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Specific-heat and magnetic-susceptibility measurements are reported for the polycrystalline spinel com-
pounds GeNi,O4 and GeCo,0, in magnetic fields up to 14 T and 0.5 K=T7=400 K. Both compounds have
first-order antiferromagnetic transitions. There are two sharp closely spaced magnetic-ordering anomalies for
GeNi,O, at Néel temperatures Ty;(0)=12.080 K and Ty,(0)=11.433 K in zero magnetic field. There is also
a broad anomaly in the specific heat centered at ~5 K, which is present for all fields. Spin waves with an
average gap of 10.9 K are associated with this anomaly, which is confirmed by neutron-scattering measure-
ments. An unusual feature of the antiferromagnetism for GeNi,Oy is the simultaneous presence of both gapped
and ungapped spin waves in the Néel state, inferred from the specific-heat data. GeCo,0, has a single anomaly
at Ty(0)=20.617 K in zero magnetic field. Spin waves with an average gap of 38.7 K are derived from fitting
the low-temperature specific heat and are also observed by neutron scattering. For both compounds ~50% of
the derived magnetic entropy is below the ordering temperatures, and the total magnetic entropies are only
~60% of that predicted for the Ni** and Co®* single-ion ground-state configurations. The missing entropy is
not linked to magnetic disorder in the ground state or hidden ordering below 0.5 K. It is postulated that the
missing entropy is accounted for by the presence of substantial magnetic correlations well above the Néel
temperatures. Fitting the GeNi,O, susceptibilities to the Curie-Weiss law yields parameters that are consistent
with those found for Ni?* ions in a crystal-electric-field environment including octahedral and trigonal com-
ponents. The application of the Curie-Weiss law to the GeCo,0O, susceptibilities is not valid because of

low-lying crystal-electric-field states.
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I. INTRODUCTION

Normal spinels have a face-centered-cubic (fcc) crystal
structure with composition AB,O,, where A and B are metal
ions. The A ions occupy tetrahedral sites and the B ions are
on octahedral (cubic) sites located on the corners of vertex-
sharing tetrahedra. Of particular interest is the case where the
B ions are magnetic and order antiferromagnetically (AF),
which may lead to frustration. There are four principal mag-
netic axes oriented at 109° to one another that are crystallo-
graphically equivalent. Figure 1 shows the magnetic struc-
ture of the spinels for the B ions. The magnetic order in both
GeNi,04 (GNO) and GeCo,0, (GCO) is characterized by
ferromagnetic (111) planes and a [% ,%,%] magnetic propaga-
tion vector.! This can lead to the formation of four magnetic
domains due to the four equivalent (111) directions, ignoring
the possibility that the spins might align in different symme-
try related directions with respect to the (111) planes. Fur-
thermore, a distortion of the crystal from cubic symmetry to
tetragonal symmetry in GCO can choose one of three pos-
sible directions as the unique axis, leading to three structural
domains. Therefore, it is possible for a compound such as
GCO to have as many as 12 different magnetic domains. In a
magnetic field (B) of sufficient strength, the number of do-
mains can be reduced. To apply a magnetic field parallel or
perpendicular to an ordering axis in a single crystal, it is
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necessary to have a single magnetic domain, which would
probably form only below the Néel temperature (Ty) for a
sufficiently large B. However, in the paramagnetic phase,
because of the four equivalent tetrahedral axes, it is not pos-
sible to measure the anisotropy in physical properties such as
the specific heat or magnetic susceptibility.

A Ni%* jon (3d%; 3F,: L=3, §=1) in an octahedral crystal
field will have an orbital-singlet ground state with S=1. In
GNO there is also a weaker trigonal crystal electric field at
the Ni?* sites which have D5, symmetry. This trigonal crystal
field and the presence of second-order spin-orbit-induced
coupling between the higher crystal-field states and the spin-
triplet ground state will cause additional splitting of the
ground state into two levels, a doublet and a singlet. The
non-Kramers doublet is usually the ground state and addi-
tional interactions can split this doublet as well. The splitting
within the S=1 manifold is usually much smaller in energy
(<1 K) than that associated with the magnetic ordering.”
Antiferromagnetic ordering of these moments will lead to
spin-wave excitations, which will have either a gapped or
ungapped (7° temperature dependence) contribution to the
low-temperature specific heat (C). The next higher Ni**
crystal-field (CF) state is ~12 400 K above the ground state
and has no measurable Schottky contribution to the specific
heat below 400 K. For sufficiently high temperatures, the
expected entropy related to the antiferromagnetic ordering is
2R In(2S+1)=2R In 3 per mole of GNO.

