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Cobalt orthogermanate (GeCo204) is a unique system in the family of cobalt spinels ACo0204
(A= Sn, Ti, Ru, Mn, Al, Zn, Fe, etc.) in which magnetic Co ions stabilize on the pyrochlore lat-
tice exhibiting a large degree of orbital frustration. Due to the complexity of the low-temperature
antiferromagnetic (AFM) ordering and long-range magnetic exchange interactions, the lattice dy-
namics and magnetic structure of GeCo204 spinel has remained puzzling. To address this issue, here
we present theoretical and experimental investigations of the highly frustrated magnetic structure,
and the infrared (IR) and Raman-active phonon modes in the spinel GeCo204, which exhibits an
AFM ordering below the Néel temperature Tn ~21K, followed by a cubic (Fd3m) to tetragonal
(I41/amd) structural phase transition at T's ~16 K. Our density-functional theory (DFT+U) cal-
culations reveal that one needs to consider magnetic-exchange interactions up to the third nearest
neighbors to get an accurate description of the low-temperature AFM order in GeCo204. At room
temperature three distinct IR-active modes (T14) are observed at frequencies 680, 413, and 325
em™! along with four Raman-active modes Aig, Ta2g(1), T2g(2), and E at frequencies 760, 647,
550, and 308 cm ™!, respectively, which match reasonably well with our DFT+U calculated values.
All the IR~active and Raman-active phonon modes exhibit signatures of moderate spin-phonon cou-
pling. The temperature dependence of various parameters, such as the shift, width, and intensity,
of the Raman-active modes, is also discussed. Noticeable changes around T and T's are observed
in the Raman line parameters of the F; and T2z modes, which are associated with the modulation

of the Co-O bonds in CoOg octahedra during the excitations of these modes.

I. INTRODUCTION

The diversity in the properties and applications of
spinels with the general formula of AB2O,4 arises from
the variety of cations, magnetic or nonmagnetic, that can
be substituted at the tetrahedral A-sites and octahedral
B-sites of the spinel structure [1-9]. Recent studies on a
special subclass of spinels (having nonmagnetic cations
such as Zn?t, Mg?t, Ge*t, etc. at the A-sites and mag-
netic cations at the B-sites) reveals intriguing magnetic
and structural properties at low temperatures. As first
pointed out by Anderson [10], these spinels have inherent
magnetic frustration, making the long-range magnetic or-
der, if at all present, highly dependent on various other
factors [4-6, 9, 11].

Examples of such spinels are ZnFe,O4 [12], defect
spinel MgMnOg [13], and GeCo20y4 [14, 15]. The lat-
ter is the subject of this paper. It is noteworthy that
GeCoy0y, hereafter listed as GCO for brevity, has been
substantially investigated in connection with its use as
an anode material for Li-ion batteries [16-19]. Moreover,
the nanostructures of GCO found applications in the re-
newable energy sectors such as fuel-cells, electrochemical
sensors, and supercapacitors [17, 19].

The magnetic properties of GCO have been under in-
tense investigations in recent years because of its dis-
tinct magnetoelectric features linked to the noncollinear
spin arrangement and distorted cubic structure. Based
in part on several previous electron-spin resonance, mag-
netic, and neutron diffraction studies in GCO [14, 20-28],

Pramanik et al. [15] presented results on the magnetic
ground state, magnetic-field-induced transitions, and op-
tical bandgap of GCO. Summarizing these results, it has
been shown that GCO contains a pyrochlore lattice of
Co?T spin moments with effective spin S = 1/2, consist-
ing of alternate planes of kagomé (KGM) and triangular
(TRI) spins lying perpendicular to the [111] direction.
The dominant in-plane exchange constant between the
Co?T spins is ferromagnetic (FM). However, the spins in
the neighboring planes are ordered antiferromagnetically
(AFM) with q = (4, 3, 3) to yield an overall AFM order
in the absence of any external magnetic field below the
Néel temperature Ty = 20.4 K [15]. Due to such a pecu-
liar magnetic behaviour, specially owing to the frustrated
AFM ordering with q = (%, %, 3), various exotic compet-
ing magnetic phases such as classical and quantum spin
liquid phases, recently reported in (111)-oriented quasi-
two-dimensional spinels through a geometric lattice de-
sign approach, can be realized in GCO at low tempera-
tures [11, 29, 30].

Several studies reported a cubic (F'd3m) to tetrago-
nal (14, /amd) distortion of the lattice accompanying Ty
[25, 31, 32], although high resolution x-ray diffraction
studies by Barton et al. [26] revealed that the tetragonal
distortion occurs at Ts = 16 K, a few degrees below the
T'n, and it has a nonmagnetic origin since no anomalies
occur in the heat capacity data near Tg [26]. Moreover,
the degree of tetragonality progressively increases with
decreasing temperature [26]. This cubic-to-tetragonal



structural phase transition was attributed to local Jahn-
Teller effects [26], which lift the degeneracy of the o
states by minimizing the energy of the d,, and d,. Co-
3d suborbitals. The closeness between the magnetic and
structural transition temperatures reveals the existence
of competing spin-orbit coupling and Jahn-Teller effects
in GCO [26, 31, 32]. Currently, there exists a fair amount
of debate on the fact that T is below the T, which is
uncommon when compared to other spinels that exhibit
magnetostructural quantum phase transitions [33-45].

