted raw EXAFS spectra recorded at the Cr and Cu K-edge for CuCrO, at 10, 100, and 300K and for x=0, 0.05, and 0.1 at 10K. Selected

spectra are presented here for clarity of the figure.

of Fig. 4. The absorption edge energy of these spectra are
shifted to higher energy as compared to the Cr-metal edge
and found to match exactly with that of Cr,0O3, a standard
compound of chromium having a 3+ oxidation state.
Further, no shift in energy is seen with the changing Ti con-
tent, confirming that Cr valence remains intact with increas-
ing Ti-content. The top panel of Fig. 4, presenting the Cu K-
edge spectra, suggests that Cu is in the 14 oxidation state as
the edge energy is shifted to the higher energy side of Cu-
metal. Although the formal valence state of Cu ions does not
cross over to 2+, as the absorption edge for CuO, an oxide
of copper with a 2+ valence state is at least 5eV higher than
the pure Cu —metal.*> However, we observe a slight shift
(~0.7eV each) towards higher energy with increasing Ti-
content. This slight change in absorption energy, though not
an indication of any significant oxidation of Cu ions, sug-
gests that subtle changes in the electronic structure of
CuCrO, take place with Ti addition.

Alternatively, to accommodate the electronic charge of
substituted Ti** ions, the hybridization of Cu'" with 0% can
change, as no change in seen in the Cr’" state. This argu-
ment is even more plausible when viewed from the perspec-
tive of the recent report on the electronic structure study of
CuCr,;_,Mg,0, using photoemission spectroscopy (PES).**
In this study, Yokobori et al. observed two types of charge-
transfer satellites attributed to Cu'*(34') and Cu** (3d°)-
like initial states in the Cu 2p — 3d resonant PES spectrum
of CuCrO,, while their Cu 2p core-level spectra reflect a
Cu'" character. They explain these seemingly contradictory
results by proposing a finite Cu (3d,4s) - Cr (3d) charge trans-
fer via O 2p states in the ground-state electronic configura-
tion. In the context of the present results, since XANES
records the excitation of photoelectron from the 1s-level to
continuum, we are not able to capture such intricate atomic
multiplets that are accessible to the energy level changes
across 2p — 3d transitions achieved using soft x-rays. But,

we do see the impact of such hybridization on the Cu—O
bond through EXAFS, as discussed below.

Further, EXAFS measurement was carried out at the Cu
and Cr K-edge of all the CuCr,_,Ti, O, samples, at 10, 100,
and 300 K, spanning its magnetic order-disorder phase. Raw
EXAFS data in the form of k*-weighted oscillations are pre-
sented in Fig. 5. The overall good quality of the signal allows
us to choose the k range from 2 to 13.25 A~! for Fourier
transforms. The modulus of Fourier transformed spectra are
shown in Fig. 6. A cursory look at the plots in the lower
panel of the figure tells us that Ti-substitution has a very
weak effect on the local structure. Rather, temperature
changes seem to affect the spectra more severely than the
change in concentration, as clearly evident from the second
peak feature of the Cu-edge data (see the top right panel of
Fig. 6). As per the crystal symmetry of CuCrO,, the Cu ions
form linear bonds with O linking the CrOg octahedra. Thus,
the first correlation between 1.0 and 2.1 A for the Cu spectra

Cr K-edge Cu K-edge Ii

3Fx=0 x=0

T=10K

 T=10K A

Fourier Transform (arb. units)

FIG. 6. k® weighted Fourier transform spectra recorded at the Cr and Cu
K-edge, top panel: at different temperatures and bottom panel: for different
compositions.
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TABLE L. Results of the fits to the Cr and Cu K-edge EXAFS data of CuCr,_,Ti,O,. R refers to the bond length, and ¢” is the thermal mean square variation

in R. The values inside parentheses indicate uncertainty in the last digit.

T=10K T=100K T=300K

Sample Atom and

Comp. Coord. no. R (A) a2 (A?) R (A) o2 (A% R (A) a2 (A?)

