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GeCo,0; is a unique system in the family of cobalt spinels AC0,O4 (A= Sn, Ti, Ru, Mn, Al, Zn, Fe, etc.) in
which magnetic Co ions stabilize on the pyrochlore lattice 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 dynamics and magnetic structure of a GeCo,0,4 spinel have 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 GeCo,0,4, which exhibits an
AFM ordering below the Néel temperature Ty ~ 21 K and an associated cubic (Fd3m) to tetragonal (I4, /amd)
structural phase transition whose location at Ty vs at a lower Ty ~ 16 K is controversial. Our density functional
theory (DFT+U) calculations 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 GeCo0,04. At room
temperature, three distinct IR-active modes (T7,) are observed at frequencies 680, 413, and 325 cm ™' along with
four Raman-active modes Ay, Tho(1), Toe(2), and E, at frequencies 760, 647, 550, and 308 cm™!, respectively,
which match reasonably well with our DFT4-U calculated values. All the IR-active and Raman-active phonon
modes exhibit signatures of moderate spin-phonon coupling. The temperature dependence of various parameters,
such as the shift, width, and intensity, of the Raman-active modes is also discussed. Noticeable changes around
Ty ~21 Kand Ty ~ 16 K are observed in the Raman line parameters of the E, and T5,(1) modes, which are
associated with the modulation of the Co-O bonds in CoOg octahedra during the excitations of these modes.

DOI: 10.1103/PhysRevB.104.014433

I. INTRODUCTION

The diversity in the properties and applications of spinels
with the general formula of AB,O, 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 subclass of spinels having
nonmagnetic cations such as Zn*", Mg?*, and Ge*" at the
A-sites and magnetic cations at the B-sites reveal 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 order,
if at all present, highly dependent on various other factors
[4-6,9,11]. Examples of such spinels are ZnFe,O4 [12], de-
fect spinel MgMnO; [13], and GeCo,04 [14,15]. The latter
is the subject of this paper. It is noteworthy that GeCo,0y,
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
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GCO have found applications in the renewable energy sectors
such as fuel cells, electrochemical sensors, and supercapaci-
tors [17,19].

The magnetic properties of GCO have been under in-
tense investigation in recent years because of the distinct
magnetoelectric features linked to the noncollinear spin ar-
rangement and distorted cubic structure. Based in part on
several previous electron-spin resonance, magnetic, and neu-
tron diffraction studies in GCO [14,20-28], Pramanik et al.
[15] recently presented results on the magnetic ground state,
magnetic-field-induced transitions, and optical band gap of
GCO. Summarizing these results, it was shown that GCO
contains a pyrochlore lattice of Co?* spin moments which
have effective spin S = 1/2 (instead of S = 3/2 as expected
from the Hund’s rules) due to the effects of the spin-orbit
coupling and Jahn-Teller distortion. The magnetic ordering
consists of alternate planes of kagome (KGM) and triangular
(TRI) spins lying perpendicular to the [111] direction. The
dominant in-plane exchange constant between the Co*" spins
is ferromagnetic (FM). However, the spins in the neighbor-
ing planes are ordered antiferromagnetically (AFM) with q
= (%, %, %) 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 peculiar magnetic behavior,
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especially owing to the frustrated AFM ordering with q =
(%, % %), various exotic competing magnetic phases such as
classical and quantum spin liquid phases, recently reported in
(111)-oriented quasi-two-dimensional spinels through a geo-
metric lattice design approach, can be realized in GCO at low
temperatures [11,29,30].

Several studies reported a cubic (Fd3m) to tetrago-
nal (/4,/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 of
~0.1% in the lattice parameters occurs at Ty = 16 K, a few
degrees below Ty, along with modulation of the Co-O bonds
in the CoOg octahedra. However, it likely has a nonmagnetic
origin since no anomalies occur in the heat capacity and
magnetic susceptibility data near Ty [26]. Also, the degree of
tetragonality progressively increases with decreasing temper-
ature [26]. This cubic-to-tetragonal structural phase transition
was attributed to local Jahn-Teller effects [26], which lift
the degeneracy of the 1,, states by minimizing the energy
of the d,; and d,; Co-3d suborbitals [33]. The closeness
between the magnetic and structural transition temperatures
reveals the existence of competing spin-orbit coupling and
Jahn-Teller effects in GCO [26,31-33]. Currently, there exists
a fair amount of debate regarding the fact that Ty is below
the Ty, which is uncommon when compared to other spinels
that exhibit magnetostructural quantum phase transitions
[34-46].

