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ABSTRACT: Here we report a new versatile approach for the
calculation of phonon modes which is applicable to
anisotropic, dilute alloys with allowance for a large variety of
alloying elements. This approach has significant advantages
over previously reported methods, especially for the lattice
dynamics of such complex alloys. We use this approach to
model the effects of Fe-doping on the vibrational modes in
dilute alloys of CuAl,_,Fe O, (x = 0, 0.01, 0.0S, and 0.10)
delafossite powders. These samples were structurally charac-
terized with X-ray diffraction (XRD) combined with Rietveld
refinement to measure their lattice parameters and Raman and

CuAl, Fe,0,
©, o Exp.
é e WDM

g
.

CuFeO,

420

o (cm™)
[

410

3 o
]

0.00 0.05 0.;(0 0.95 1.00

FTIR spectroscopies to measure optical phonon frequencies. To compare experimental results from XRD with calculations for
lattice parameters, we use a disordered supercell for x in the range 0—0.1. Both results agree well with Vegard’s law. For the
phonon calculations, an approach using a disordered supercell is not feasible because it is too computationally expensive.
Instead, we developed our weighted dynamical matrix (WDM) approach that uses a straightforward ordered supercell for force-
constant calculations of the CuAlO, and CuFeO, parent end points, and combines them using a WDM approach leading to an
effective medium for vibrational mode calculation in random alloys. Computationally, when Fe is substituted for Al (increasing
x), an increase in the bond length is observed leading to a red-shift in the peak positions in all of the phonon modes vs x, in

agreement with the experimentally observed trend.

1. INTRODUCTION

Delafossites (AMO, with A: Cu or Ag; M: Al, Ga, La, Fe, or
Cr) are one of a number of families of less-studied complex
oxides with many attractive properties.' ” In particular,
CuAlO, is a p-type wide-band-gap compound, an attractive
candidate for transparent conductive oxide applications.'~® For
CuAlO, thin films, the reported indirect and direct allowed
optical band gaps are 1.8 and 3.5 eV, respectively.”'® It has
been suggested that doping CuAlO, with transition metal ions,
such as Fe, Mn, Nij, etc, may modify the indirect band gap,
which is otherwise forbidden due to symmetry consider-
ations."' CuAlO, has an indirect fundamental band gap, which
is due to phonon-assisted optical transitions. On the other
hand, alloying leads to chemical disorder in the lattice and
causes phonon scattering.'” Therefore, understanding the
vibrational properties of CuAl,_,Fe, O, alloys is key to
understanding the variation of optical (photon—phonon
interaction) and electronic (electron—phonon interaction)
properties with Fe concentration. To that end, we investigated
the structural, electronic, magnetic, and optical properties of
Fe-doped CuAlO,. In recent papers,'”'* we have reported on
the synthesis of CuAl,_,Fe O, (x = 0, 0.01, 0.05, and 0.10)
samples followed by their structural characterization using X-
ray diffraction (XRD), X-ray photoelectron spectroscopy
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(XPS), and scanning electron microscopy with energy
dispersive spectroscopy, and magnetic investigations using
vibrating sample magnetometry.