Cr K-edge

x=0 01 x6 1.974(6) 0.0032(9) 1.975(6) 0.0032(8) 1.972(5) 0.0038(8)
Crl x 6 2.984(5) 0.0022(5) 2.989(4) 0.0023(5) 2.994(5) 0.0032(5)
Cul x 6 3.334(8) 0.0046(9) 3.334(9) 0.0051(9) 3.331(13) 0.0085(15)

x=0.05 01 x6 1.975(5) 0.0034(8) 1.977(5) 0.0035(8) 1.976(4) 0.0041(7)
Crl x 6 2.983(4) 0.0025(5) 2.989(5) 0.0025(5) 2.996(4) 0.0035(5)
Cul X 6 3.331(8) 0.0048(9) 3.33009) 0.0054(5) 3.326(12) 0.0086(14)

x=0.1 01 x6 1.978(5) 0.0037(8) 1.979(5) 0.0038(8) 1.980(5) 0.0050(9)
Crl x 6 2.988(3) 0.0031(5) 2.990(5) 0.0031(5) 2.999(5) 0.0041(6)
Cul x 6 3.334(7) 0.0046(8) 3.332(8) 0.0052(9) 3.331(12) 0.0084(15)

Cu K-edge

x=0 011 x 1 1.832(1) 0.0021(14) 1.833(1) 0.0021(13) 1.838(8) 0.0024(11)
012 x 1 2.036(6) 0.021(15) 2.025(5) 0.022(12) 2.020(4) 0.0250(11)
Cul X 6 2.983(5) 0.0056(5) 2.985(6) 0.0083(7) 2.990(1) 0.0169(17)
Crl x 6 3.334(6) 0.0046(6) 3.334(5) 0.0051(6) 3.331(6) 0.0088(9)
02 x 12 3.454(7) 0.0034(11) 3.459(6) 0.0041(10) 3.455(6) 0.0096(14)

x=0.05 011 x 1 1.834(1) 0.0020(13) 1.838(1) 0.0022(13) 1.839(9) 0.0023(11)
012 x 1 2.003(5) 0.0201(11) 2.008(4) 0.0210(11) 2.007(4) 0.0231(46)
Cul X 6 2.980(4) 0.0061(5) 2.989(6) 0.0087(8) 2.997(1) 0.0173(19)
Crl x 6 3.331(6) 0.0048(7) 3.330(6) 0.0055(7) 3.326(6) 0.0086(9)
02 x 12 3.450(7) 0.0052(11) 3.456(7) 0.0054(12) 3.447(7) 0.0101(15)

x=0.1 011 x 1 1.839(1) 0.0020(16) 1.8372) 0.0022(14) 1.846(1) 0.0023(15)
012 x 1 1.992(5) 0.0211(11) 1.984(4) 0.0218(11) 1.981(4) 0.0225(40)
Cul X 6 2.985(6) 0.0069(5) 2.987(8) 0.0101(9) 3.008(8) 0.0181(25)
Crl x 6 3.334(6) 0.0046(7) 3.332(6) 0.0052(7) 3.331(8) 0.0084(11)
02 x 12 3.451(7) 0.0048(13) 3.446(8) 0.0061(14) 3.445(7) 0.0107(17)

belongs to the Cu—O1 bond. This is followed by Cu—Cu,
Cu—Cr, and Cu—-02, as the second, third, and, fourth coordina-
tion shells with Cu at the centre, in the range of 2.1 to 4A.
Likewise, for Cr EXAFS (left panel of Fig. 6), the first corre-
lation between 1 and 2 A is the Cr—O bond with coordination
number 6, followed by Cr—Cr and Cr—Cu as the second and
third coordination shells, respectively. Note that peak posi-
tions in Fig. 6 are not phase shift corrected and hence should
not be assumed to appear at the absolute or actual bond distan-
ces extracted from the analysis as will be discussed later in the
text. It may be noted that the Cu K-edge raw EXAFS oscilla-
tions, as well as the Fourier transformed spectra presented in
Figs. 5 and 6, match very well with the previously reported
Cu K-edge EXAFS of CuScO, and CuLaO, in Ref. 15.

With the crystal structure information like unit cell param-
eters and space group obtained from our XRD analysis, a care-
ful quantitative analysis of EXAFS was performed. The model
fit consisted of all direct scattering two-body correlations up to
4A in R-space, as described in the preceding paragraph. The
parameters like bond lengths and the corresponding thermal
mean square variation (62) in the bond length were varied until
a good fit was obtained. Other universal parameters like
absorption edge energy corrections and scattering amplitude
were obtained from fitting the data for CuCrO, and maintained
at similar values for Ti-substituted compositions. Final param-
eters obtained from an optimized fit are mentioned in Table L.

The fit to Cr EXAFS shows systematic variation in parameters
and no drastic change or trend in Cr—O and Cr—Cr bonds,
either with changing Ti-concentration or with temperature. In
the light of magnetization results discussed previously, such
plain systematics indicate that the change in magnetic proper-
ties that take place upon Ti-substitution in CuCrO, is purely
due to local defects created in the Cr spin lattice.

