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Structural distortion below the Néel temperature in spinel GeCo,0,
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A structural phase transition from cubic Fd3m to tetragonal [4,/amd symmetry with c/a > 1 is observed
at Ts = 16 K in spinel GeCo,0,4 below the Néel temperature 7y = 21 K. Structural and magnetic ordering
appear to be decoupled with the structural distortion occurring at 16 K while magnetic order occurs at 21 K
as determined by magnetic susceptibility and heat capacity measurements. An elongation of CoOg octahedra is
observed in the tetragonal phase of GeCo,0,. We present the complete crystallographic description of GeCo,04
in the tetragonal /4, /amd space group and discuss the possible origin of this distortion in the context of known
structural transitions in magnetic spinels. GeCo,0O, exhibits magnetodielectric coupling below Ty. The related
spinels GeFe, 0, and GeNi,O4 have also been examined for comparison. Structural transitions were not detected
in either compound down to 7 ~ 8 K. Magnetometry experiments reveal in GeFe,O, a second antiferromagnetic
transition, with Ty, = 7.9 K and Ty, = 6.2 K, that was previously unknown and that bears a similarity to the

magnetism of GeNi,Oy.
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I. INTRODUCTION

The spinel crystal structure is of wide interest in con-
densed matter physics for diverse phenomena, including heavy
fermions [1], multiferroic behavior [2], and exotic states
arising from geometric frustration [3-5]. The rich physics
of complex transition metal oxides derives from the intricate
interplay of charge, orbital, spin, and lattice degrees of
freedom. In this report, we examine the magnetic and structural
properties of the spinel GeCo, O, that are largely influenced by
competing orbital and spin degrees of freedom. We also study
the structure and magnetism of the related systems GeM,0y4
(M = Fe and Ni).

At room temperature, GeM,0O4 (M = Fe, Co, and Ni) are
cubic spinel oxides in the space group Fd3m. Ge** cations are
tetrahedrally coordinated by O?~ while M>* cations occupy
octahedral sites. The structures and magnetic behavior of all
three GeM,0, spinels were originally reported by Blasse
and Fast in 1963 [6,7]. GeFe,0; is orbitally degenerate due
to partially filled t;‘g states of octahedral high-spin Fe?*.
GeCo,04 has been the subject of many investigations because
it has the unique electronic ground state of octahedral Co(II),
which is high-spin 3d’, with § = 3/2 L = 3, though it is
better described as a Kramer’s doublet with Je = 1/2. The
orbitally degenerate tzsg states of high-spin octahedral Co**
give rise to spin-orbit coupling that results in a large single-ion
anisotropy for a 3d transition metal. In contrast to GeCo,04
and GeFe, 04, GeNi,O4 has a nondegenerate electronic ground
state with fully occupied t26g levels and half-occupied e§ states

of octahedral Ni*t.
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GeCo0,04, GeFe,0q4, and GeNiyO4 exhibit antiferromag-
netic order at temperatures below 30 K. GeCo,04 has a
Néel temperature near 21 K while GeNi;Os shows two
magnetic ordering anomalies at ~12 K and 11 K [8-10].
Our magnetic susceptibility studies of the spinel GeFe,O4
show that it also exhibits two antiferromagnetic transitions
at 7.9 K and 6.2 K. The magnetic structure of the Ni and
Co compounds consists of ferromagnetic (111) planes that
are antiferromagnetically coupled with a (% % %) magnetic
propagation vector [9]. Between the Kagome planes are
triangular planes of spins whose orientation is not well
known. Neutron diffraction measurements by Diaz et al. show
that the triangular plane moments of GeNi,O4 are aligned
parallel to the (111) direction while in GeCo,QOy4 the triangular
plane moments are perpendicular to the (111) direction [9].
Diaz et al. have also shown that GeCo,04 and GeNi,Oy4
systems undergo two subtle field-induced transitions above
4TI[9].