In this paper, vibrational modes observed for dilute
CuAl,_,Fe, O, alloys using Raman and Fourier transform
infrared (FTIR) spectroscopies are directly compared with the
results obtained by first-principle calculations, to better
understand these modes and the effect of Fe dopants.'>~"
The calculation of vibrational frequencies (phonon spectra) in
dilute anisotropic alloys is not a simple undertaking, and the
successful methodologies are not well developed. For this
reason, our original approach started with the accurate
calculations of the lattice structure of the dilute alloys using
a disordered supercell. However, to continue and use these
results to determine the phonon spectra, especially for dilute
anisotropic alloys, is too computationally demanding. Instead,
effective medium approaches must be used. One such
approach, the virtual crystal approximation (VCA) is well-
known for alloy calculations, but it does not work well for
nonisoelectronic alloying elements like Al and Fe.'"® Another
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such approach is the coherent potential approximation (CPA),
which works best for isotropic lattices’ but not for highly
anisotropic lattices like the delafossites, and, in the case of
dilute alloys, it is computationally demanding.””*" Based on
these issues, we do not use VCA or CPA to model the
vibrational characteristics of these dilute anisotropic alloys. In
principle, the calculation of the vibrational frequencies can be
done based on the supercell results; however, these
calculations are only tractable in the case of the parent
structures, CuAlO, and CuFeO,, at the end points. Again, for
the alloys, especially the dilute alloys, the very large supercells
make the calculations too computationally demanding. For
these reasons, we developed a new effective-medium approach
using a weighted dynamical matrix (WDM), based on
modifying the masses and interatomic force constants after
calculation of Hellmann—Feynman forces’ for parent
compounds CuAlO, and CuFeO, (details given in section
2.2.2). There have been several attempts to consider mass and
force-constant disorder in random alloys™ > The approach
presented here is straightforward and computationally eflicient
and works well for dilute anisotropic CuAl,_,Fe,O, alloys.

2. METHODS

2.1. Experimental Section. Polycrystalline powder
samples of CuAl,_,Fe,O, (x = 0, 0.01, 0.0S, and 0.10) were
prepared by the solid-state reaction method using Cu,O,
Al O;, and a-Fe,0; as precursors in appropriate stoichiometric
ratios with heat treatment in static air at 1100 °C.”" The details
of these procedures along with structural, chemical, and
magnetic characterization are given in recent papers.l?”14 Room
temperature Raman spectra (200—2500 cm™') were acquired
using a Horiba Jobin-Yvon LabRAM HRS800 system (Ar ion
laser, A = 488 nm, spectral resolution of 1.5 cm™" with a 2000
lines/mm grating). To obtain good signal-to-noise ratio, the
laser was focused on the powder samples with a 10X objective
and autoexposed for 15 accumulations using 100% the laser
power (50 mW). Room temperature FTIR spectra (400—4000
cm™') were acquired using a PerkinElmer Spectrum-Two
system (spectral resolution 0.5 cm™'). FTIR samples were
made using the KBr pellet method, with pellets oven-dried at
90 °C to remove adsorbed/absorbed moisture prior to
acquiring the FTIR spectra.

2.2. Computational. Our computational strategy is the
following: we use the supercell approach to determine the
crystal structure/lattice parameters of the CuAl,_,Fe, O, alloys
for x = 0, 0.01, 0.05, 0.1, and 1.0 (see section 2.2.1) using the
Vienna Ab initio Simulation Package (VASP S$.4.4). The
vibrational properties are computed through an effective
medium approach, where we use an ordered supercell for
CuAlO, and CuFeO, to determine their interatomic force
constants and use these with our weighted dynamical matrix
approach to calculate the phonon spectra.

2.2.1. Lattice Parameter Calculations. The lattice param-
eters for CuAl,_,Fe, O, are calculated in its ground-state
energy configuration using VASP.”*7** Relaxation of the
conventional unit cell is done with an 8 X 8 X 2 I'-centered
k-point mesh and kinetic energy cutoft of 600 eV. The relaxed
conventional unit cell with rhombohedral structure (R3m) of
CuAlO, is used to construct a 3 X 3 X 1 supercell containing
108 atoms. We use projector-augmented wave pseudopoten-
tials>> with the valence-electron configurations 3p63d10451,
3p®3d’4s', 3s’3p', and 2s*2p* for Cu, Fe, Al, and O,

respectively. There are many possible configurations for Fe

substituting for Al, but most of them can be ruled out by
symmetry considerations, which is done by site-occupation
disorder (SOD 0.47) code.*® The relaxation of this disordered
supercell is done with a 4 X 4 X 2 I"-centered k-point mesh and
a 600 eV kinetic energy cutoff. The relaxation method used
leaves the supercell volume, positions, and cell shape free to
change. Due to the strong correlation effects of Fe d electrons,
we used a simplified (rotationally invariant) PBEsol+U
approach®”*® with an on-site Coulomb parameter U, = 4.6
eV and included spin polarization for Fe. To find the optimized
U, the band gap, lattice parameters, magnetic moment, and
Raman modes of CuFeO, are compared with the reported
experimental values.