However, a striking distinction was observed during the
analysis of Cu EXAFS. The first shell when fitted with the lin-
ear Cu—O1 correlation with coordination number equal to 2
did not yield a good fit, resulting in a low value of bond-
distance as high as ¢. As depicted in Fig. 7(a), the amplitude
of the fit to the feature at 1.0-2.1 A does not fit well with the
data. Also, a phase mismatch between the data and the fit is
seen, resulting in statistically poor fit-parameters. This issue is
overcome by implementing two separate Cu—O correlations,
one long and one short, maintaining a total of 2 Cu—O bonds
and seems to replicate the data quite well [see Fig. 7(b)]. Such
an asymmetry in the first linear correlation of Cu ions that
gives rise to a distribution of Cu—O bonds is not a new feature
to delafossites. In fact, a very detailed EXAFS analysis using
the cumulant approach has been discussed in detail in Ref. 15
in the case of CuScO, and CuLaO,, where the distribution in
Cu—O bond values has been highlighted. The rest of the corre-
lations in the 2.1-4 A range, viz., Cu—Cu, Cu—Cr, and Cu-02,
fit very well with the standard delafossite model.
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Fourier Transform (arb. units)

FIG. 7. Fitting of the magnitude and real component of Fourier transform of
Cu K-edge EXAFS spectra, top panel: Cu—O correlation with two equal
bond distances and bottom panel: Cu—O correlation with two different bond
distances.

Owing to its site symmetry in the delafossite structure,
the Cu ions have opportune freedom to vibrate in the planes
perpendicular to the Cu—O linear bonds aligned along the
c-axis. This reflects as higher ¢ and bond-distance values,
not only of Cu—O1, but Cu—Cu as well, whereas the Cr ions
are held within an edge sharing octahedral setting of O
anions that provide less freedom to affect high disorder
vibrations. The Cu—Cu distance is perpendicular to the c-axis
and can basically be seen as a measure of the a-axis parame-
ter. However, the bond-distance value obtained from EXAFS
analysis (of 300K data), is slightly higher than the a parame-
ter obtained from the room temperature XRD analysis. This
difference in the value for the same correlation obtained
from XRD and EXAFS reflects the underlying local disorder
that manifests in the form of correlations relating to Cu ions.
Since EXAFS is a very local probe, it provides intricate
changes within the unit cell with great detail.

The short and long bonds of O with Cu though distinct
are quite intuitive. As already seen in the XRD profiles, there
is a preferential orientation inherent in the structure with the
unusually large c-axis. This indicates anisotropy in the Cr—Og
octahedra linked by Cu—O linear bonds. This effect gets mani-
fested with Ti*"-substitution at the Cr’" site, disturbing the
cationic charge distribution in CuCr;_,Ti,O,. As confirmed
from the XANES plots, the 34 charge state of Cr ions seems
to remain intact across the Ti-substituted samples. On the
other hand, a small variation seen in the edge energy of Cu
absorption spectra highlights the changes occurring at the
electronic level in the Cu—O hybridization. Cu ions, however,
maintain their 1+ oxidation state. Besides, several experimen-
tal studies have reported anisotropy in the compressibility of

J. Appl. Phys. 122, 225111 (2017)

copper based delafossite oxides,® further augmenting our
analysis. Pressure dependent Raman and EXAFS studies have
in fact shown that at ambient pressure, the octahedral struc-
tures are distorted and become more regular with increasing
hydrostatic pressure.”®’

IV. CONCLUSION

CuCrO, is a potential Cu-based material actively pur-
sued in p-type TCO research. The improvement in its electri-
cal and/or optical conductivity is being sought by various
methods, with substitution with other cations being one such
approach. CuCr;_,Ti,O, was studied here by substituting up
to 10% of Cr ions with Ti. The physical properties of all the
prepared samples are discussed in view of the cation charge
redistribution. The heat capacity measurement reflects the
disrupted long range magnetic order caused due to local
defect states created by non-magnetic Ti. Temperature varia-
tion of electrical resistivity indicates an activated type of
charge transport with no significant change in the gap energy
taking place due to Ti. Although UV-Vis spectroscopy does
not indicate any appreciable change in the optical gap, it
hints towards subtle changes taking place in the electronic
structure. In contrast to a recent report claiming the
2+ valence state of Ti, a direct evidence for the 4-+ valence
state is presented here using Ti K-edge XANES measure-
ment. Besides, XANES measured at the Cu and Cr K-edge
reaffirms the valence state of these transition metal cations
and presents evidence for changing Cu—O hybridization. The
impact of cation charge redistribution is also seen on the
local crystal structure as determined quantitatively from the
EXAFS analysis. The current study is an extension towards
understanding the p-type delafossite materials in general and
the specific efforts made towards appreciation of electrical
conductivity of CuCrO,.
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