©2008 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.78.104406

LASHLEY et al.

FIG. 1. (Color) The two figures are different illustrations of the
spinel structure, AB,O,4, with the magnetic ions (Ni** or Co?* in
this paper) represented by the light- or dark-blue spheres on the B
sites. (The crystallographic structure is face-centered cubic and the
Ge and O ions on the A site are omitted for clarity.) Top panel:
White triangles represent the kagome (111) planes—a kagome lat-
tice is a repeat pattern of a hexagon plus six equilateral triangles
attached to the hexagon sides—and the dark-blue triangles represent
the (111) triangular planes. The green diagonal line is one of four
equivalent (111) axes connecting opposite corners of the unit cell.
There is a trigonal crystal electric field at the magnetic ions. The
magnetic ions in the two planes (kagome and triangular) are ordered
ferromagnetically, while the ordering between plane-to-plane sets is
antiferromagnetic (Ref. 1). Bottom figure: This figure shows con-
nected tetrahedra with the magnetic ions located on the corners.
Three magnetic ions at the corners of the tetrahedra bases form the
kagome planes and those on the vertices are in the triangular planes.
The ratio of the number of magnetic ions in kagome planes versus
those in triangular planes is 3/1.

A Co* ion (3d7; 4F9,2: L=3, $=3/2) in an octahedral
crystal field has the L=3 manifold split into a series of well-
separated states. The ground-state orbital angular momentum
can be taken as a “fictitious” L=1, which couples to the spin,
S§=3/2, through spin-orbit coupling (AL-S) to form three
separated sets of energy manifolds, i.e., J=1/2, 3/2, and 5/2,
with the ground state usually J=1/2.3 Above Ty, GCO also
has a trigonal crystal-electric-field component at the Co”*
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sites; at Ty there is, in addition, a cubic-to-tetragonal transi-
tion, which will introduce a weak tetragonal crystal field as
well. The trigonal field splits the J=1/2, 3/2, and 5/2 mani-
folds into six Kramers doublets at 0, 180, 360, 440, 1760,
and 1930 K, with additional splitting and removal of all de-
generacy in magnetic fields. These levels were determined
using inelastic neutron scattering.* There are Schottky-type
contributions to the specific heat in the temperature range of
interest [0 K=T=75 K] from some of these crystal-field
levels, which must be taken into account in the analysis of
the specific-heat data—see Sec. IV B. At sufficiently high
temperatures, after correction for the specific-heat contribu-
tion from the crystal-field states, the expected entropy asso-
ciated with the antiferromagnetic ordering is 2R In(2J+1)
=2R In 2 per mole of GCO. Below T there will be antifer-
romagnetic spin-wave excitations in the J=1/2 levels.

The magnetic spinels GNO and GCO were selected for
the present investigations because Ni’** has an essentially
spin-only ground state, S=1, while Co?* has an anisotropic
Kramers doublet ground-state, J=1/2, with unquenched or-
bital angular momentum. One goal of the research was to
ascertain if magnetic ordering in the spinels is influenced by
different ground states, i.e., one with spin-only coupling and
the other with spin-orbit coupling. Both compounds order
antiferromagnetically: GNO has two sharp closely spaced
first-order transitions at Ty;(0)=12.080 K and T)y,(0)
=11.433 K. There is a very much smaller anomaly centered
at ~11 K for B=0 and 1 T of unknown origin and a fourth
broadened anomaly centered at ~5 K for all fields that is
probably associated with an exchange enhanced splitting of
the S=1 ground state. GCO has a single sharp first-order
transition at Ty(0)=20.617 K, which is accompanied by a
field-dependent crystallographic transition from cubic-to-
tetragonal symmetry.*>