A systematic investigation of the temperature-dependent
lattice dynamics is required to pin down the nature of tran-
sitions occurring near Ty and 7y in GCO. The only previously
reported Raman studies in GCO are those of Koringstein et al.
[47], which reported the observation of three Raman-active
modes [Ag, T55(1), and E,;] in GCO. However, these studies
were done at only two temperatures, 200 and 400 K, which are
much higher than the Ty and Ty. Also, the only yet reported
infrared (IR) study in GCO was performed by Preudhomme
and Tarte [48] at 300 K, which reported the observation of
four IR-active modes (7}y).

In this work, we perform detailed temperature-dependent
Raman measurements covering the temperature range of 5 to
300 K with a focus on the changes occurring in the Raman-
active modes as the temperature is lowered through 7y and T.
Notably, our low-temperature Raman measurements confirm
that the structural phase transition in GCO follows the mag-
netic phase transition, as first reported by Barton ef al. [26]
using x-ray diffraction measurements. We observe noticeable
changes in the line parameters of the £, and 75, modes, which
are associated with the modulation of the Co-O bonds in
CoOg octahedra, near the 7Ty and Tg5. We further report the
observation of three (out of four) symmetry-allowed IR-active
T, modes along with two satellite modes likely appearing due
to the local symmetry breaking. In addition, computational
studies of the lattice modes using density functional theory
(DFT+U) calculations are presented, revealing the presence
of moderate spin-phonon coupling in GCO. A systematic
analysis of the Heisenberg spin Hamiltonian suggests that the
magnetic-exchange interactions up to the third-nearest neigh-
bors are required to accurately describe the low-temperature
AFM ordering in GCO. In addition, we also briefly comment
on the problems encountered 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. In Sec. II, experi-
mental and computational details of this study are presented.
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, and then we present
our theoretical and experimental investigations on the lattice
dynamics of GCO. This is followed by conclusions in Sec. IV.

II. METHODS

A. Experimental details

A well-ground mixed powder of high-purity GeO, (Sigma-
Aldrich, 99.99%) and Co3;0; (Sigma-Aldrich, 99.99%) in
stoichiometric amounts was pressed into a cylindrical disk
at 50 kg/cm? using a hydraulic press and followed by the
sintering process to yield the desired compound. The details
of the sample synthesis procedures are described in a previous
publication [15]. The single 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 com-
mercial Labram-HR800 micro-Raman spectrometer, in the
temperature range of 5 to 300 K, using a He-Ne laser of wave-
length 514 nm. For frequency calibration, the silicon mode
at 520 cm~! was used. All the Raman spectra were recorded
in the anti-Stokes region. For the low-temperature measure-
ments, the sample was first mounted on a cold stage setup
(THMS600 stage, Linkam, UK) equipped with a tempera-
ture controller capable of maintaining a steady temperature.
The sample was cooled by liquid helium and the tempera-
ture controller was able to hold the temperature fluctuations
within a range of 1 K. The experimental uncertainty in the
Raman peak positions, as determined using Lorentzian oscil-
lator fits, was less than 0.1 cm~!. The room-temperature IR
spectrum was recorded using a Perkin-Elmer Spectrum-Two
system with the standard spectral resolution of 0.5 cm~!. The
IR-active mode frequencies were determined by Lorentzian
oscillator fits of the transmittance data.

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 [49—51]. The
PAW pseudopotentials considered the following valence con-
figurations: Ge 4s°4p?, Co 3d®4s!, and O 2s°2p*. A kinetic
energy cutoff of 650 eV was set for the plane waves. The
reciprocal space was sampled using a Monkhorst-pack £ mesh
[52] of size 8 x 8 x 8. The energy convergence criterion for
the self-consistent DFT+U calculations was set to 1077 eV,
and the force convergence criterion for relaxation calcula-
tions was set to 107> eV/A. All DFT+U calculations were
performed for collinear magnetic configurations without con-
sidering spin-orbit coupling effects. The PYPROCAR software
[53] was used to plot the density of states, shown in the
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Supplemental Material (SM) [54]. We used the PHONOPY
package to study the lattice dynamics [55]. Supercells of size
2 x 2 x 2 were employed to calculate the phonon frequen-
cies and phonon eigenvectors within the finite-displacement
approach. The exchange-correlation functional was computed
using the generalized-gradient approximation (GGA) as pa-
rameterized by Perdew-Burke-Ernzerhof (PBE) as well as the
PBE revised for solids (PBEsol) [56,57]. We find that the
PBEsol yields lattice parameters and phonon frequencies that
are in better agreement with the experimental data as com-
pared to the PBE predictions.