Here we study the low-temperature tetragonal structural
distortion of the spinel GeCo,0,4. We find that the structural
distortion is decoupled from antiferromagnetic ordering occur-
ring at Tp = 16 K rather than at the Néel temperature of 21 K.
We resolve the low-temperature nuclear structure of GeCo,04
by Rietveld refinement of high-resolution synchrotron x-ray
diffraction data using a tetragonal [4;/amd model with
c¢/a > 1. The evolution of structure shows an elongation of
CoOg¢ octahedra in the tetragonal phase of GeCo,04. We
discuss the mechanisms behind the structural distortion of
GeCo,04 in the context of known structural distortions in
magnetic spinels. Synchrotron diffraction studies of GeFe;O4
and GeNi,O4 down to ~8 K show the absence of structural
distortions in these systems above this temperature. We also
report magnetodielectric coupling in GeCo,0,4 beneath Ty =
23 K, while GeNi,O4 shows no evidence for such behavior.
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Magnetic susceptibility studies of the related spinel, GeFe, Oy,
reveals two antiferromagnetic ordering temperatures of 6.2 K
and 7.9 K.

II. METHODS

Polycrystalline GeM,0,4 (M = Fe, Co, Ni) were prepared
by solid-state reaction of powder reagents. Stoichiometric
amounts of GeO, and either Fe/Fe, O3, Co304, or NiO were
ground with an agate mortar and pestle and pressed into pellets
at a pressure of 100 MPa. The pellet of the Fe compound
was sealed inside an evacuated quartz ampoule to maintain
the oxygen stoichiometry necessary for Fe(II). The Co and
Ni compound pellets were placed inside Al,O3 crucibles on
top of a bed of powder with the same composition in order
to avoid contamination from the crucible. The sealed tube
of the Fe compound was heated to 800°C, while the Co
compound was annealed at 1000 °C. The reactions occurred in
a box furnace for 2 days with one intermediate grinding and
repressing of the powder. The preparation of GeNi, O, involved
heating the loose powder slowly to 900 °C and annealing for
12 h, followed by grinding, pelletization, and annealing at
1100°C for 24 h and at 1200°C for another 24 h. Powder
synchrotron x-ray diffraction was conducted at both the 11-BM
beamline (A ~ 0.41317 A) of the Advanced Photon Source,
Argonne National Laboratory, and the ID31 beamline (A ~
0.399845 A) of the European Synchrotron Radiation Facility.
Powder-coated Kapton capillaries were employed to reduce
synchrotron x-ray beam heating and improve temperature
equilibrium with the closed helium cryostat exchange gas.
During the study of GeCo,04, the temperature was varied
at 0.05 K/min in the temperature range 6.6 K < T < 24 K
and an x-ray scan was measured every 5 min. The temperature
difference during the course of a given scan in this temperature
regime was 0.25 K. A faster temperature ramp rate of 1 K/min
was applied in the temperature range 28 K < 7 < 60 K
and an x-ray scan was measured every 2.5 min. Variable-
temperature x-ray measurements of GeNi,O, were measured
at 0.5 K/min and an x-ray scan was measured every 5 min
over the temperature range 7.5 K < T < 130 K. GeFe,Oq4
was studied at 2 K/min, with an x-ray scan being measured
every 3 min in the temperature range 7.7 K < T < 130 K.
Separate low-temperature synchrotron x-ray measurements
of GeFe,04, GeCo0,04, and GeNi,O4 down to 5 K were
performed at the European Synchrotron Radiation Facility.
Rietveld [11] analyses were performed using GSAS/EXPGUI
[12]. DICVOL, as implemented in FullProf, was used to index
the low-temperature unit cell [13]. ISODISTORT was used to
explore the possible crystal distortion modes and to transform
the unit cell atom positions to lower symmetry [14]. Crystal
structures were visualized using VESTA [15]. Magnetic
properties were measured using a Quantum Design MPMS
5XL SQUID magnetometer. Capacitance was measured using
a 1-V excitation in a parallel plate geometry with an Andeen-
Hagerling bridge in a Quantum Design PPMS DynaCool
cryostat. Prior to measurement, capacitance samples were
densified through spark plasma sintering and coated with silver
epoxy paste for electrodes. The processing did not affect the
material crystal structure or composition, as determined by
synchrotron x-ray diffraction.
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III. RESULTS AND DISCUSSION