A systematic investigation of the temperature-
dependent lattice dynamics is required to pin down the
nature of transitions occurring near Ts and T in GCO.
The only previously reported Raman studies in GCO
are those of Koringstein et al. [46], which reported the
observation of three Raman-active modes (A1g, T2(1),
and Eg) in GCO. However, these studies were done at
only two temperatures, 200 K and 400 K, which are much
higher than the Ts and Ty. Also, the only yet reported
infrared (IR) study in GCO was performed by Preud-
homme and Tarte [47] at 300 K, which reported the ob-
servation of four IR-active modes (7T'1y).

In this work, we perform detailed temperature-
dependent Raman measurements covering the temper-
ature range 5K to 300K with a focus on the changes
occurring in the Raman-active modes as the temper-
ature is lowered through Ty and Ts. Notably, our
low-temperature Raman measurements confirm that the
structural phase transition in GCO follows the magnetic
phase transition, as first reported by Barton et al. [26]
using x-ray diffraction measurements. We observe no-
ticeable changes in the line parameters of the F, and
T2 modes, which are associated with the modulation of
the Co-O bonds in CoOg octahedra, near the Tn and
Ts. We further report the observation of three (out
of four) symmetry-allowed IR-active T'1, modes along
with two satellite modes likely appearing due to the lo-
cal symmetry breaking. In addition, computational stud-
ies of the lattice modes using density-functional theory
(DFT4U) calculations are presented, revealing the pres-
ence of moderate spin-phonon coupling in GCO. A sys-
tematic analysis of the Heisenberg spin Hamiltonian sug-
gests that the magnetic-exchange interactions up to the
third nearest neighbors are required to accurately de-
scribe the low-temperature AFM ordering in GCO. Be-
sides, we also briefly comment on the problems encoun-
tered in the DFT+U calculations involving the orbital
occupation of Co-3d orbitals located at the magnetically
frustrated sites in GCO.

This paper is organized as follows. Sections II presents
the experimental and computational details of this study.
Section III contains all the results and discussions in the
following order: First, we discuss the crystal structure
and the magnetic-exchange interactions in GCO. Then,
we present our theoretical and experimental investiga-
tions on the lattice dynamics of GCO, which is being
followed by conclusions in Section IV.

II. METHODS

A. Experimental details

A well-grounded mixed powder of high purity GeOs
(Sigma-Aldrich, 99.99%) and Cos04 (Sigma-Aldrich,
99.99%) in stoichiometric amounts was pressed in a cylin-
drical disc at 50 kg/cm? by hydraulic press and fol-
lowed by the sintering process to yield the desired com-
pound. The details of the sample synthesis procedures
are described in a previous publication [15]. The sin-
gle phase of the synthesized sample was confirmed by
x-ray diffraction measurements using a high-resolution
XPERT-PRO diffractometer (Co-K, radiation with A
= 1.78901 A). The temperature-dependent vibrational
Raman-scattering spectra of GCO were recorded with a
commercial Labram-HR800 micro-Raman spectrometer,
in the temperature range of 5K to 300K, using a He—
Ne laser of wavelength 514 nm. For frequency calibration
the silicon mode at 520 cm™! was used. All the Ra-
man spectra were recorded in the anti-Stokes region. For
the low-temperature measurements, the sample was first
mounted on a cold stage setup (THMS600 stage from
Linkam UK) equipped with a temperature controller ca-
pable of maintaining a steady temperature. The sam-
ple was cooled by liquid helium and the temperature
controller was able to hold the temperature fluctuations
within a range of +1 K. The room temperature IR spec-
trum was recorded using a Perkin-Elmer Spectrum-Two

system with the standard spectral resolution of 0.5cm™!.

B. Computational details

In order to better understand the nature of the
magnetic-exchange interactions and Raman and IR-
active phonon modes in GCO, we carried out DFT+U
based first-principles calculations using the Projector
Augmented Wave (PAW) method as implemented in
the VASP software [48-50]. The PAW pseudopoten-
tials considered the following valence configurations: Ge
4s%4p?, Co 3d®4s', and O 2s22p*. A kinetic energy
cutoff of 650eV was set for the plane waves. The re-
ciprocal space was sampled using a Monkhorst-pack k-
mesh [51] of size 8x8x8. The energy convergence crite-
rion for the self-consistent DFT+U calculations was set
to 10~7eV, and the force convergence criterion for re-
laxation calculations was set to 1072 eV /A. All DFT4U
calculations were performed for collinear magnetic config-
urations without considering spin-orbit coupling effects.
We used the PHONOPY package to study the lattice dy-
namics [52]. Supercells of size 2x2x2 were employed
to calculate the phonon frequencies and phonon eigen-
vectors within the finite-displacement approach. The
exchange-correlation functional was computed using the
generalized-gradient approximation (GGA) as parame-
terized by Perdew-Burke-Ernzerhof (PBE) as well as the
PBE revised for solids (PBEsol) [53, 54]. We find that
the PBEsol yields lattice parameters and phonon fre-