The on-site Coulomb interaction effects for Co-3d elec-
trons were treated at the mean-field level using the rotationally
invariant DFT4U method introduced by Liechtenstein et al.
[58]. We set U =4.0eV and J = 1.0 eV [14]. We find that
this set of values appropriately describes the lattice parame-
ters, magnetic structures, and vibrational properties of GCO.
No tuning of the (U, J) parameters was performed to match
the calculated phonon frequencies with the experimental data.
In addition, it has been reported that an effective U.g Co(=
U —J) in the range of 2-3 eV provides a reasonable predic-
tion of the electronic structure and optical properties of GCO
[14].

We often noticed an anomalous variation in the occupation
of the Co-3d orbitals in some of our DFT+U calculations due
to the presence of strong magnetic frustration effects leading
to a metastability problem in this system [59,60]. To ensure
the correct and consistent occupation of the Co-3d orbitals, we
utilized the occupation matrix control methodology developed
by Allen and Watson [60] in our reported DFT+U calcula-
tions. We optimized the structural primitive cell in the FM
order since the FM order preserves the cubic symmetry of the
paramagnetic phase. The PBE4-U and PBEsol+U optimized
lattice parameters are 8.434 and 8.322 A, respectively. We
observed that the PBEsol+U optimized lattice parameters are
in excellent agreement with the reported experimental data
(8.3191 A) [15,26]. Further, the PBEsol+U optimized Co-O
and Ge-O bond lengths are 2.1 A and 1.8 A, 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 GeCo,0,

GeCo,0; [(Ge*t )A[CO%+] 0O4] crystallizes in a normal cu-
bic spinel structure at room temperature (space group Fd3m).
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 positions, respectively. Therefore,
the crystal structure consists of the corner-sharing CoOg oc-
tahedra and GeO, tetrahedra, as shown in Fig. 1(a). The
structural primitive cell contains two formula units of GCO.
There are four magnetic Co atoms in the primitive cell form-
ing a regular 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 lattice
containing alternating planes of the KGM and TRI layers of

FIG. 1. (a) Crystal structure of GCO. Dashed black lines mark
the boundaries of the structural primitive cell. The primitive cell
consists of two GeO, tetrahedra and one Co, tetrahedral unit.
Here Co, Ge, and O ions are presented by the blue, gray, and red
color, respectively. (b) Schematic representation of q = (%, %, %
AFM ordering in GCO. Magnetic moments at the Co sublattice are
shown using arrows in a collinear setting, i.e., majority or up (+4)
and minority or down (—) spin states are denoted using up and
down arrows, respectively. Alternating kagome (KGM) and trian-
gular (TRI) planes are highlighted using dashed horizontal lines. A
T, K, T_K_ T, K. T_K_----type AFM spin configuration of TRI
(Ty) and KGM (K ) layers can be noticed along the [111] direction.

Co atoms stacked along the [111] direction of the bulk unit
cell.

There are three Co atoms in the KGM plane and one Co
atom in the TRI plane, as shown in Fig. 1(a). Within each of
the KGM and TRI planes, Co spins order ferromagnetically.
However, the overall low-temperature magnetic structure of
GCO is very complex, involving an antiferromagnetic order-
ing of wave vector q = (%, %, %). In this AFM order, Co spins
in a pair of TRI and KGM layers (i.e., within a structural prim-
itive cell) order ferromagnetically, whereas the same order
antiferromagnetically in the neighboring structural primitive
cell, thus resulting in a TRI-KGM layer spin configuration
of T, Ky T_K_ T, K; T_K_--- along the [111] direction, as
shown in Fig. 1(b). Here, T, (T_) and K, (K_) denote the
spin-up (-down) configurations of the TRI and KGM layers,
respectively.

To get an accurate description of the low-temperature
magnetic structure experimentally reported in Ref. [15], we
extract the values of the spin-exchange interactions (J’s) by
mapping the DFT-computed total energies onto a Heisenberg
spin Hamiltonian [Eq. (1)]. In our spin model, we consider
four exchange-interaction parameters, which correspond to
the first- (J;), second- (J»), and third- (J3 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 2.94, 5.09, and 5.86 A, respectively. The
third-NN interaction was further divided into two categories:
Js and J;. Although both belong to the same Co-Co distance,
Js connects two Co atoms located at 5.86 A distance apart
without passing through any intermediate Co atom, whereas
J; 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 passing through an
intermediate Co atom situated at a KGM plane [see Fig. 2(a)].
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FIG. 2. (a) Definition of all four magnetic-exchange interactions,
i.e., first- (J;), second- (J), and third- (J3 and J;) NN, considered in
this work. Co atoms are shown in blue color. Ge and O atoms are
omitted for clarity. Note that J; passes through an intermediate Co
atom (see text). (b) Fitting of the DFT (PBEsol+U) energy values
computed for various different spin configurations in a doubled prim-
itive cell, as shown in (a), with our model spin Hamiltonian. Here,
we decide to choose the PBEsol+U method since it predicts better
lattice parameters compared to the PBE+U predictions.