2.2.2. Weighted Dynamical Matrix (WDM) Approach. To
find the phonon modes, one needs to construct the dynamical
matrix. To do so, r;, the deviation of the ith atom in the Ith
unit cell of the supercell from equilibrium position, is
introduced. Also, the second-order force constants for the
li—I'i" atom pair, denoted as @,4(0i, I'i") (with @ and f# indices
for coordinates), are calculated. Then, the dynamical matrix
D(q) at the wavevector q is constructed as follows:

DY (q) =

ﬂ(Ol, I'i") expliq- (x5, — xy;)]
(1)

where m; is the mass of the ith atom. Phonon frequencies w(q,
k) and mode eigenvectors y(q, k) at q, where k is the band
index, are obtained by solving the eigenvalue equation:

D(q) x(q, ) = [w(q, ©)I* x(q, &) )

This proposed approach is tested and compared to our
experimental results for CuAl,_,Fe, O,. To calculate the
phonon modes for these alloy samples, first the Hellmann—
Feynman forces of the parent structures (CuAlO, and
CuFeQ,), for atomic displacement of 0.01 A from their
equilibrium positions, are calculated by DFT calculations.

Then from forces ﬁCuAlOZ and ﬁCuFeOZJ the force constants
@10, and D .o, are calculated. The weighted dynamical

matrix is constructed as follows:

]_)Zﬂ(‘l) = Z /3(0'; I'i") expliq- (1, — 1))]

(3)

where @ = x®cyp0, + (1 — x)Dcypo, refers to the weighted

force constant, where x refers to Fe concentration. Also, we
consider a pseudoatom instead of an M-site atom (CuMO,)
with mass as my = amg, + (1 — x)my in eq 3. The advantage
of our approach is that it can be easily used to estimate the
interatomic force constants. Importantly, any percentage of
dilute alloys can be considered, unlike the approach using a
disordered supercell, which requires a very large supercell to
represent a dilute alloy. However, there are some limitations to
this approximation. First, by replacing Al with Fe, the Brillouin
zone volume decreases, but this is not considered in the
weighted dynamical matrix. Thus, we assume that this decrease
does not influence the systems with dilute dopants. Also, in
this method, we consider a pseudoatom M instead of Al and
Fe. Then, in the projected density of states, the partial density
of states from the individual Al and Fe atoms cannot be
identified; only the constructed pseudoatom M is available.
This lack of identification implies that we do not consider the
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Figure 1. (a) Experimental data with error bars for percentage change of a and ¢ vs x for CuAl,_,Fe O, (with x = 0, 0.01, 0.05, and 0.10).
Computed lattice parameters for disordered supercell of CuAl,_,Fe O, are shown by solid squares and circles. Lines show the fit of the
experimental data to Vegard’s law. (b,c) Minimum energy disordered supercell configuration for x = 0.11 along the a- and c-axes.
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Figure 2. (a) Phonon dispersion for CuAl,_,Fe,O,(x = 0, 0.01, 0.05, and 0.10) in the path marked in the Brillouin zone (inset), calculated by the
WDM method. The experimental values for two Raman modes for x = 0.0 are marked as hollow circles. (b) Phonon density of states in the

Brillouin zone.

effect of Fe-alloying on the electronic dielectric permittivity or
the Born-effective charges, which account for the long-range
interaction of the macroscopic E-field induced by the
polarization of collective ionic motions near the I'-point. We
are further investigating the versatility of this proposed
approach by comparing our method to the experimental and
computational data for other structures, and we will report our
results in a follow-up paper. Similar approaches, using only