The crystal structures of powder GeFe, 04, GeCo0,04, and
GeNi,O4 samples were investigated by synchrotron x-ray pow-
der diffraction in the temperature range 6.6 K < T < 295 K.
Unit cell parameters at T = 295 K of ap. = 8.41368(8) A,
aco = 8.31910(8) A, and an; = 8.22422(4) A were extracted
by Rietveld refinement of x-ray data and are in accord with
prior investigations [16—18]. The known room-temperature
spinel crystal structure was determined by Rietveld refinement
of the diffraction pattern using the space group Fd3m. A
small impurity phase was detected in the GeFe,O4 sample
and was determined to be 5.4 wt% of Fe;sGe [19]. A
Co10Ges0¢ impurity at a level of 1.4 wt% was identified in
GeCo0,04. The impurities Fe; ¢7Ge and Co;90Ge30;6, whose
properties are reported by Barbier [20] and Barton et al.
[21], respectively, have a minor influence on the results. The
effects of the ferromagnetic Fe;| ¢;Ge impurity on the magnetic
susceptibility measurements of GeFe, O, are discussed later in
this article. Bond valence sums calculated using cation-oxygen
bond parameters tabulated by Brown and Attermatt [22] are
consistent with the 2+ valence state for each of these transition
metal ions [8].

Magnetic susceptibility measurements of GeFe,0y,
GeCo,04, and GeNi,O4 show that they are antiferromagnetic
at low temperature. Figures 1(a), 1(b), and 1(c) show the zero-
field-cooled and field-cooled susceptibility measurements
of GeFe,;04, GeCo0,04, and GeNi,O4 respectively. While
the temperature-dependent susceptibility measurements of
GeFe,04 and GeNi, O, are consistent with antiferromagnetic
spin ordering, the susceptibility measurements of GeFe,O4
also show antiferromagnetic behavior but the susceptibil-
ity is influenced by the ferromagnetic Fe;¢;Ge impurity.
The dx/dT curves for these spinels clearly illustrate the
antiferromagnetic ordering transitions [Figs. 1(d), 1(e), and
1(f)]. The dx/dT curve of GeFe,O4 has maxima at both
Tnvi =79 K and Ty, = 6.2 K showing evidence for a
second antiferromagnetic transition in GeFe,O, that has not
been reported [Fig. 1(a)]. This behavior is similar to that
of GeNi,O4, which is known to exhibit two transitions
[10] that we observe at 11.9 K and 11.1 K [Fig. 1(c)]. A
neutron diffraction study by Matsuda et al. attributes the two
transitions of GeNiO4 to separate orderings of the spins in
the Kagome and triangular planes [23]. Curie-Weiss fitting
of the high-temperature susceptibility of GeNi,O4 leads to
et = 3.36 up and Ocw = —11.3 K, congruent with the
literature for GeNiyOy4 [24]. A cuspinthe d x /dT of GeCo,04
at Ty = 20.9 K indicates the onset of long-range antiferro-
magnetic order [Fig. 1(b)], consistent with previous reports on
GeCo,04. Though it is not strictly valid to apply Curie-Weiss
to GeCo,04 because of Co(Il) crystal field levels [8], we find
Uett = 4.55 pp and Ocw = 55.0 K, in reasonable agreement
with the literature [24]. We are unable to analyze the magnetic
susceptibility of GeFe,O4 by Curie-Weiss analysis because of
the ferromagnetic Fe; ¢;Ge impurity with T¢ = 485 K [25].