The spin Hamiltonian reads

first NN second NN
H=E,+J; ZS,'~SJ'+J2 Z AYRINY
<lj> <ij>
third NN third NN
+J3 Z S,S]+J3, Z AYRIS (D
<ij> <ij>

where §; 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 — Ey) 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 correspondstoa 7. K, T 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 ex-
perimentally observed in GCO [15]. We note that all the
considered spin configurations yielded gapped densities of
states, shown in SM [54], in their converged electronic ground
state. This ensured that our DFT+U calculations correctly
converged for all of the distinct spin configurations considered
in this study.

The best fit of the data (provided in the SM [54]) yields
Ji18? = -39, 1S*=0.7, 5352 =2.0, and J;5* =0.4 (in
meV units), where positive (negative) values represent AFM
(FM) magnetic interactions. We notice that the first-NN ex-
change has a dominating FM nature, whereas all the second-
and third-NN interactions exhibit an AFM nature, which is
consistent with the recent experimental observations [15].
According to the Goodenough-Anderson-Kanamory rules
[1,10,61-65], J; is mediated via an intermediate oxygen ion
having a Co-O-Co bond angle of & = 90°. Therefore, it is a su-
perexchange interaction of FM nature. All other higher-order
exchange interactions, viz., J,, J3, and Jg, are super-super
AFM exchange interactions as they involve more than one ion
along the exchange path. These competing FM and AFM ex-
change interactions are primarily responsible for introducing

the magnetic frustration and establishing a q = ( %, %, %) AFM
order in GCO at low temperatures [22].

Our theoretical findings discussed above, when combined
with the experimental results reported in Ref. [15], pro-
vide a firm foundation for the magnetic properties of GCO.
Hereafter, we focus on the lattice dynamics and vibrational

properties of GCO.

B. Lattice dynamics and vibrational spectroscopy in GeCo,0,

The vibrational spectroscopy of AB,O4 cubic spinels was
first studied by Waldron, who analyzed the phonon modes of
simple ferrites (AFe,O4) using the structural primitive cell
having 14 atom per cell [66]. Later, White and DeAnglis
presented a group theoretical approach to analyze the Raman
spectra of cubic spinels by considering the rhombohedral
lattice as the smallest Bravais cell [67]. In their study, they
considered the body diagonal elements consisting of two AO4
and one By tetrahedron of 14 atoms total [67], as shown in
Fig. 1(a). According to theory, the Fd3m space group belongs
to the O] spectroscopic symmetry, whereas Ge*t, Co**, and
0% ions belong to the Ty, D3q, and C5,(32 e-sites) point
groups, respectively [67]. All the ag)wed optical phonon

modes at the Brillouin-zone center I' ( k = 0) for each atomic
displacement in the structural primitive cell can be denoted as
[67,68]

FVib == Alg &) 2AZu @Eg b 2Eu &) T]g

2
AT}, ® 3Tp, ® 2T,

Out of the 39 optical phonon modes, only five modes are
Raman active (A;; ® E; @ 3T3), four modes (471,) are IR
active, and the remaining modes are inactive in simple Raman
and IR experiments. We note that the acoustic modes trans-
form according to the Ty, irreducible representation 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, i.e., the phonon eigenvectors at I' depicted using
green arrows, were obtained using the PHONOPY package [55].
In addition, we note that in the case of the cubic-to-tetragonal
phase transition, splitting of some phonon degeneracies oc-
curs due to the reduction in the crystal symmetry. For instance,
a triply degenerate 7}, phonon mode splits into a doublet
(Ey) and a singlet (A,,) during the cubic-to-tetragonal phase
transition in GCO. However, the total number of phonon
modes remains the same since the cubic-to-tetragonal phase
transition is primarily driven by a zone-center Iy mode.