—41
Oor mass and force—constant

26—29
By

mass renormalization®’
renormalization, have been developed previously.
considering only the weighted average mass, the decrease in
the phonon modes does not agree well with experimental data.
This highlights the fact that the simple weighted average mass
alone does not work well due to the presence of strain and the
improvements for weighted averaging the interatomic force
constants along with the masses are necessary. Detailed
teatures of our calculations include interatomic force constants
calculated for parent compounds CuAlO, and CuFeO,
primitive unit cells (relaxation done with 8 X 8 X 8 I'-
centered k-point mesh and kinetic energy cut off increased to
600 eV for both structures); supercells of 3 X 3 X 3 with 0.01
A displacement are created,”” and then forces (with 4 X 4 X 4
[-centered k-point mesh) and Born-effective charges and

electronic dielectric permittivity (with 16 X 16 X 16 I'-
centered k-point mesh) are calculated with VASP.

3. RESULTS AND DISCUSSION

3.1. Structural Properties. To aid in our interpretation of
Raman and FTIR results on the CuAl,_,Fe O, samples, we
briefly summarize the structural properties reported in our
recent publications.'”'* The XRD spectra of all four samples
are refined by the Rietveld method,*”** and the changes in the
lattice parameters a and ¢ are calculated from the values
resulting from the refinement. The details of this Rietveld
analysis are shown in Figure S1. By substituting Fe for Al as an
Fe®" ion, the rhombohedral symmetry is unchanged, but the
lattice expands with the relative expansion along the g-axis
being ~6 times larger than that along the c-axis. Figure la
shows the variation of the lattice parameters a and ¢ with
change in Fe-doping. The solid lines show the Vegard’s law fit.
The DFT calculations are done on the disordered supercells of
CuAl,_,Fe O, for x = 0.0, 0.04, 0.08, and 0.11, and the lattice
parameters are calculated for the ground-state configuration.
The disordered supercell for x = 0.11 along the a- and c-axes is
shown in Figure 1b and c. Our computational results show
good agreement with the experimental data and fit to Vegard’s
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law.*>*® Small deviations from Vegard’s law may be due to the

fact that our calculations are done at 0 K, whereas the
experiments are done at room temperature. Bond lengths are
marked in Figure lc. These results imply that the substitution
of Fe** for the smaller AI** (ionic radii 0.065 and 0.054 nm,
respectively) introduces localized strain to the lattice and the
M—O (M = Al, Fe) bond lengths increases with higher Fe
doping. The bonds around substituted Fe atoms become
distorted, and the M—O bond length increases (Al—-O and
Fe—O bonds are 0.191 and 0.200 nm, respectively) whereas
the Cu—O bond length decreases from 0.185 to 0.184 nm near
the dopant. These changes in the bond lengths affect the lattice
parameters and vibrational modes.

3.2. Phonon Dynamics. 3.2.1. Phonon Dispersion. Here,
we present the calculated phonon modes for CuAl,_,Fe O, (x
= 0, 0.01, 0.05, and 0.1). Figure 2a shows the phonon
dispersion for four doping concentrations along the X—Z—I"—
L paths (Brillouin zone is shown, inset). For CuAlO,, with its
four-atom primitive cell, there are 12 vibrational modes from
group theory. At the I'-point (Brillouin zone center), the
modes have the symmetry: I' = E; + Aj; + 3A,, + 3E,. There
are three acoustic modes with I', i = Ay, + E,, symmetry and
zero frequency; two Raman-active modes E, (doubly
degenerate) and A;,; and six IR-active modes of E, and A,,
which are optical phonons. The experimental values for these
two Raman modes are marked as hollow circles to compare
with experiment. In our calculations, we consider Born-
effective charges by a nonanalytical term added to the
dynamical matrix that breaks the degeneracy in the doubly
degenerate modes. In general, longitudinal optical (LO) modes
have higher frequency than transverse optical (TO) modes do.
By alloying Fe in CuAlO,, there is a clear decrease in the peak
frequencies (red-shift) associated with the larger ionic radius
and mass of Fe atoms that leads to a decrease in the
interatomic force constants and an increase in the weighted
average mass of the alloys compared to CuAlO,.