quencies that are in better agreement with the experi-
mental data as compared to the PBE predictions. The
onsite-Coulomb interaction effects for Co-3d electrons
were treated at the mean-field level using the Dudarev’s
approach [55]. We set Uz = 3 eV, which has been pre-
viously reported to correctly describe the electronic and
optical properties of GCO [15].

We often noticed an anomalous variation in the oc-
cupation of the Co-3d orbitals in some of our DFT+U
calculations due to the presence of strong magnetic frus-
tration effects leading to a metastability problem in this
system [56, 57]. To ensure the correct and consistent
occupation of the Co-3d orbitals, we utilized the occu-
pation matrix control methodology developed by Allen
and Watson [57] in our reported DFT+U calculations.
We optimized the structural primitive cell in the FM or-
der since the FM order preserves the cubic symmetry of
the paramagnetic phase. The PBE+U and PBEsol+U
optimized lattice parameters are 8.434 and 8.322 A, re-
spectively. We observed that the PBEsol4+U optimized
lattice parameters are in excellent agreement with the
reported experimental data (8.3191A) [15, 26]. Fur-
ther, the PBEsol+U optimized Co—O and Ge—O bond
lengths are 2.1A and 1.8A, respectively, which agree
very well with the reported experimental data (2.1 A and
1.8 A) [15, 21, 26].

III. RESULTS AND DISCUSSION

A. Crystal structure and magnetic structure of
GEC0204

GeCo04, [(Ge*t) 4[Co3T]504], crystallizes in a nor-
mal cubic spinel structure at room temperature (space
group F'd3m). The oxygen anions are located at the 32e
Wyckoff positions forming a close-packed face-centered
cubic arrangement, whereas Ge and Co cations occupy
the 8a-tetrahedral and 16d-octahedral interstitial posi-
tions, respectively. Therefore, the crystal structure con-
sists of the corner sharing CoOg octahedra and GeQOy4
tetrahedra, as shown in Fig. 1(a). The structural prim-
itive cell contains 2 formula units of GCO. There are 4
magnetic Co atoms in the primitive cell forming a regu-
lar Co-Co tetrahedron, where each Co is located at the
center of an oxygen octahedron at the 16d sites. The
corner-sharing oxygen octahedra form a pyrochlore lat-
tice containing alternating planes of the KGM and TRI
layers of Co atoms stacked along the [111] direction of
the bulk unit cell.

There are 3 Co atoms in the KGM plane and 1 Co
atom in the TRI plane, as shown in Fig. 1(a). Within
each KGM and TRI planes, Co spins order ferromag-
netically. However, the overall low-temperature mag-
netic structure of GCO is much complex involving an
antiferromagnetic ordering of wave vector q = (1, 3, 1).
In this AFM order, Co spins in a pair of TRI and
KGM layers (i.e., within a structural primitive cell) or-

der ferromagnetically, whereas the same order antiferro-
magnetically in the neighboring structural primitive cell,
thus resulting in a TRI-KGM layer spin configuration of
T\ K, T-K_T, K, T_K_--- along the [111] direction,
as shown in Fig. 1(b). Here, T (T-) and K} (K_) de-
note the spin up (down) configurations of the TRI and
KGM layers, respectively.

FIG. 1. (a) Crystal structure of GCO. Dashed black lines
mark the boundaries of the structural primitive cell. Prim-
itive cell consists of two GeQy4 tetrahedra and one Co4 oc-
tahedral unit. Here Co, Ge, and O ions are presented by
blue, grey, and red color, respectively. (b) Schematic rep-
resentation of q = (3,%,%) AFM ordering in GCO. Mag-
netic moments at Co sublattice are shown using arrows in a
collinear setting, 4.e., majority or up (+) and minority or
down (—) spin states are denoted using up and down ar-
rows, respectively. Alternating kagomé (KGM) and triangular
(TRI) planes are highlighted using dashed horizontal lines. A
Ty Ky T_-K_Ty Ky T_ K_--- type AFM spin configuration
of TRI (T%) and KGM (K+) layers can be noticed along the
[111] direction.