Variable-temperature synchrotron x-ray powder diffraction
patterns show no evidence of a structural phase transition in
either GeFe,O4 nor in GeNi,O4 down to T = 8 K (bottom
panel of Fig. 1). A slight broadening of the cubic (400) Fd3m
reflection occurs in GeNi,O4 at the Néel temperature but a
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FIG. 1. (Color online) Magnetic susceptibility measurements of
(a) GeFe,O4 measured in a 10 kOe field, (b) GeCo,0, measured
in a 100 Oe field, and (c¢) GeNi,O4 measured in a 1000 Oe field.
The susceptibility measurements show antiferromagnetic ordering
transitions in these Ge M,O4 spinels. However, the magnetic suscep-
tibility of GeFe,O4 shown in (a) is influenced by the ferromagnetic
Fe, ¢7Ge impurity. The temperature derivative of the field cooled
susceptibility of (d) GeFe, 0y, (¢) GeCo,04, and (f) GeNi, O, clearly
illustrate the antiferromagnetic ordering transitions of the GeM,0,
spinels. Two antiferromagnetic ordering transitions at 6.2 K and
7.9 K are resolved in GeFe,04. GeCo,04 has an antiferromagnetic
transition at 20.9 K while GeNi,O, orders antiferromagnetically at
11.1 K and 11.9 K. Variable-temperature high-resolution synchrotron
x-ray powder diffraction shows no structural distortions from cubic
symmetry in GeFe, O, and GeNi, O, (bottom panel). The cubic (400)
reflections of GeFe,0, and GeNi,O4 do not split in the temperature
range 8 K < 7T < 30 K but a slight broadening of this reflection is
observed, especially in GeNi,O4, below 11 K. In contrast, the (400)
cubic Fd3m reflection of GeCo,0, splits into tetragonal I4,/amd
(004) and (220) reflections at 16 K. The structural distortion of
GeCo,0, occurs below its Néel temperature of 22 K.

splitting of the reflection is not observed. Near 8 K, GeFe,04
and GeNiyO4 are well modeled by the cubic Fd3m structure
and we determine the unit cell parameters ag. = 8.40508(1) A
and an; = 8.21569(2) A. Separate measurements show that
GeFe,04 and GeNi;O4 retain cubic symmetry even at 5 K.
The unique electronic configuration of octahedral Ni** té’g

e§ in GeNiyO4 precludes the presence of any Jahn-Teller

activity and previous studies of this material also found no
evidence of a magnetostructural distortion [26]. GeFe,O4 has
not been extensively studied and our measurements show
no structural distortions from cubic symmetry even at 5 K,
although Fe* cations are orbitally degenerate with partially
filled tfg states. In contrast to GeFe,O4 and GeNi,Oy4, the

(400) cubic Fd3m reflection of GeCo0,04 splits at Tp &~ 16 K
(bottom panel of Fig. 1), confirming the onset of its known
structural phase transition at low temperatures [27]. Figure 1
shows a discrepancy between the onset of antiferromagnetic
order in GeCo0,04 at Ty ~ 21 K [Fig. 1(b)] and the onset of
the structural distortion at 7p ~ 16 K.
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FIG. 2. (Color online) (a) Powder synchrotron x-ray diffraction
of GeCo,0, at T = 6.6 K modeled by Rietveld refinement to a
tetragonal /4, /amd structure and 1.4 wt% Co,9Ge;O;¢ impurity
phase. Note that data are multiplied by 5 for Q > 4.75 A for visual
clarity. The cubic (400) Fd3m reflection of GeCo,O, shown in (b)
splits to two tetragonal (004) and (220) reflections that are modeled
by the 74, /amd structure (c).

We quantitatively describe the low-temperature syn-
chrotron x-ray powder diffraction pattern of GeCo,04 with
a tetragonal [4;/amd model which is a subgroup of the
Fd3m space group that is commonly used to describe other
spinel systems that undergo structural distortions from cubic
Fd3m symmetry [28]. The initial unit cell parameters for
the tetragonal model were determined by diffraction pattern
indexing and its atom positions were derived using group-
subgroup theory. Figure 2(a) displays the refinement of the
T = 6.6 K experimental data for GeCo,04 to the 14|/amd
model. The cubic (400) reflection [Fig. 2(b)] splits in the
structurally distorted phase as shown in Fig. 2(c) and this
divergence of the diffraction reflection is well described by
the 74;/amd model. The small difference between the data
and the structural model [Fig. 2(a)] and refinement figures
of merit (Table I) support the validity of the low-temperature
tetragonal /4, /amd structural model. The extracted structural
parameters for the 74, /amd tetragonal structure of GeCo,QOy at
T = 6.6 K are listed in Table I.