In Figure 2b, the partial density of phonon states for CuAlO,
is plotted as a function of the wavenumber over the whole
Brillouin zone. Cu states are more noticeable at low
frequencies (<250 cm™). E, and A,, Raman-active modes at
I" are only influenced by the vibration of oxygen, as discussed
in the next section, whereas the IR-active modes are the result
of vibrations of all the atoms (see Figure 7). The vibrational
configurations along with the experimental data are presented
below.

3.2.2. Raman Spectra. Raman spectra for the CuAl,_ Fe O,
samples are shown in Figure 3. For x = 0, there are two
prominent peaks identified as E; at 419 cm™" and Ay, at 768
cm™, in addition to some weaker peaks. These peak
identifications follow the Raman studies (measurements and
modeling for single-crystal CuAlO,) by Pellicer-Porres et al.*’
Experimentally, they see a peak at 767 cm™" corresponding to
the calculated A;, mode at 770 cm™! involving the vibration of
O atoms along the c-axis (parallel to the O—Cu—O bonds) and
a peak at 418 cm™ corresponding to the calculated E; at 433
cm™ involving the vibration of O atoms perpendicular to the c-
axis (in the hexagonal plane containing the a-axis). Other
Raman studies in CuAlO,**™" also reported the observations
of these E, and A;; modes. In our powders, as doping level x
increases, the prominent E, and Aj, peaks get broader and
weaker, and increasingly red-shifted. Also, a broad background
peak centered around 600 cm™' and a second broad peak
centered around 1,300 cm™" appear in the Fe-doped samples.
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Figure 3. Raman spectra of CuAl,_ Fe O,, x = 0, 0.01, 0.05, and 0.10.
Ay, and E, modes are Raman-active. Data is smoothed by averaging
adjacent points. Dashed lines show the background. For x = 0.01,
peaks L,—L, (weak modes) are labeled.

In addition to the E; and A;, modes, the spectra in Figure 3
also include several weaker peaks. These weaker peaks are
similar to those reported for single crystals of CuAlO,,"” where
the peaks are associated with intrinsic defects (Cu vacancies
and interstitial oxygen) that result in p-type conductivity in
CuAlO,. Following the nomenclature used in,"” the observed
peaks are labeled L, through Ly on Figure 3. The positions of

these peaks vs. x are plotted in Figure 4. The solid symbol on
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Figure 4. Wavenumber positions of observed weak Raman modes for
CuAl,_,Fe,O, samples vs x from sample defects (open symbols).
Experimental weak modes for x = 0, from ref 6 (solid symbols to left
of x = 0), are shown for comparison.

the left frame, show the experimental positions of the peaks for
CuAlO, reported by Pellicer-Porres et al.*’ The Ly peak along
with the broad modes at approximately 600 and 1300 cm™" are
observed only for the Fe-doped samples and not for CuAlO,. It
is likely that the broad mode at 1300 cm™ is a second-order
peak of the 600 cm™' broad mode because similar second-
order Raman peaks have been reported in other systems, such
as graphitic samples.”
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To determine the position, the full width at half-maximum
(fwhm), and the intensity of the E, and A;, modes accurately
for the Fe-doped samples, the broad peak near 600 cm™" was
subtracted out. The resulting plots of the Raman peak position,
fwhm, and intensity ratios (height and area) vs x are shown in
Figure Sa—c, respectively, with the schematic views of the E,
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Figure S. (a) Raman peak positions for the E, and A;, modes vs x for
CuAl,_,Fe,O,. Experiment, open symbols with error bars; computed
using the WDM model, solid symbols connected with solid lines.
Half-filled symbols connected with dot-dashed lines show the
computed mode frequencies considering only weighted average
masses. (b) Experimental fwhm of peaks for E; and A;; modes vs x,
as labeled. (c) Area under the peaks for E, and A;; modes and area
ratios E,/Aj, vs «, as labeled. (d) Schematlc views of the E; and Ay,
Raman modes, as labeled.

and A;; Raman modes shown in Figure 5d. Figure Sa shows a
consistent red-shift for the peaks associated with the E; and Ay,
modes vs x; Figure Sb shows a consistent broadening of these
peaks; and Figure Sc shows a clear reduction in the relative
strength of E, to Aj,. Our discussion of these results is
presented below.