To get an accurate description of the low-temperature
magnetic structure, we extract the values of the spin-
exchange interactions (J’s) by mapping the DFT-
computed total energies onto a Heisenberg spin Hamil-
tonian (Eq. 1). In our spin model, we consider four
exchange-interaction parameters, which correspond to
the first (J;), second (.J3), and third (J5 and J;) nearest-
neighbor (nn) interactions, as shown in Fig. 2(a). The
first, second, and third nn interactions correspond to
a Co-Co bond distance of 2.94A, 5.09A, and 5.86 A,
respectively. The third nn interaction was further di-
vided into two categories: J3 and J:;. Although both
belong to the same Co-Co distance, J3 connects two Co
atoms located at 5.86 A distance apart without passing
through any intermediate Co atom, whereas Jé connects
two Co atoms located at 5.86 A distance apart but it
passes through an intermediate Co atom at the half bond
distance. For instance, a J:; exchange would correspond
to the interaction between two Co atoms located at two
adjacent TRI planes with the bond between them pass-
ing through an intermediate Co atom situated at a KGM
plane [see Fig. 2(a)].



The spin Hamiltonian reads:

1%tnn 2"9nn
H=FEo+.J1 Y Si-Sj+J2 Yy Si-8;
<15> <1j>
3"nn 37nn (1)
3 Y S Si+Jy Y. Si- S,
<i3> <i3>

where S; and S; denote the spin ordering at different Co
sites, and Ej represents a rigid shift in the total energy
(E). In Fig. 2(b), we show the fitting of the DFT+U
energies (AE = E — FEj) computed for several distinct
spin configurations in a doubled primitive cell, as shown
in Fig. 2(a), with our spin Hamiltonian described in
Eq. 1. The lowest-energy spin configuration corresponds
toaly KT K T, K,T_ K_--- type AFM order, as
shown in Fig. 1(b). This spin configuration represents a
q= (%, %, %) AFM order that has been experimentally
observed in GCO [15].

The best fit of data yields J;5%2 = —3.9, J25% = 0.7,
J3S5% = 2.0, and JéS2 = 0.4 (in meV units), where posi-
tive (negative) values represent AFM (FM) magnetic in-
teractions. We notice that the first nn exchange has a
dominating FM nature, whereas all the second and third
nn interactions exhibit an AFM nature, which is con-
sistent with the recent experimental observations [15].
These competing FM and AFM exchange interactions
are primarily responsible for introducing the magnetic
frustration and establishing a q = (%7 %, %) AFM order
in GCO at low temperatures.
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FIG. 2. (a) Definition of all four magnetic-exchange inter-
actions, first (J1), second (J2), and third (J3 and Jé) nn,
considered in this work. Co atoms are shown in blue color.
Ge and O atoms are omitted for clarity. Note that J3 passes
through an intermediate Co atom (see text). (b) Fitting of the
DFT (PBEsol+U) energy values computed for various differ-
ent spin configurations in a doubled primitive cell, as shown
in (a), with our model spin Hamiltonian. Here, we decide
to choose the PBEsol method for DFT+U calculations since
it predicts lattice parameters better compared to the PBE
predictions.

B. Lattice dynamics and vibrational spectroscopy
in GeCOQO4

The vibrational spectroscopy of ABsOy4 cubic spinels
was first studied by Waldron who analyzed the phonon
modes of simple ferrites (AFe;Oy4) using the structural
primitive cell having 14 atom per cell [58]. Later, White
and DeAnglis presented a group theoretical approach to
analyze the Raman spectra of cubic spinels by consid-
ering the rhombohedral lattice as the smallest Bravais
cell [59]. In their study, they considered the body diago-
nal elements consisting of two AO4 and one By tetrahe-
dron of total 14 atoms [59], as shown in Fig. 1(a). Ac-
cording to theory, the Fd3m space group belongs to the
07y, spectroscopic symmetry, where Ge**, Co?t, and O
ions belong to the Tq, D3q, and C35,(32 e-sites) point
groups, respectively [59]. All the allowed optical phonon

modes at the Brillouin-zone center I' (k£ = 0) for each
atomic displacement in the structural primitive cell can
be denoted as [59, 60]:

Fvib == Alg S¥) 2A2u S5 Eg © 2E’u (¥ Tlg

D®4T, B 3T2s ©2T5,. 2)
Out of the 39 optical phonon modes, only five modes are
Raman active (Ai1y @ Ey @ 3T9,), four modes (47, ) are
IR active, and the remaining modes are inactive in simple
Raman and IR experiments. We note that the acoustic
modes transform according to the T, irreducible repre-
sentation of the Oy point group. The atomic vibration
patterns corresponding to the IR-active modes are shown
in Fig. 3 and those of the Raman-active modes are shown
in Fig. 4. These vibrational patterns, ¢.e., the phonon
eigenvectors at I' depicted using green arrows, were ob-
tained using the PHONOPY package [52].

As mentioned earlier, the magnetic structure of GCO
is quite complex due to the q = (%, %, %) AFM order-
ing, and a first-principles DFT+U calculation of the full
phonon dispersion for the actual magnetic cell would be
computationally very demanding. However, DFT+U cal-
culation for the structural primitive cell (14 atoms/cell)
considering various different spin configurations can pro-
vide useful insights about the Raman/IR-active phonon
modes at the zone-center I' (which is required for this
study), and the strength of the spin-phonon coupling in
GCO.