A previously published paper® reported results of mea-
surements made on the same polycrystalline GNO sample
used for the present experiments: specific heats in zero mag-
netic field, magnetic susceptibilities (), synchrotron x-ray
powder diffraction, and neutron powder diffraction. In prepa-
ration is a similar paper reporting results for the same types
of measurements for GCO.* In those papers the zero-field
specific heat is analyzed to determine the lattice contribution
(Cia0), the magnetic specific heat (C,,,,) and entropy (Sp),
and spin-wave parameters characterizing the antiferromag-
netic ordering. However only a very brief outline of the
specific-heat and magnetic-susceptibility data analysis and
results is given. Although the magnetic entropies recovered
at 75 K for both compounds are significantly less than the
expected 2R In(2S+1) or 2R In(2J+ 1), neither compound is
fully magnetically frustrated nor has “hidden” ordering be-
low the lowest measurement temperatures. The missing en-
tropy is attributed to magnetic correlations well above 75 K.
This paper significantly extends the scope of those
measurements:*> It reports results for specific-heat measure-
ments in magnetic fields up to 14 T and magnetic suscepti-
bilities up to 7 T, and it provides a detailed and comprehen-
sive description of the data-analysis procedures used to
extract microscopic parameters. The specific heats in mag-
netic fields prove that neither compound exhibits evidence of
ground-state degeneracy nor is it probable that the missing
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entropy is a consequence of hidden ordering below the low-
est temperatures of the measurements. The results of the in-
field measurements are also used to demonstrate how the
spin waves characterizing the antiferromagnetic order evolve
with magnetic field. Another paper,® also in preparation, re-
ports measurements of the magnetocaloric effect, specific
heats, and magnetization in pulsed and fixed magnetic fields
up to 45 T for the same two samples. It extends but does not
duplicate the results reported in this paper.

Section II presents details of the experimental procedures
including sample preparation. Section III reports the experi-
mental results for the specific-heat and the susceptibility
measurements and their analysis. Section IV outlines the
methods used for the specific-heat data analysis, the analy-
ses, and a discussion of the results. Section V summarizes
previously published specific-heat and magnetization/
susceptibility measurements made by other research groups.
Section VI contains a summary and conclusions.

II. EXPERIMENT

Polycrystalline GNO and GCO were synthesized at Du-
Pont using standard solid-state techniques. Stoichiometric
mixtures of GeO, and either NiO or CoO were reacted by
firing in air at 1473 K. A detailed description of the prepara-
tions and characterizations is given in Ref. 7, which also
tabulates the experimental specific-heat data and the standard
thermodynamic functions for B=0.

The specific heat for B=0 was measured for both GNO
and GCO at Brigham Young University (BYU) in the range
0.5 K=T7T=400 K using semiadiabatic, isothermal, and
adiabatic heat-pulse methods.®® Those measurements have
an estimated accuracy of ~0.5% with a precision of ~0.1%.
Specific heats up to 14 T were measured at the Los Alamos
National Laboratory (LANL) by a relaxation technique using
a Quantum Design Physical Properties Measurement System
(PPMS).!° Two PPMS cryostats were used for the measure-
ments: One had a maximum field of 9 T and the other 14 T.
There are small differences in thermometer calibrations for
the two cryostats. Measurements were made with the second
PPMS for B=0, 9, 9.5, 10, 10.5, 11, 12, and 14 T. A com-
parison of the specific heats at B=0 and 9 T showed a small
offset in the data for the two devices, probably due to differ-
ences in their temperature scales. The two data sets were
used to correct the temperatures for the second PPMS, which
put the specific-heat measurements for the two cryostats into
register for B=0 and 9 T. An average accuracy and precision
for a PPMS specific-heat apparatus, properly used, is ~2%,
but it can become larger at low temperatures depending on
sample size.'? While the combined in-field measurements are
adequate to show overall qualitative magnetic-field effects,
only those measurements made with the first PPMS upto 9 T
were used in analysis of in-field specific-heat data. For GNO
the applied fields were 0, 1, 3,5,7,9, 9.5, 10, 11, 12, 13, and
14 T in the temperature range 1.8 K=7=30 K; and for
GCO the fields were 0, 1, 3,5, 7,9, 9.5, 10, 10.5, 11, 12, and
14 T in the range 1.8 K=T7T=65 K. The same samples were
used for both the BYU and LANL specific-heat measure-
ments. For B=0 the *2%— *=3% agreement between the
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two data sets is satisfactory and within their combined accu-
racies. All specific-heat analyses for measurements in B=0
use the more accurate BYU data.