As mentioned earlier, the magnetic structure of GCO is
quite complex due to the q = (%, %, %) AFM ordering, and
a first-principles DFT+U calculation of the full phonon dis-
persion for the actual magnetic cell would be computationally
very demanding. However, the DFT+4U calculation for the
structural primitive cell (14 atoms/cell) considering various
different spin configurations can provide 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
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TABLE L. List of IR-active modes and their frequencies (in cm™!) at room temperature for several cubic spinels.

T (1) T1,(2) T, (3) Ti,(4) Reference
GeCo,0,4 680 413 325 This work (Experiment)
GeCo,04 # 640 407 312 189 This work (Calculation)
*(615) (379) (294) (168) # PBEsol+U; * (PBE+U)
GeCo,0, 679 427 321 186 [48]
GeNi, Oy 690 453 335 199 [48]
GeMg,04 694 450 485 274 [48]
SiCo0,0, 815 504 354 161 [74]
SiMg, 0, 834 547 444 348 [74]

fluctuations), we follow the method proposed by Kumar-
Fennie-Rabe for magnetic spinels [69]. In this method, we
take the statistical average of the interatomic force constants
calculated for all the possible spin configurations such that
each Co-Co bond has an equal fraction of parallel and an-
tiparallel spins. This method assumes that the timescale of
phonons is much longer compared to the spin fluctuations, and
spins in the paramagnetic phase are not correlated, which are
reasonable approximations at the high-temperature limit. In
the case of GCO, we have 4 magnetic Co atoms yielding a
total of 2* (=16) collinear spin configurations, which can be
reduced to 8 spin configurations using the time-reversal sym-
metry. A further consideration of the cubic crystal symmetry
reduces the total number of nonequivalent spin configurations
to three, which are + + ++, + + ——, and + — ——, each
with a statistical weight of %, %, and %, respectively. Here,
+/— denotes the up/down spin moment at each Co site.
Thus, the computed phonon frequencies for the IR-active and
Raman-active modes are given in Tables I and II.

Owing to the fact that the PBEsol functional describes the
lattice parameters and bond lengths in GCO better than the
PBE functional, we find that the PBEsol predicted phonon
frequencies are in better agreement with the experimental data
compared to the PBE predictions.

1. IR-active modes

The frequencies of the four allowed IR-active modes in
GCO along with those for some other normal spinels are listed
in Table I. The Fourier-transform infrared (FTIR) spectrum
of GCO recorded at 300 K in the transmission mode, shown
in Fig. 5, displays the observation of the T7,(1), T1,(2), and
T1w(3) modes at frequencies 680, 413, and 325 cm™!, re-
spectively, which are in decent agreement with our DFT+U

calculated frequencies. Since the experimental limitations
did not allow us to measure modes below 300 cm~', the
T1.(4) mode predicted to occur at 189 cm™! (see Table I)
could not be observed. However, the predicted frequency
of the T1,(4) mode is in good agreement with the experi-
mental data (186 cm™') reported by Preudhomme and Tarte
[48]. Overall, there is a good agreement between the ob-
served and predicted values for the IR-active modes 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 77, modes, these
additional satellite modes are likely occurring from the split-
ting of the 7}, modes due to the induced local electric fields
[68]. The presence of any impurity or crystallite domains in
a powder sample 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 appearance of the satellite modes in the IR
spectrum. Such satellite modes have been previously observed
in lithium-cobalt oxides [70,71].

Our DFT+4U calculations predict moderate spin-phonon
coupling in the IR-active T}, modes of GCO. We notice that
each triply degenerate T, mode of the Oy point group splits
into two modes, i.e., 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 [72]. The
magnitude of the frequency splitting between the doublet
and singlet modes (Awy;) provides a good qualitative esti-
mate of the strength of the spin-phonon coupling in magnetic
spinels [68,69,72,73]. In the case of GCO, the PBEsol4+U
(PBE+U) calculated Awyg is 1 (1), 4 (2), 6 (10), and 2
(2) em™! for the Tiu(1), Tiu(2), T1u(3), and Ti,(4) modes,

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

Ajg T, (1) 15,(2) E, 15, (3) Reference
GeCo,04 760 647 550 308 This work (Experiment)
GeCo,04 #1720 649 475 323 204 This work (Calculation)
*(695) (610) (461) @311 (203) # PBEsol+U; * (PBE+U)
GeCo,04 757 643 302 [47]
SiCo,04 833 788 521 373 270 [74]
GeMg,04 777 669 520 341 213 [75]
SiMg, 0, 834 798 599 373 300 [74]
MgTi,O4 628 493 335 448 [76]
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FIG. 3. Atomic vibration patterns for all four IR-active phonon
modes: (i) Ty, (1), (i) T1,(2), (iii) T1,(3), and (iv) T},(4). The color
coding of atoms is the same as in Fig. 1(a). These modes are listed
here in the order of decreasing frequency (see Table I).