To simulate the high-temperature paramagnetic
phonon frequencies (at the infinite temperature limit of
spin fluctuations), we follow the method proposed by
Kumar-Fennie-Rabe for magnetic spinels [61]. In this
method, we take the statistical average of the interatomic
force constants calculated for all the possible spin config-
urations such that each Co-Co bond has an equal fraction
of parallel and antiparallel spins. This method assumes
that the time scale of phonons is much longer compared
to the spin fluctuations, and spins in the paramagnetic
phase are not correlated, which are reasonable approx-
imations at the high-temperature limit. In the case of



FIG. 3. Atomic vibration patterns for all four IR-active
phonon modes: (i) T1u(1), (ii) T1u(2), (ili) T1u(3), and (iv)
T1u(4). The color coding of atoms is the same as in Fig. 1(a).
These modes are listed here in the order of decreasing fre-

quency (see Table I).
FIG. 4. Atomic vibration patterns for all five Raman-

phonon modes: Aig, T25(1), T2:(2), Eq, and T24(3).

GCO, we have 4 magnetic Co atoms yielding a total of 24
(=16) collinear spin configurations, which can be reduced
to 8 spin configurations using the time-reversal symme-
try. A further consideration of the cubic crystal symme-

Table II).

active

These

modes are listed here in the order of decreasing frequency (see



try reduces the total number of non-equivalent spin con-
figurations to three, which are: + + +4, + 4+ ——, and
+ — ——, each with a statistical weight of %, %, and %,
respectively. Here +/— denotes the up/down spin mo-
ment at each Co site. Thus computed phonon frequencies
for the IR-active and Raman-active modes are given in
Table I and Table II.

Owing to the fact that the PBEsol functional describes
the lattice parameters and bond lengths in GCO bet-
ter compared to the PBE functional, we find that the
PBEsol predicted phonon frequencies are in better agree-
ment with the experimental data as compared to the PBE
predictions.

1. IR-active modes

The frequency of the four allowed IR-active modes in
GCO along with that for some other normal spinels is
listed in Table I. The Fourier-transform infrared (FTIR)
spectrum of GCO recorded at 300K in the transmission
mode, shown in Fig. 5, displays the observation of T'1,,(1),
T14(2), and T1,(3) modes at frequencies 680, 413, and
325 cm™!, respectively, which are in decent agreement
with our DFT+U calculated frequencies. Since the ex-
perimental limitations did not allow us to measure modes
below 300 cm ™!, the T'1,(4) mode predicted to occur at
189 cm~! (see Table I) could not be observed. How-
ever, the predicted frequency of the T'1,(4) mode is in
good agreement with the experimental data (186 cm~! )
reported by Preudhomme and Tarte [47]. Overall there
is a good agreement between the observed and predicted
values for the IR-active modes at room temperature.
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FIG. 5. Fourier-transform infrared spectrum of GCO poly-
crystalline sample recorded at room temperature.

In addition to the above listed IR-active modes, Fig. 5
shows the observation of two satellite modes at 608 and
459 cm ™', marked as v; and v, respectively. Although

crystal symmetry allows the observation of only four T,
modes, these additional satellite modes are likely occur-
ring from the splitting of the 77, modes due to the
induced local electric fields [60]. The presence of any
impurity or crystallite domains breaks the local crystal
symmetry distorting the local potential, which in turn
relaxes the selection rules governing the observation of
the allowed IR-active modes, and it may lead to the ap-
pearance of the satellite modes in the IR spectrum. Such
satellite modes have been previously observed in lithium-
cobalt oxides [62, 63].

Our DFT+4U calculations predict moderate spin-
phonon coupling in the IR-active Ty, modes of GCO.
We notice that each triply-degenerate T7, mode of the
Oy, point group splits into two modes, one doublet and
one singlet, when the magnetic symmetry is changed
from FM to AFM, which is consistent with the work of
Wysocki and Birol [64]. The magnitude of the frequency
splitting between the doublet and singlet modes (Awgs)
provides a good qualitative estimate of the strength of the
spin-phonon coupling in magnetic spinels [60, 61, 64, 65].
In case of GCO, the PBEsol+U (PBE+U) calculated
Awgs is 1 (1), 4 (2), 6 (10), 2 (2) em™? for the T1,(1),
T14(2), T14(3), and T1,(4) modes, respectively. These
values are consistent with the previously reported data on
other magnetic spinels [60, 61, 64, 65]. The maximum fre-
quency splitting is predicted for the T'14(3) mode, which
is evident since the T'1,,(3) mode involves the vibration of
the magnetic Co sites, as shown in Fig. 3. An experimen-
tal validation of the aforementioned frequency-splitting
values requires low temperature IR measurements, which,
unfortunately, could not be carried out because of the
limitations of our experimental facilities.