We separately fit the low-temperature tetragonal /4, /amd
model and the high-temperature cubic Fd3m structure to the

TABLEI. Structural parameters of GeCo,0, at T = 6.6 K. Space
group: 14,/amd, a = 5.87338(1) A, and ¢ = 8.31957(2) A. The
refinement figures of merit of Ry, and R, are 4.34% and 8.68%,
respectively.

Site X y e Uiso (1&2)
Ge 0 0.25 0.375 0.0020(1)
Co 0 0 0 0.0027(1)
o 0 0.5010(1) 0.2519(1) 0.0021(1)
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FIG. 3. (Color online) (a) At the structural distortion temperature
of GeCo0,04, Tp = 16 K, two tetragonal lattice constants emerge
from the cubic lattice constant. An elongation of the tetragonal ¢
axis is observed. (b) The thermal evolution of the cell volume of
GeCo,0,4 shows two anomalies, one at the antiferromagnetic ordering
temperature, Ty = 20.9 K, and the other at the structural distortion
temperature, Tp = 16 K. (¢)d x /dT and temperature normalized heat
capacity measurements show peaks at the antiferromagnetic ordering
temperature of GeC0,0;.

GeCo,0, diffraction patterns in the temperature region around
the transition to determine the structural phase transition
temperature of GeCo,04. Upon examining the stability of
the refinements and comparing their figures of merit, the
structural transition was determined to occur at Tp = 16 K.
Two tetragonal lattice constants emerge below 16 K [Fig. 3(a)].
The tetragonal phase is characterized by ¢/a > 1 and the
degree of tetragonality increases with decreasing temperature.
For both the high- and low-temperature structures, bond
valence sum calculations based on Shannon-Prewitt effective
ionic radii [29] indicate the ion valences expected from the
stoichiometric chemical formula, namely Ge**, Co?*, and
O?~. The onset of the structural distortion below the Néel
temperature, Ty = 21 K, is unusual in comparison to our
investigations of magnetostructural phase transitions in the
ACr,04 spinels [5,28] which show concurrent magnetic and
structural transitions.

The unit cell volume of GeCo,0, decreases with tempera-
ture, as expected for a material with a positive coefficient of
thermal expansion [Fig. 3(b)]. Discontinuities in the cell vol-
ume occur at the antiferromagnetic ordering temperature, T =
21K, due to isotropic magnetostriction. Magnetostrictive
effects in GeCo, 0y, are consistent with large magnetostrictive
and anisotropic effects that are observed in cobalt compounds
because of spin-orbit coupling in high-spin octahedral Co**
[30]. The structural distortion of GeCo,04 at 16 K gives
rise to another discontinuity in cell volume [Fig. 3(b)]. A
change in entropy occurs at the magnetic phase transition of
GeCo,04 as illustrated by the nearly coincident anomalies

FIG. 4. (Color online) (a) While a single Co-O bond length
characterizes CoOg octahedra in cubic GeCo,0y4, two long Co-O
bonds and four short Co—O bonds are observed in the tetragonal phase
of GeC0,04. (b) CoOg octahedra show no bond distance distortions in
the cubic Fd3m phase; however, bond length distortion are observed
in the tetragonal /4, /amd phase.

in dyx/dT and the temperature normalized heat capacity
[Fig. 3(c)]. Importantly, we note that no additional magnetic
or heat capacity anomalies occur at the structural transition
temperature of GeCo,04. This suggests a nonmagnetic origin
of this distortion. It is likely that entropy changes associated
with the structural distortion at 16 K are concealed in the broad
lambda-like heat capacity anomaly of GeCo,0,4 that peaks
at ~22 K. The temperature normalized heat capacity shows
significant entropy changes above Ty due to short-range spin
correlations in this temperature regime.