respectively. These values are consistent with the previously
reported data on other magnetic spinels [68,69,72,73]. The
maximum frequency splitting is predicted for the 77,(3) mode,
which is evident since the 77,(3) mode involves the vibration
of the magnetic Co sites, as shown in Fig. 3. An experimental
validation of the aforementioned frequency-splitting values
requires low-temperature IR measurements, which, unfortu-
nately, could not be carried out because of the limitations of
our experimental facilities.

The high-frequency IR-active modes 7j,(1) and T1,(2),
as shown in Fig. 3, involve the symmetric and asymmetric
bending of oxygen ions present at the tetrahedral and oc-
tahedral sites, whereas the low-frequency IR-active modes,
T1.(3) and Ty,(4), are associated with the vibrations of the

FIG. 4. Atomic vibration patterns for all five Raman-active
phonon modes: Ay, Too(1), T4(2), E,, and T5,(3). These modes are
listed here in the order of decreasing frequency (see Table II).

relatively heavier Ge and Co ions situated at the tetrahedral
and octahedral sites, respectively. 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 the 77,(1) and
T14,(2) modes are due to the vibrations of the tetrahedral group
(GeOQy4 or Si0Qy4), whereas T1,(3) and T;j,(4) also involve the
vibrations of the octahedral group (MgO4 and CoOg). Our
reasoning is as follows: When Co in GeCo,0y is replaced by
lighter Mg in GeMg, Oy, there is an increase of about 50% in
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FIG. 5. Fourier-transform infrared spectrum of GCO polycrys-
talline sample recorded at room temperature. The DFT4-U simulated
IR spectrum is given in the SM [54].

the frequencies of the 71,(3) and 7;,(4) modes, whereas the
increase in the frequencies of the 7;,(1) and 7;7,(2) modes is
only a few percent. When lighter Si in SiCo,O4 replaces heav-
ier Ge in GeCo,0y, the frequencies of the 7j,(1) and 71,(2)
modes in SiCo,O4 go up by about 25%, whereas the change
in the T1,(3) and T1,(4) mode frequencies is only about 5%.
Therefore, the T1,(1) and 77,(2) modes primarily represent
the vibrations of the tetrahedral group, while the 7;,(3) and
T1,(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
300 K) are listed in Table II along with their calculated values.
As done in Table I for the IR modes, we have also listed
the frequencies of the Raman-active modes in Table II re-
ported for several other isostructural spinels, e.g., SiC0,0y,
GeMg,04, MgTi,04, and SiMg,04. Our observed values
of the frequencies of Ajg, Toe(1), and E; modes in GCO
are nearly identical to those reported by Koningstein et al.
[47]. Here we additionally report the frequency of the T5,(2)
mode in GCO. Our DFT+U calculated phonon frequencies of
Raman-active modes are in good agreement with the experi-
mental observations. The T5,(3) mode could not be detected
in our experiments since this mode is predicted to occur below
the lowest frequency of our Raman measurements. However,
the predicted frequency of the T5,(3) mode is consistent with
that of reported values for other isostructural spinel oxides
(see Table II).

Our calculations reveal that the strength of the spin-phonon
coupling is the largest for the T5,(3) mode since this mode
is associated with the vibration of the heavy cations. The
values of the frequency splitting Awy, for the triply degen-
erate Tr5(1), T¢(2), and T»,(3) modes are 3 (1), 2 (2), and
5 (3) cm™!, respectively, as obtained using the PBEsol+U
(PBE+U) method. We note that these values are in the same
range of the observed frequency shifts of the associated Ra-
man peaks at 7y, as discussed below.

Intensity (a.u.)

200 400 600 800

Wave number (cm™)

FIG. 6. Raman spectra of GCO recorded at temperatures 7 = 5,
10, 12, 14, 18, 20, 21, 22, 24, 26, 30, 40, 60, 80, 100, and 300 K.