The high frequency IR-active modes T1,(1) and
T14(2), as shown in Fig. 3, involve the symmetric and
asymmetric bending of oxygen ions present at the tetra-
hedral and octahedral sites, whereas the low frequency
IR-active modes, T'14(3) and T'14(4), are associated with
the vibrations of the relatively heavier Ge and Co ions
situated at the tetrahedral and octahedral sites, respec-
tively. Generally, the frequency of a mode varies as
k/m, where k is the stiffness constant of the bond
and m is the effective mass of the associated ions. From
the magnitudes of the four IR-active modes for various
spinels listed in Table I, one can argue that T,(1) and
T'14(2) modes are due to the vibrations of the tetrahedral
group (GeOy or SiO4) whereas T1,(3) and T1,(4) also
involve the vibrations of the octahedral group (MgOg
and CoOg). Our reasoning is as follows: When Co in
GeCoy0y is replaced by lighter Mg in GeMgyOy, there
is about 50% increase in the frequencies of T1,(3) and
T14(4) modes, whereas the increase in the frequencies of
the T14(1) and T'1,(2) modes is only a few percent. When
lighter Si in SiCos04 replaces heavier Ge in GeCosQy4,
then the frequencies of the T'1,(1)and T1,(2) modes in
SiCo204 goes up by about 25%, whereas changes in the
T14(3) and T14(4) mode frequencies is only about 5%.
Therefore, T1,(1) and T1,(2) modes primarily represent



the vibrations of the tetrahedral group, while T'1,,(3) and
T14(4) modes represent the vibrations of the octahedral
group. This qualitative description is consistent with the
schematic phonon eigenvectors plot shown in Fig. 3.

2. Raman-active modes

The frequencies of the Raman-active modes in GCO
(at 300K) are listed in Table IT along with their cal-
culated values. As done in Table I for the IR modes,
we have also listed the frequencies of the Raman-active
modes in Table II reported for several other isostruc-
tural spinels e.g., SiCo204, GeMgo04, MgTisO4, and
SiMgo0Oy4. Our observed values of the frequencies of Ay,
Tg(1), and Ey modes in GCO are nearly identical to
those reported by Koningstein et al. [46]. The frequency
of the T'94(2) mode in GCO is reported for the first time
in this work. Our DFT+U calculated phonon frequencies
of Raman-active modes are in good agreement with the
experimental observations. The T'54(3) mode could not
be detected in our experiments since this mode is pre-
dicted to occur below the lowest frequency of our Raman
measurements. However, the predicted frequency of the
T'9¢(3) mode is consistent with that of reported values
for other isostructural spinel oxides (see Table II).

Intensity (a.u.)

200 400 600 800

Wavenumber (cm™)

FIG. 6. Raman spectra of GCO recorded at temperatures T
=5, 10, 12, 14, 18, 20, 21, 22, 24, 26, 30, 40, 60, 80, 100, and
300 K.

Our calculations reveal that the strength of the spin-
phonon coupling is the largest for the T'94(3) mode since
this mode is associated with the vibration of the heavy
cations. The values of the frequency splitting Awgs for
the triply-degenerate T'95(1), T'25(2), and T'24(3) modes
are 3 (1), 2 (2), 5 (3) em™?, respectively, as obtained
using the PBEsol+U (PBE+U) method. We note that
these values are in the same range of the observed fre-

quency shifts of the associated Raman peaks at Ty, as
discussed below.

To better understand the Raman modes in GCO, a
systematic comparison of their frequencies with those re-
ported in SiCoy04, GeMgy0y4, SiMgo0y4, and MgTis Oy
are listed in Table II. Comparing SiCo204 with GeCo204
for which lighter Si atom replaces heavier Ge atom at
the tetrahedral site, the frequencies of the Aiq, Ey, and
T'9¢(1) modes in SiCo204 are increased by about 10-20%.
This suggests that these modes likely involve some mo-
tion of the tetrahedral cation in addition to the O atoms.
This is further confirmed by comparing the mode fre-
quencies of GeMgyO4 with those in SiMgoO4 where the
frequencies of Ayg,Fy, and To.(1) modes in SiMg,04 are
higher by about 10-20%. For the T'24(2) mode, the ob-
served differences in the frequencies for GCO wvis-a-vis
SiCo204, GeMgy0y4, and SiMgo0O4 do not show a sys-
tematic pattern. To further understand the role of the
Co-0 octahedra on the Raman modes, mode frequencies
in GeMg,04 and GeCoy04 are compared for which the
lighter Mg replaces the heavier Co. In this case, the fre-
quencies of the A;, and T9.(1) modes are increased by
about 2% only. However, the frequency of the E; mode
in GeMg,Qy, is enhanced by about 11%. This suggests
that the E, mode also involves some vibrations of the
cations on the octahedral site. In summary, for GCO,
the A1z and T'54(1) modes involve some vibrations of Ge
at the tetrahedral site in addition to the vibrations of
the O atoms, whereas for the F, modes, the vibrations
of GeO,4 and CoQOg are also involved.