The temperature variation of Ge—O bond distances reveals
no bond distance distortions in the cubic or tetragonal phases
of GeCo,04. As a result, in both the cubic and tetragonal
phases of GeCo,04, GeO, tetrahedra are described by a
single bond length. CoOg octahedra are characterized by a
single Co—O bond length in the cubic phase; however, an
elongation of CoOg octahedra is observed in the tetragonal
phase [Fig. 4(a)]. While Jahn-Teller effects are expected to
be quenched in GeCo,04 due to strong spin-orbit coupling in
Co?* [31], the elongation of CoOg octahedra is consistent with
a weak Jahn-Teller distortion that lifts orbital degeneracy by
stabilizing the xz and yz orbitals of the £, states. Bond distance
distortions arising from the elongation of CoOg octahedra in
the tetragonal phase are shown in Fig. 4(b). The distortion
index D is defined as D = 1/n Y1, (|l; — 1])/(), where ; is
a given Co—O bond length and [ is the average Co—O bond
length. Figure 5 shows the cubic and tetragonal structures of
GeCo,04. The elongation of CoOg octahedra in the tetragonal
phase yields an enhanced buckling of Co—O bonds [Figs. 5(c)
and 5(d)].

Concurrent with the magnetic transition of GeCo,04
is the onset of magnetodielectric behavior. The dielectric
permittivity, €,, is calculated from the capacitance measured
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FIG. 5. (Color online) The cubic Fd3m structure of GeCo,0, at
50 K and the low temperature tetragonal /4, /amd structure near 8 K
are presented in (a) and (b), respectively. A plane of edge sharing
CoOy octahedra in the cubic Fd3m structure (c) and in the 74, Jamd
structure near 8 K (d). The buckling of CoOg octahedra is enhanced
in the tetragonal /4, /amd phase of GeCo,0,, and this likely occurs
to accommodates the elongation of CoOg octahedra. Distortions in
figures (c) and (d) have been enhanced by a factor of 5 to clearly
illustrate the structural changes.

in a parallel plate geometry by ¢, = Cd/A. A suppression of
the dielectric constant of GeCo,04 occurs below Ty = 21 K
as illustrated in Fig. 6(a), pointing to the magnetic origin of
this dielectric anomaly. The structural distortion at T, leaves a
signature in the temperature-dependent dielectric permittivity
which shows a change in slope at 16 K [Fig. 6(a)]. The lattice
dielectric constant is modeled by a modified Barrett equation in
the temperature range 25 K < 7' < 80 K. The Barrett fit models
the dielectric permittivity in the absence of magnetodielectric
effects. The dielectric constant at 7 =2 K is 0.057% less
than expected by the Barrett function, while the change in
sample volume across the transition, as measured by powder
synchrotron x-ray diffraction, is only 0.01%. Thus, the change
in geometry cannot be fully responsible for the observed
deviation in dielectric response. Instead, this difference, whose
magnitude is similar to that found in other antiferromagnetic
spinels such as Mn3 04 [32], is likely due to a magnetodielectric
effect. The frequency dependence of the dielectric properties
was investigated from 1 to 20 kHz; however, we did not detect
any significant differences in the temperature evolution or
magnitude, nor did we see relaxation effects, with tan(§) <
0.0003 for the temperatures and frequencies measured. These
observations suggest that the dielectric response is not of
magnetoresistive origin and instead supports the presence of
magnetodielectric coupling in GeCo,04 [33].

The dielectric constant can be generally related to optical
phonons and their frequencies by the Lyddane-Sachs-Teller
relationship. It is possible to more directly connect €, to the
relevant transverse-optical modes using a Barrett function, as,
for example, was done for BaMnF, [34] and MnO [35] and
more recently for TbFe;(BO3); [36]. The Barrett function
is €(T) = €(0) + A/[exp(hwy/kpT)—1], where A is a
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FIG. 6. (Color online) (a) The temperature dependence of the
dielectric permittivity of GeCo,0O4 shows a dielectric anomaly at
the Néel temperature (7y = 21 K). A slight change in the slope
of the temperature-dependent dielectric constant is observed at the
structural distortion temperature (Tp = 16 K). The Barrett fit models
the dielectric permittivity well above Ty; however, the dielectric
constant deviates from the Barrett function fit below Ty . (b) Relative
changes in the dielectric constant of GeCo,04 measured at 20 kHz
as a function of magnetic field at different temperatures. A distinct
change in the field dependence is observed beneath 7y = 21 K.