3.2.2.1. Red-Shift of the E, and A, Peaks. In Figure 5a,
along with the peak positions showing the red-shift with
increasing x, the solid lines show WDM computational results
for E, and A, modes vs x and dot-dashed (horizontal) lines
show the computational results for mass weighted average
only. The Raman-active E, and A;, modes involve motion of
the oxygen atoms only (see Figure Sd), so their frequencies
will not change with Fe content for a model using only the
mass weighted average (prediction is horizontal). This lack of
agreement with experimental results directly shows the
necessity of taking into account the change in both the masses
and force constants. The values and trends of calculated
frequencies for our WDM approach (mass and force-constant
weighted average) agree well with the experimental data. This
confirms the red-shift of the optical phonon mode associated
with smaller interatomic forces and larger mass, when

substituting Al with Fe, even though only the O is vibrating
in these modes.

This argument is further strengthened by directly comparing
the change in properties from the CuAlO, end point through
to the 10% alloy to the change in properties between the
CuAlO, and end points (for which excellent data is available).
For example, as shown in Figure 1a, the lattice expands with Fe
doping. The relative expansion along the ag-axis is nearly 6
times more than that along c-axis. This difference is in line with
the lattice constants of CuAlO, (a = 2.858, ¢ = 16.958 A) with
the larger unit cell of CuFeO, (a = 3.035, ¢ = 17.166 A), which
shows an increase of 6.1% along a but only 1.2% along c. Thus,
the rate of expansion (shown in Figure 1 for CuAl,_Fe,O,)
continues until x = 1 (CuFeO,). Consider this analysis for
vibrational modes. Specifically, for CuFeOz, the positions of
the Raman modes are E; = 352 cm™ !and Ay = 692 cm 1,53
representing a red-shift of the E; and Ay modes by 70 cm™
(17%) and 80 cm™ (10%), respectlvely, from the values for
CuAlO,. The red-shift of the E, and A;; modes for x up to 0.10
are 6 cm™' (1.4%) and 17 e (2. 2%), respectively. This
indicates the observed red-shifts are the result from the
expansion of the lattice constant with lengthening of the M—O
bonds, which reduces their stiffness and lowers these Raman
frequencies. Because Cu, Al, and Fe atoms are stationary in the
E; and A, modes, their masses should not affect the mode
frequencies. Additional support for these arguments comes
from a study of the effect of particle size on the Raman spectra
and lattice farameters of CuAlO, nanoparticles down to a size
of 10 nm.”™ Here for a particle size of 10 nm, the lattice
expands with a = 2.870 A and ¢ = 16.966 A compared to a =
2.856 A and ¢ = 16.931 A for bulk CuAlO, (0.35% and 0.21%
expansion of a and ¢, respectively). The Raman modes are red-
shifted by ~3% with this increase in unit cell size, with E
shifting from 419 to 407 cm™' and Ay from 767 to 740 cm_%
for the bulk vs 10 nm particles, respectively.