8. Temperature dependence of the Raman-active
modes

A brief summary of the temperature dependence of the
structural properties of GCO is first presented in order
to place the data on the Raman-active modes in proper
context. Using x-ray synchrotron data on a polycrystal
GCO, Barton et al. [26] determined changes in the lat-
tice parameters and Co-O and Ge-O bond lengths as a
function of temperature including the regions around Ty
=21Kand Tg =16 K. For T < Tg, the crystal symme-
try changes from cubic to tetragonal with ¢/a > 1 with
degree of tetragonality increasing with decreasing 7. An
elongation of the CoOg octahedron is observed below the
Ts as the Co-O bond length = 2.09 A above Ty increases
to 2.13 A along the c-axis but decreases to 2.07 A normal
to c-axis for T' < Tg. However, there is no change in
the Ge-O bond length in the GeO, tetrahedron as the
symmetry changes from the cubic to tetragonal phase
below the Ts. Considering these results, changes around
Ts should be expected in the Raman and the IR-active
modes which involve vibrations of the atoms in the CoOg
octahedron.

The structural transition at low temperature is ex-
pected due to the possible Jahn-Teller distortions and
spin-orbit coupling effects in the 3d” state of Co?*, in
which the spin degeneracy is lifted due to the stabiliza-



TABLE 1. List of IR-active modes and their frequencies (in cm™") at room temperature for several cubic spinels

T1u(1) T14(2) T14(3) T1u(4) Reference
GeCo204 680 413 325 This work (Experiment)
GeCo204 # 640 407 312 189 This work (Calculation)
*(615) | (379) (294) (168) # PBEsol+U; * (PBE+U)
GeCo204 679 1427 321 186 [47]
GeNiz Oy 690 453 335 199 [47]
GeMg>04 694 450 485 274 [47)
SiCo204 815 504 354 161 [66]
SiMg>04 834 547 444 348 [66]

TABLE II. List of Raman-active phonon modes and their frequencies (in cm™') at room temperature for several cubic spinels

Aig T2 (1) T2 (2) Ey T2¢(3) Reference

GeCo204 760 647 550 308 This work (Experiment)
GeCo204 #1720 649 475 323 204 This work (Calculation)

*(695) (610) (461) (311) (203) # PBEsol+U; * (PBE+U)
GeCo,04 757 643 302 [46]
SiCo204 833 788 521 373 270 [66]
GeMg204 T 669 520 341 213 [67]
SiMg204 834 798 599 373 300 [66]
MgTiz04 628 493 335 448 [68]

tion of the ty, orbitals. Following our earlier discussion
on the comparison of the Raman-active modes for differ-
ent spinels listed in Table II, significant changes around
Tg should be expected for the F; mode. Another rele-
vant and important results from the paper by Barton et
al. [26] is the presence of the magneto-dielectric coupling,
which is evident from the fitting of the temperature-
dependent dielectric constant data of GCO with the Bar-
rett equation for T > Ty (similar to previous reports on
MnO and MnF; [69-71]) yielding 339cm™! as the fre-
quency of the coupling mode. This frequency is close to
that of the £, mode determined in this work.

Keeping the above comments in mind, the Raman
spectra of GCO recorded at various temperatures be-
tween 5 and 300K are shown in Fig. 6 with each line
identified with one of the five Raman-active modes. For
each line, except the T'94(3) mode whose intensity is too
weak for accurate measurements, we measured its posi-
tion, full width at half maximum (FWHM) and line in-
tensity (area under the peak), and plotted these quanti-
ties as a function of temperature in Fig. 7. The positions
of Ty = 21K and T's = 16 K are also marked by vertical
dashed lines in these plots. Qualitative interpretations of
these results are presented below.

A detailed examination of the plots shown in Fig. 7
reveals some interesting features. First, for all the four
observed Raman modes viz. Aig, Eg, Tog(1), and T'24(2),
the intensity of the Raman lines increases with decreas-

ing temperature below T'g, which is somewhat similar to
the variation of the order parameter. According to the
Suzuki and Kamimura theory [72] for the spin-dependent
Raman scattering, the magnetic order significantly influ-
ences the phonon Raman efficiency through the depen-
dence of the optical dipole transitions on the relative ori-
entation of the adjacent spins. Generally, the tempera-
ture dependence of the integrated Raman intensity is pro-
portional to the nearest neighbor spin correlation func-
tion [73]. Also, the emergence of an AFM order below the
Tn enhances the Raman intensity due to the Brillouin-
zone folding since the magnetic unit cell would be dou-
bled in size compared to the structural unit cell [72, 73].
As a result, the Raman intensity always enhances below
the magnetic transition in both FM and AFM systems.