The magnetization/susceptibility measurements were
made at DuPont using a Quantum Design MPMS-XL super-
conducting quantum interference device (SQUID) magneto-
meter. The accuracy is ~1% with a precision of ~0.1%. For
both samples measurements were made in magnetic fields of
0.001, 0.01, 0.1, 1, 2, 5, and 7 T for 2 K=T7T=400 K.

Neutron-scattering measurements were made using the
NG4 disk chopper time-of-flight spectrometer (DCS) at the
NIST Center for Neutron Research.!! The DCS uses chop-
pers to create pulses of monochromatic neutrons whose en-
ergy transfers on scattering are determined by their arrival
times in the instrument’s 913 detectors located at scattering
angles from —30° to 140°. The measurements were per-
formed using neutrons with incident wavelengths between
3.0 and 5.0 A, with corresponding elastic-energy resolution
widths between 0.45 and 0.11 meV full widths at half maxi-
mums.

All temperature measurements were made on thermom-
eters with calibrations traceable to the ITS-90 temperature
scale.

III. RESULTS

This section presents experimental results for specific-
heat and magnetic-susceptibility measurements on polycrys-
talline GNO and GCO in magnetic fields up to 14 T. The
specific-heat results are in Sec. III A. A discussion of the
susceptibility measurements and derived parameters charac-
terizing them is in Sec. III B.

A. Specific heats

1. Specific heats of GeNi,O4 and GeCo0,0, in zero magnetic
field

Figures 2 and 3 are plots of the total specific heat for B
=0: C/T vs T for GNO and GCO, respectively. These data
were measured’ at BYU and are analyzed to obtain the field-
independent Cy, to 75 K, the magnetic entropy, and param-
eters characterizing the antiferromagnetic ordering.*> The or-
dering anomalies are very narrow, as shown on an expanded
scale in the insets of the figures, and their shapes suggest
first-order transitions.

GNO has two closely spaced anomalies at Ty;(0) and
Ty»(0) and a third very small anomaly, of unknown origin,
centered at ~11 K just below T),. There are several pos-
sible explanations for the presence of two transitions in
GNO. One possibility is that they are associated with a tran-
sition from one kind of magnetic order to another, perhaps
associated with the presence of weak single-ion anisotropy as
has been observed in CsNiCl;.'? [The small anomaly below
Ty>(0) might be a third transition related to an additional
rearrangement of the ordered magnetic moments; it is also
present with a reduced amplitude in C/T for 1 T but vanishes
for B>1 T.] A second and more likely possibility, based on
recent neutron-diffraction data'® for a single crystal, is that
the two anomalies result because the kagome planes order
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FIG. 2. C/T vs T for GNO in B=0 showing two closely spaced
first-order antiferromagnetic transitions in the vicinity of 12 K
where the T(0) are defined by the maxima of the anomalies. A plot
of C/T on an expanded temperature scale in the inset shows details
of the double transition. Immediately above Ty, the C/T tail shown
in the inset is a consequence of magnetic correlations.

first at Ty, and are followed by ordering on the triangular
planes at T),—see Figs. 1 and 2. It is somewhat surprising,
assuming this scenario is correct, that the entropy linked to
each anomaly is nearly equal (see Sec. IV A) since the
kagome lattice contains three times as many Ni** ions as the
triangular lattice. Centered at ~5 K is a fourth anomaly,
which is probably an anisotropy gap associated with the
splitting of the S=1 ground state amplified by the
antiferromagnetic-exchange interaction. Analysis of the low-
temperature specific heat for B=0 shows it is associated with
antiferromagnetic spin waves with an average gap of 10.9 K.
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FIG. 3. (C-Cyyp)/T vs T for GCO in B=0 showing a single
first-order antiferromagnetic transition in the vicinity of 20 K. A
hyperfine specific-heat contribution for %Co has been subtracted—
see Sec. IV B. The inset is a plot of (C—Cyy,)/T vs T near the
transition on an expanded temperature scale showing details of the
transition. The high-temperature (C— Chyp)/ T vs T tail immediately
above Ty, shown in the inset, is related to magnetic correlations. T
is defined by the anomaly maximum.
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FIG. 4. (Color) C(B)/T vs T in the transition region for GNO.
For clarity the measurements at 14 T are not shown. Some of the
transitions have maxima whose amplitudes do not decrease mono-
tonically with increasing B, which is probably an artifact of the
PPMS method of analysis for first-order transitions or because of an
insufficient density of data in the region of the sharp transitions.