To better understand the Raman modes in GCO, a sys-
tematic comparison of their frequencies with those reported
in SiCo,04, GeMg, 04, SiMg,04, and MgTi, 04 are listed in
Table II. Comparing SiCo,04 with GeCo,04 for which the
lighter Si atom replaces the heavier Ge atom at the tetrahedral
site, the frequencies of the Ajg, Eg, and T5,(1) modes in
SiCo,04 are increased by about 10-20%. This suggests that
these modes likely involve some motion of the tetrahedral
cation in addition to the O atoms. This is further confirmed
by comparing the mode frequencies of GeMg,0O, with those
in SiMg, Oy, where the frequencies of the A, Eg, and T5,(1)
modes in SiMg,0, are higher by about 10-20%. For the
T>,(2) mode, the observed differences in the frequencies for
GCO vis-a-vis SiCo,04, GeMg,0,4, and SiMg,04 do not
show a systematic pattern. To further understand the role of
the Co-O octahedra on the Raman modes, mode frequencies
in GeMg,04 and GeCo,04 are compared in which the lighter
Mg replaces the heavier Co. In this case, the frequencies
of the Ajg and T5,(1) modes are increased only by about
2%. However, the frequency of the E; mode in GeMg,0,
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 A, and T5,(1) modes involve
some vibrations of Ge at the tetrahedral site in addition to
the vibrations of the O atoms, whereas for the E, modes, the
vibrations of GeO4 and CoOg are also involved.

In Fig. 7, we compare the DFT+U predicted phonon
frequencies calculated for the paramagnetic phase using the
statistical averaging method, as mentioned above, with the
experimental data recorded at 300 K from the IR and Ra-
man measurements. The experimental frequency of the 71,(4)
mode was obtained from Ref. [48]. We observe a good
agreement between theory and experiment. In particular, the
PBEsol+U predicted frequencies are in better agreement with
the experimental data compared to the PBE4-U predictions.

3. 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
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the data on the Raman-active modes in proper context. Using ‘; 12 A 20] %A Ad
x-ray synchrotron data on a polycrystal GCO, Barton et al. i/ 11 WE T YN A%A R A\A
[26] determined changes in the lattice parameters and Co-O < ol & A%)% A o 19 ‘ AA
and Ge-O bond lengths as a function of temperature, including 9 ' ‘
the regions around Ty = 21 Kand 7Ty = 16 K. For T < Ty, the 5645 315!
crystal symmetry changes from cubic to tetragonal with ¢/a > ‘g O\q& u %
1 with the degree of tetragonality increasing with decreasing 25640 314/ %
T. An elongation of the CoQOg octahedron is observed below E !
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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 7 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 expected
due to the possible Jahn-Teller distortions and spin-orbit cou-
pling effects in the 3d’ state of Co’", in which the spin
degeneracy is lifted due to the stabilization of the f,, orbitals.
Following our earlier discussion of the comparison of the
Raman-active modes for different spinels listed in Table II,
significant changes around Ts should be expected for the E,
mode. Another relevant and important result from the paper
by Barton ez 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 Barrett
equation for 7 > Ty (similar to previous reports on MnO and
MnF, [77-79]) yielding 339 cm~! as the frequency of the
coupling mode. This frequency is close to that of the E; mode
determined in this work.

Keeping the above comments in mind, the Raman spec-
tra of GCO recorded at various temperatures between 5 and
300 K are shown in Fig. 6, with each line identified with
one of the five Raman-active modes. For each line, except
the T»,(3) mode whose intensity is too weak for accurate

FIG. 8. The temperature dependence of Raman intensity (I x
10*), full width at half maximum (AF), and Raman-peak position
(RPP) for the Ajg, Toe(1), T54(2), and E, Raman-active modes. The
lines connecting the data points are visual guides. The 7y and
Ts mark the transition temperatures corresponding to the antifer-
romagnetic and the cubic-to-tetragonal structural phase transitions,
respectively.

measurements, we measured its position, full width at half
maximum (FWHM), and line intensity (area under the peak),
and plotted these quantities as a function of temperature in
Fig. 8. The positions of Ty = 21 K and Ty = 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. 8 reveals
some interesting features. First, for all four observed Raman
modes, viz., Aig, Eg, Toe(1), and T54(2), the intensity of the
Raman lines increases with decreasing temperature below
Ts, which is somewhat similar to the variation of the order
parameter. According to the Suzuki and Kamimura theory
[80] for the spin-dependent Raman scattering, the magnetic
order significantly influences the phonon Raman efficiency
through the dependence of the optical dipole transitions on
the relative orientation of the adjacent spins. Generally, the
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FIG. 9. The temperature dependence of the line separation Aw
of the low-frequency shoulder from the position of the 75,(1) peak.
Inset: the shoulder appearing on the low-frequency side of the T5,(1)
peak.