3.2.2.2. Broadening and Relative Intensities of the E, and
A;4 Peaks. Figure Sb shows the large broadening of both the E,
and A;; Raman modes with increasing x, and plot (c) shows
the sharp decrease in the intensity ratio of the E;/A;, modes.
This is also evident in Figure 3, which shows that the intensity
of the E; mode is reduced with an increase in x, to the point
that it is barely noticeable for x = 0.10. The broadening of the
modes with Fe doping can be related to the red-shifts, by the
following argument. Doping CuAlO, with Fe produces
inhomogeneity in the lattice in that, at sites where Fe replaces
Al the lattice locally behaves as CuFeO, with its Raman modes
red-shifted, whereas at sites without Fe doping the Raman
modes locally behave as CuAlO,. Therefore, the addition of a
small amount of Fe will lead to heterogeneous broadening
toward the low wavenumber side, as observed in Figure 4.
Figure Sc shows the behavior of the peak areas of the E, and
Aj; modes and their ratio E,/A;; with increasing x. Both E,
and A;, peaks strongly reduce with increasing x, with E,
decreasing faster than A, as indicated by the decrease in the
ratio E;/A,. These reductions are probably related to the large
changes in the electronic band structure of the alloys near the
excitation energy of 2.5 eV (488 nm) even for very small x and
the effect of disorder associated with doping with Fe. As
discussed below, for FTIR spectroscopy, the size of the
observed absorption peaks does not change appreciably with x.

3.2.3. FTIR Spectroscopy. Not all the vibrational modes of a
system are Raman-active. For this reason, we used FTIR
spectroscopy to determine the frequencies of other
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CuAl,_,Fe, O, vibrational modes to compare with our
calculations. The observed FTIR absorbance spectra of the
CuAl,_,Fe, O, samples (x = 0, 0.01, 0.05, and 0.10) in the
400—1800 cm™" frequency range are shown in Figure 6. (For
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Figure 6. IR absorbance vs wavenumber for CuAl,_Fe O, (x = 0,
0.01, 0.05, and 0.10). Peaks A—E are labeled by corresponding WDM
calculated modes. IR modes are deconvoluted using Gaussian
functions (see Table 1). Peaks F—H are from organic contaminants
typical for powders in air.

the 1800—4000 cm™' range, the spectra have no distinct
features.) The observed peaks are labeled as A through H in
the top panel of Figure 6 for ease of discussion, and in the
bottom panel the sources of these peaks are identified.

It is noted that the peaks F—H are not associated with
vibrational modes of CuAl,_,Fe O, because these peaks are

independent of Fe doping and these peaks closely match the
frequencies associated with the stretching modes of C—0O, C—
H, and C=O0, respectively. The source of the F—H peaks is
adventitious carbon layers that build up on powder samples
exposed to air.”* This agrees with our recently reported XPS
studies for these powder samples,8 where the observed C 1s
peaks were identified as adventitious carbon and fitted to
alkane (C—H), alcohol (C—OH), and acid-ester (O—C=0)
peaks.>> ™’

The peaks labeled A—D in Figure 6 are deconvolved using
Gaussian functions, and peaks A—E are identified according to
the calculated modes shown in Figure 2a. The positions of all
these peaks along with the identified mode computed using
our WDM model are listed in Table 1. For modes A—E, the
computational values are consistently smaller than our
observed values and these modes get red-shifted with an
increase in x (except for the A mode for x = 0.10) (see Table
1). To facilitate the comparison between experimental and
computational results, the change in the IR-active phonon
modes vs x is plotted in Figure 7. The experimental data are
shown by open circles with error bars, and the computed
trends are indicated by solid squares and lines for the WDM
model and half-solid squares and dot-dashed lines for the
A,,(LO) mode. The results from the WDM model agree with
the experimental results within the associated error bars. The
underestimation of vibrational mode wavenumbers may be
related to the fact that the calculations are done for 0 K,
whereas the experimental measurements are done at room
temperature. The schematic vibrational modes are shown in
the primitive unit cell for each mode. All atoms are vibrating in
the IR-active modes, whereas for the Raman-active modes only
oxygen atoms are vibrating. From the phonon dispersion
plotted in Figure 2 and considering the propagation wave-
vector direction, the modes are labeled as LO and TO. The
associated propagation wavevector is shown on the schematic
vibration mode representations. The A,,(LO) and A, ,(TO)
modes, both with calculated wavenumber 465 cm™, are not
resolved. Using weighted average masses only (and not the
force constants) results in a change in vibration modes with x,
as shown by the half-solid symbols connected with the dash-
dotted line for the E,(TO) mode (second panel of Figure 7).