coupling constant and wy is the mean frequency of the final
states in the lowest-lying optical phonon branch. The refined
parameters of the fit are €(0) = 10.0762, A = 0.0626, and
wo = 339 cm~!. This wy, which is an average, is near the
302 cm™! value of a transverse-optical phonon E, mode
found by Raman spectroscopy [37] and suggests a possible
spin-phonon coupling mechanism.

Further evidence that this dielectric behavior is magnetic in
nature is observed in capacitance measurements performed in
a varying magnetic field [Fig. 6(b)]. We plot the magnetic-
field-dependent dielectric permittivity with respect to the
zero field permittivity using the equation Ae = €(H)/e(0)—1.
As expected for a magnetodielectric, the field-dependent
dielectric permittivity changes below Ty. When T > Ty, the
observed dielectric response is positive at low applied fields
but becomes negative at higher fields. The transition between
positive and negative responses occurs at H = 0.5 T for T =
20 K and increases to H = 3 T for T = 2 K. The magnitude
of the positive upturn increases with decreasing temperature
until below 10 K at which point the response begins to
weaken. The asymmetry in the field dependence in positive and
negative fields is the result of magnetic hysteresis in the small
Co19Ge30¢ impurity [21]. The qualitative change in € — H
behavior with temperature suggests that there is substantial
magnetodielectric coupling in this system. The changes in the
dielectric permittivity in an applied field above Ty also occur in
other antiferromagnetic magnetodielectrics and are not due to
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magnetodielectric effects [32,36]. Capacitance measurements
revealed no magnetodielectric effects in GeNi,Oy4; however,
GeFe, 04 was not characterized.

A. Jahn-Teller degeneracy and spin-orbit coupling in GeCo,0,

The origin of structural transitions in systems with de-
generate fp, states that are more than half occupied are
difficult to identify. The poor understanding of these distortions
arises from the intricate interplay among spin, orbital, and
lattice degrees of freedom. In understanding the structural
transformation of GeCo,0y, it is illuminating to consider the
related binary oxide CoO. CoO has a rocksalt crystal structure
and Co** occupy octahedral sites and have the high-spin 3d’
electronic configuration of S = % and L = 3 observed in
GeCo0,04. CoO exhibits a structural distortion at its Néel
temperature, 7 = 290 K. The origin of the structural distortion
of CoO is under debate with some reports attributing it to spin-
orbit coupling magnetostrictive effects [38,39] while others
propose Jahn-Teller ordering [40,41]. A spin-orbit-mediated
structural distortion can arise from the significant spin-orbit
energy AL - S that is equal to or greater than the Jahn-Teller
stabilization in high-spin octahedral 3d’ systems [39]. The
structural distortion of CoO leads to a compression of CoOg
octahedra; this distortion does not lift spin degeneracy in
this material where the yz and xz orbitals remain degenerate
[40,42]. However, recent high-pressure experiments by Ding
et al. have noted a decoupling of the structural and magnetic
ordering in CoO under pressure, including magnetic ordering
occurring at higher temperatures without an accompanying
lattice distortion [41]. In light of these findings, Ding et al.
propose a Jahn-Teller-mediated structural distortion in CoO
which is suppressed under pressure, resulting in the onset of
antiferromagnetic order without an accompanying structural
distortion. The same complexities in identifying the deforma-
tion mechanism in CoO are to be expected in GeC0,04.