temperature dependence of the integrated Raman intensity is
proportional to the nearest-neighbor spin correlation function
[81]. Also, the emergence of an AFM order below the Ty en-
hances the Raman intensity due to the Brillouin-zone folding
since the magnetic unit cell would be doubled in size com-
pared to the structural unit cell [80,81]. 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 ob-
served in the FWHM for the T54(1), T5¢(2), and E; modes
between Ty and Ts along with weaker anomalies in the line
positions of these modes. As argued earlier based on the
comparison with data on other spinels, significant changes
due to the structural transition at Ty were expected in the line
parameters of the E, mode. The results presented in Fig. 8
show that the effects of magnetic ordering at 7y and struc-
tural transition at T for the Txe(1), T54(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 can be noticed from Fig. 8,
the FWHM (AF) is indeed decreasing below 7y until T,
which clearly indicates that the structural transition is inde-
pendent of the magnetic transition. Also, for the only case of
T < Ty, 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 Ty
since this distortion could lift the degeneracy of the degenerate
Raman-active modes, with the exception of the nondegenerate
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 frequency shift; however, they
may form a convoluted peak with a larger FWHM. Another
possible explanation could be related to the local structural
disorder driven by the randomly distributed Ge atoms, which
may cause an increase in the linewidth at T < Tj.

Another noteworthy feature evident from the Raman spec-
tra at low temperatures is the separation of a shoulder, marked
by an arrow in the inset of Fig. 9, on the low-frequency
side of the T5,(1) line. The origin of this shoulder is not yet

well understood. However, we think it could be attributed to
the magnon-induced excitations [82]. In Fig. 9, we plot the
temperature dependence of the frequency shift of this shoulder
Aw from the T54(1) line. We note that Aw increases with
lowering temperature and attains a maximum value at 7y.
With a further decrease in temperature (Ts < T < Ty), Aw
starts decreasing, and it shows an upturn at 7.

Such a temperature dependence of Aw implies the pres-
ence of two distinct phase transitions, i.e., one magnetic and
another structural, in GCO, thus validating the claim of Bar-
ton et al. [26] that the structural phase transition in GCO
does not occur exactly at 7y, rather it follows the magnetic
phase transitions at 21 K and occurs 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 suggests that no structural phase
transition should occur exactly at 7y. However, below 7y,
the system could undergo a structural phase transition due to
the relaxation of stress and forces on atoms within the AFM
phase [69].

IV. CONCLUSIONS

Results from our combined experimental and computa-
tional investigations of the IR- and Raman-active modes of
the normal spinel GeCo,0,4 with the effective spin S = 1/2
ground state have been presented here with the following
major conclusions: (i) The measured frequencies of the IR-
and Raman-active modes at room temperature are in good
agreement with the results obtained from our DFT+4U cal-
culations. (ii) All the IR- and Raman-active modes exhibit
moderate spin-phonon coupling in GeCo0,0y. (iii) The tem-
perature dependence of the Raman-active modes carried out
between 5 and 100 K with special attention given to the
region between Ty (~21 K) and T (~16 K) 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 T5(1)
validates that the structural phase transition in GeCo,04 is
distinct from the magnetic phase transition occurring at Ty .
Investigation of the temperature dependence of the IR modes
covering the region below Ty is recommended since it is likely
to provide significant information on the transitions at Ty
and Tg.

Our DFT+U calculations reveal that exchange interac-
tions up to at least the third-nearest neighbors are required
to correctly describe the low-temperature antiferromagnetic
ordering in GeCo,04. We find that the nearest-neighbor
magnetic-exchange interaction has a ferromagnetic nature and
is a superexchange interaction mediated via an intermediate
oxygen ion having a Co-O-Co bond angle of § = 90°. Instead,
the second- and third-nearest-neighbor exchange interactions
are antiferromagnetic in nature, and they involve more than
one ion along the exchange-interaction path corresponding to
the super-super-exchange interaction. These interactions play
a vital role in stabilizing the (q= % % %) antiferromagnetic
order in GeCo,0y4 at low temperatures.

The presence of the spin S = 1/2 ground state in GeCo0,04
due to spin-orbit coupling and local Jahn-Teller distortion
effects, discussed in detail in Ref. [15], gets additional support
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from the recently reported results of an Ising linear chain
system CoNb,O¢ having a similar S = 1/2 ground state of
Co*" ions [83]. Lastly, we note that inclusion of the spin-orbit
coupling and local Jahn-Teller distortion effects in DFT+U
calculations may slightly change the quantitative values re-
ported in this work without affecting the overall physics of
the studied system.
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