Table 1. DFT-Calculated and Measured Wavenumbers for Identified IR and Raman (R) Modes of CuAl,_,Fe, O, for x = 0,

0.01, 0.05, and 0.10 (Same Labels as in Figure 6)“

i
0 0.01 0.05 0.10
modes Figure 7 activity DFT expt DFT expt DFT expt DFT expt
E,(TO) IR 153 153 152 150
E,(LO) IR 157 156 155 153
E, R 418 419 417 418 415 410 412 413
A,,(LO) A IR 465 475 464 475 458 464 451 468
4,,(TO)
E,(TO) B IR 507 560 505 560 496 543 486 539
E,(LO) C IR 649 716 647 713 639 709 628 708
A, (TO) D IR 691 789 689 783 683 772 677 765
Ay R 758 768 757 766 754 754 751 751
A,,(LO) E IR 859 934 857 932 850 919 843 913
C-0 F IR 1216 1217 1217 1217
C-H G IR 1364 1365 1365 1363
C=0 H IR 1735 1735 1735 1736

“Peaks F—H are from organic contamination.
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Figure 7. Left: Percentage changes in spectral line position vs x for the IR-active modes. Experiment, circles with error bars; computed, solid
squares connected with solid lines. For E,(TO), half-illed squares connected with a dot-dashed line show the computed mode frequencies
considering only weighted average masses. Right: Schematic views of the corresponding IR vibrational modes with propagation wavevector, q.

However, the agreement with our experimentally measured
modes is not good but it becomes much better when both the
masses and force constants are weight-averaged. The case for
including the weighted average forces agrees with the findings
for the Raman-active modes, discussed above. This directly
shows the importance of considering changes in both the force
constants and the masses. These red-shifts are qualitatively
similar to those observed for the two Raman-active modes
discussed earlier and are likely to have a similar origin (see
Figure S2, Supporting Information). Regarding the size of the
absorption peaks associated with optical phonon modes (peaks
A—E), qualitatively, we do not see a strong decrease with .
This is in stark contrast to the large decrease in peak size
observed for the Raman peaks. Finally, regarding previous
FTIR reports on CuAl,_,Fe O,, we are aware of only one brief
report by Lv et al.>® For the x = 0 case, they reported three
modes at 513, 711, and 933 cm ™, which agree with the modes
B, C, and E in Table 1. For the Fe-doped samples, they
reported four modes but their frequencies were not listed or
compared to the calculated values in ref 47.

4, SUMMARY AND CONCLUSIONS

In this paper, results have been presented on the phonon
modes of CuAl,_,Fe O, computed using several models
accompanied by comparison with the experimental data on
the Raman and FTIR modes in powder samples of
CuAl,_,Fe,O,. Using a disordered supercell, we model the
structure of the lattice and find good agreement with our
Rietveld-refined XRD results. For the calculation of lattice
dynamics, continuing with this disordered supercell is
computationally too demanding. Instead, we introduce an
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effective medium approach, a weighted dynamical matrix
(WDM) approximation method, and compare its results to the
frequency modes measured using Raman and FTIR spectros-
copy. This WDM approximation weight averages both the
force constants and the alloy masses, and we directly show that
this results in better agreement with the empirically measured
optical phonon spectra than a simpler weight average of the
masses only. Raman and FTIR modes for CuAl,_.Fe O,
samples with x = 0, 0.01, 0.05, and 0.10 show that the
Raman-active modes, E, (419 cm™) and A, (767 cm™), and
the five FTIR modes are red-shifted with an increase in x. The
observed frequencies of these Raman and FTIR modes are in
good agreement with our calculations using the WDM
approximation. These results are also consistent with the
lattice expansion accompanying the Fe-doping weakening the
M—0 bonds (M: Al or Fe).
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