Surprisingly, concurrent with the gapped spin waves are un-
gapped spin waves. This could be additional evidence that
the kagome and triangular planes order separately as sug-
gested in Ref. 13. For both GNO and GCO, the entropy
related to the anomalies at the Néel temperatures is ~2% of
2R In 3 for each GNO anomaly and ~3% of 2R In 2 for
GCO—see Sec. IV.

2. Specific heats of GeNi,O4 in magnetic fields

Figure 4 is a plot of C(B)/T vs T, and Fig. 5 is a plot of
C(B)/T vs T in the vicinity of Ty;(B) and Ty,(B), which
shows the effect of increasing magnetic fields to 14 T on the
transition anomalies. The broad anomaly in C/T vs T cen-
tered at ~11 K for B=0 and 1 T is suppressed for B
>1 T, but the 5-K anomaly is observed for all fields. In Fig.
6 Ty, (B), Tyy(B), and Ty, (B)—Ty,(B) are plotted as a func-
tion of B. [Ty;(B) and Ty,(B) are defined as the maxima of
the transitions.] Fields up to 14 T monotonically shift the
transitions to lower temperatures while broadening and at-
tenuating them. Ty,(B) shifts more rapidly with increasing B
than Ty,(B) does until ~12 T, at which the decreases be-
come approximately equal. As B increases the anomalies are
broadened and attenuated. The shift to lower temperatures is
consistent with antiferromagnetism and the somewhat
greater sensitivity of Ty, to magnetic field is consistent with
its identification as associated with the more weakly ordering
triangular planes.'> The separations, Ty(B)—Ty,(B), in-
crease with B and appear to approach a plateau at 14 T.
Surprisingly, the shift of the anomalies to lower temperatures
with increasing B is much smaller than for GCO, which has
Ty(0) approximately twice that of those for GNO—see Sec.
IIT A 3. The magnetic fields do not split the ordering anoma-
lies, which is an indication that GNO is magnetically isotro-

pic.
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FIG. 5. C(B)/T vs T in the vicinity of the Ty;(B) and Ty,(B)
transitions, which illustrate the effect of magnetic fields on the an-
tiferromagnetic transitions. For clarity the C(B)/T vs T data are
shifted vertically, relative to one another, by additive constants
given in the figure. Curves through the data are guides to the eye. At
B=0 and 1 T the broad maxima centered at ~11 K are apparent.
This figure emphasizes the relatively small shift of the anomaly
maxima to lower temperatures as B increases.

Above the transition region all C(B)/T are convergent at
~30 K. This convergence, as well as the absence of any
additional field-induced anomalies, is evidence that there is
no hidden ordering or residual magnetic disorder in the
ground state below 0.5 K for B=0. In magnetic fields any
specific-heat anomaly linked to hidden ordering would be
shifted to higher temperatures within the range of the mea-
surements. If residual disorder is present in the ground state,
the interaction of the disordered moments with the applied
magnetic fields would increase the specific heats. Additional
evidence to support this is the entropy balance between the
B=0 and the B>0 specific-heat data at temperatures well
above the transition region—see Sec. IV A. This entropy bal-

FIG. 7. (Color) C(B)/T vs T for B=0 and 9 T, illustrating the
entropy balance between the two fields. No contributions have been
subtracted before evaluation of S(B)=[[C(B)/T]dT from 0 to 35 K.
The inset shows the entropy ratio, S(9 T)/S(0). The ratio is unity to
within =2% as shown by the red bar at 20 K. All corresponding
S(B)/S(0) ratios are within this range, which is consistent with the
expected accuracy of the PPMS.

ance and equality of the specific heats is illustrated in Fig. 7
for B=0 and 9 T. Section IV A contains analyses of the
specific-heat data above the antiferromagnetic-ordering tem-
perature to determine the lattice specific heat and, in the
low-temperature region, to derive microscopic parameters
and the magnetic entropy associated with the antiferromag-
netic ordering.
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FIG. 8. (Color) C(B)/T vs T for 0=T=30 K. For clarity
10.0 0 — ; — é — é — 1'2 15 C(B)/T are not shown for all B. No hyperfine contribution was