The second noticeable effect is the dramatic changes
observed in the FWHM for the T'95(1), T4 (2) and E,
modes between Ty and T'g along with weaker anomalies
in the line positions of these modes. As argued earlier
based on the comparison with data on other spinels, sig-
nificant changes due to the structural transition at T'g
were expected in the line parameters of the £, mode.
Results presented in Fig. 7 show that the effects of mag-
netic ordering at TN and structural transition at T'g for
the T9g(1), T24(2) and E, modes are significant.

The Raman linewidth is supposed to decrease with de-
creasing temperature since the phonon scattering usually
gets suppressed at low temperatures. As it can be noticed
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FIG. 7. The temperature dependence of Raman intensity
(Ix10%), fullwidth at half maximum (AF), and Raman-peak
position (RPP) for the Aig, T2¢(1), T2¢(2), and E; Raman
active modes. The lines connecting the data points are vi-
sual guides. The T and T's mark the transition tempera-
tures corresponding to the antiferromagnetic and the cubic-
to-tetragonal structural phase transitions, respectively.

from Fig. 7, the FWHM (AF) is indeed decreasing be-
low Tn until T's, which clearly indicates that the struc-
tural transition is independent of the magnetic transi-
tion. Also, for the only case of T < T, there is (roughly)
an overall increase in the FWHM of all four Raman-
active modes. This could be associated to the cubic-
to-tetragonal structural distortion occurring at 7T's since
this distortion could lift the degeneracy of the degener-
ate Raman-active modes, with the exception of the non-
degenerate A, mode. It is possible that the distortion-
split modes are not showing up distinctly in our Raman
measurements due to their smaller magnitude of the fre-
quency shift, however, they may form a convoluted peak
with a larger FWHM. Another possible explanation could
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FIG. 8. The temperature dependence of the line separation
Aw of the low-frequency shoulder from the position of the
T'2¢(1) peak. Inset marks the shoulder appearing on the low-
frequency side of the T'24(1) peak.

be related to the local structural disorder driven by the
randomly distributed Ge atoms, which may cause an in-
crease in the linewidth at T < Tg.

Another noteworthy feature evident from the Raman
spectra at low temperatures is the separation of a shoul-
der, marked by an arrow in the inset of Fig. 8, on the low-
frequency side of the T'94(1) line. The origin of this shoul-
der is not yet well understood. However, we think it could
be attributed to the magnon-induced excitations [74]. In
Fig. 8, we plot the temperature dependence of the fre-
quency shift of this shoulder Aw from the T'9,(1) line.
We note that Aw increases with lowering temperature
and attains a maximum value at T'y. With a further
decrease in temperature (Ts < T < Tn), Aw starts de-
creasing, and it shows an upturn at T's.

Such a temperature dependence of Aw implies the
presence of two distinct phase transitions, one magnetic
and another structural, in GCO, thus, validating the
claim of Barton et al. [26] that the structural phase tran-
sition in GCO does not occur exactly at Ty, rather it
follows the magnetic phase transitions at 21 K and oc-
curs at 16 K. Our DFT+U calculations further support
this argument as we do not notice any phonon instability
when the magnetic order is changed from FM to AFM.
This suggest that no structural phase transition should
occur exactly at Tn. However, below Ty the system
could undergo a structural phase transition due to the
relaxation of stress and forces on atoms within the AFM
phase [61].

IV. CONCLUSIONS

Results from our joint experimental and computational
investigations of the IR and Raman-active modes of the



normal spinel GeCooQ4 have been presented here with
the following major conclusions: (i) The measured fre-
quencies of the IR and Raman-active modes at room
temperature are in good agreement with the results ob-
tained from our DFT+U calculations. (ii) All the IR
and Raman-active modes exhibit moderate spin-phonon
coupling in GeCoy0y4. (iii) The temperature dependence
of the Raman-active modes carried out between 5 K and
100K with a special attention given to the region be-
tween Tn (~ 21K) and Ts (~ 16K) shows noticeable
anomalies in the line parameters of the Raman-active
modes. (iv) The temperature-dependent frequency shift
of a shoulder appearing near the peak of the Raman-
active mode T'a5(1) validates that the structural phase
transition in GeCo20,4 is distinct from the magnetic
phase transition occurring at Tn. Our DFT+U calcu-
lations further support this claim. Investigations of the
temperature dependence of the IR modes covering the
region below T'y is recommended since it is likely to pro-
vide significant information on the transitions at Ty and
Ts.

Our DFT+U calculations reveal that exchange inter-
actions up to at least the third neighbors are required to
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correctly describe the low-temperature antiferromagnetic
ordering in GeCo204. We find that the first nearest-
neighbor magnetic exchange interaction has a ferromag-
netic nature while the second and third nearest-neighbor
exchange interactions are antiferromagnetic, which play

L 1 1y antiferromagnetic

a vital role to stabilize the (q= 3, 3, 5
order in GeCoy04 at low temperatures.
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