There are three main kinds of structural distortions in
magnetic spinels. First, there are Jahn-Teller distortions that
break orbital degeneracy as observed in FeCr, 04, NiCr, Oy,
and CuCr,O4 [28,42,43]. Jahn-Teller distortions typically
occur at temperatures much higher than magnetic ordering
temperatures [42]. Then there are magnetostructural transfor-
mations where the onset of magnetic order changes the crystal
symmetry as reported in FeCr,O4, NiCr,Oy4, and CuCr,Oy4
[28,43]. It has also been shown that magnetostructural cou-
pling is prevalent in Jahn-Teller active systems as illustrated
in the spinels FeCr,04, NiCr,O4, and CuCr,O4 by optical
spectroscopy [43] and x-ray diffraction experiments [28].
When a spinel hosts more than one Jahn-Teller active cation, it
undergoes several structural distortions. For example, FeV, Oy,
which has Jahn-Teller V3* and Fe?* cations shows symmetry
breaking structural distortions near 139 K, 107 K, 62 K, and 35
K due to Jahn-Teller and spin ordering [44,45]. Finally, there
are spin-Jahn-Teller distortions that break the degeneracy in
spin configurations, for example, in ZnCr,O4 and MgCr,Oy4
[5,46]. Like magnetostructural distortions, spin-Jahn-Teller
transformations occur at the magnetic ordering temperature.
Magnetostructural and spin-Jahn-Teller distortions usually
involve small distortions of the lattice compared to Jahn-Teller
distortions.
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Previous studies of the structure and magnetism of
GeCo,0,4 have associated its structural distortion to magne-
tostrictive effects [27] that are present in octahedral Co*t
due to degenerate 1, states [30]. The 1.001 c/a tetragonal
elongation measured in GeCo,04 below 10 K compares well
with spin-driven distortions in the geometrically frustrated
systems MgCr,O4 and ZnCr, 04 [5]. However, the onset of the
distortion below the Néel temperature suggests a nonmagnetic
origin of this lattice distortion. A Jahn-Teller origin of this
distortion is plausible given that the deformation can lift spin
degeneracy by stabilizing the xz and yz orbitals of the #,,
states. Although the small tetragonal distortion of GeCo,04
is at odds with large Jahn-Teller distortions observed, for
example, in NiCr,O4 [42], a small distortion is expected in
degenerate t,, systems due to the weak electronic stabilization
achieved through this deformation. The close proximity
between the magnetic and structural ordering temperatures is
in line with the competition between spin-orbit and Jahn-Teller
stabilization. However, spin-orbit coupling is expected to
dominate in high-spin 3d’ complexes [31] and the precise
origin of the structural deformation in GeCo,0,4 should be
further investigated.

The structural distortion of GeCo,0O4 is not a gradual
deformation that begins at the Néel temperature with a
broadening of the diffraction reflections and is fully manifested
below 16 K where a splitting of some of the diffraction reflec-
tions. We observe two independent structural deformations
in GeCo,04: (i) a slight structural perturbation at the Néel
temperature due to magnetostrictive effects that leads to slight
changes of the cubic unit cell and (ii) a structural distortion
from cubic to tetragonal symmetry at 16 K which occurs
independent of any magnetic ordering (bottom panel Fig. 1).
While Jahn-Teller active systems such as FeCr,Oy4, NiCr,QOy,
and CuCr,04 show symmetry-breaking structural transitions
at both the orbital and spin ordering transition temperature,
GeCo,04 shows different behavior where spin ordering yields
a mere change of its cubic lattice constant while a structural
distortion independent of magnetism occurs below its Néel
temperature.

IV. CONCLUSIONS

A structural phase transition was observed in the spinel
GeCo,04 at Tp = 16 K using variable-temperature high-
resolution synchrotron powder x-ray diffraction and physical
property measurements. An analogous transition was not ob-
served in GeFe,04 or GeNi;O4. Unlike many other magnetic
spinels, the magnetic and structural transitions of GeCo,04
are not coincident and we discuss the decoupling of structural
and magnetic ordering in this system considering the effects of
magnetostriction and Jahn-Teller ordering. We report the first
complete description of the low-temperature /4, /amd crystal
structure of GeCo,04 with ¢/a > 1. In GeFe,0,4, we observe
a second antiferromagnetic transition, not previously reported,
that is reminiscent of GeNi,O4 because it is close in proximity
to another transition slightly higher in temperature. Finally, we
present evidence for magnetodielectric coupling in GeCo,04
beneath Ty.
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