FIG. 6. Ty (B) (filled circles) and Ty,(B) (open circles) are
shown plotted as a function of magnetic field. They were deter-
mined using the C(B)/T vs T maxima displayed in Fig. 5. The small
increasing separation of the two anomalies (squares), ATy;(B)
=Tn1(B)-Txy(B), appears to be approaching a plateau for B
> 14 T. (The subscript Ni is used to designate either N1 or N2.)

observed except for B=0, since the lowest temperatures of the mea-
surements for B>0 are only ~1.8 K. The Cy,/T contribution for
B=0 has been subtracted. The two insets of the figure, (a) and (b),
show how the antiferromagnetic-ordering anomalies behave for all
B. For clarity, the specific heats in different fields are displaced
vertically. Inset (c) shows the loci of maxima of T for the specific-
heat anomalies plotted as a function of magnetic field. The curves
connecting the points are guides to the eye.
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FIG. 10. (Color) (a): x~' vs T for GNO at 5 T over the experi-
mental temperature range 2 K=7=400 K. The straight line
through the data is a Curie-Weiss law fit for the temperature range
150 K=T7T=400 K. Fit parameters are tabulated in the figure. ZFC
stands for “zero field cooled.”(b): x¥~'(B) vs T in the vicinity of the
antiferromagnetic transitions for 0.001 T=B=7 T—the range of
the measurements.

FIG. 11. (Color) (a): ™' vs T and the numerical derivative
dx™'/dT vs T for 1 T for GCO. The derivative shows that the linear
change in the curvature of ! vs T, because of the higher-lying
crystal-field levels, precludes the use of the Curie-Weiss law to
extract parameters characterizing the ground state. The black curve
is a fit of the y! vs T data using the known crystal-field levels and
free-ion theory [Eq. (1)], and it is a reasonably good representation
for 7> 150 K—see Sec. III B2. For 7<400 K crystal-field levels
for E>440 K make a negligible contribution to the susceptibility.
Fit parameters are given in the figure. (b): x~!(B) vs T in the vicin-
ity of the antiferromagnetic transitions in the range 0.001 T=B
=7 T—the magnetic-field range of the measurements.
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FIG. 12. (Color) x! vs T for GCO for B=0.001 and 5 T. A
Curie-Weiss fit in the range 300 K=7=400 K for the 5-T data is
shown as the straight line in the figure and the fit parameters appear
on the lower right.
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SPECIFIC HEAT AND MAGNETIC SUSCEPTIBILITY OF...

3. Specific heats of GeCo,0, in magnetic fields

Figure 8 is a plot of C(B)/T vs T. The (a) and (b) insets
show C(B)/T vs T in the vicinity of the single transition at
Ty(B), which charts the evolution of the first-order transition
with magnetic fields up to 14 T. As B is increased, the
anomaly maxima shift to lower temperatures. Accompanying
the shift is a broadening and attenuation until 14 T, at which
the anomaly has become so broadened as to be virtually
Schottky type. As the anomalies steadily decrease with in-
creasing field, there is a compensating increase in the low-
temperature specific heat, which is necessary to preserve the
entropy balance of the system. This magnetic-field behavior
is very different from that of GNO, i.e., a much larger
C(B)/T vs T maxima shift, broadening, and attenuation.
However, similar to GNO, the monotonic shift in Ty(B) to
lower temperatures with increasing field is the anticipated
behavior for antiferromagnetic ordering.

Insets (a) and (b) of Fig. 8 show C(B)/T vs T in the
vicinity of the anomalies on an expanded scale for all fields.
Beginning at 9 T an asymmetry develops in the anomaly and
from 9.5 to 10.5 T the anomalies are split. This splitting is
probably related to the expected large magnetic anisotropy of
the Co”* ions. Since the sample is polycrystalline, the ran-
domly oriented crystallites will have orientation-dependent
interactions with B because of this anisotropy. For B
>10.5 T the splitting is not observed because of either the
pronounced broadening of the anomalies in the higher fields
and/or magnetic-domain alignment. The rapid broadening of
the anomalies with increasing magnetic field is also ex-
plained by the anisotropy. Inset (c) shows the loci of the
maxima of the anomalies.

For B=9.5 T there is a small broad feature centered at
~19 K that is probably related to the transition from cubic
to tetragonal crystal symmetry. This crystal-structure transi-
tion is “uncovered” as the anomalies are shifted to lower
temperatures. In 12 T the anomaly is shifted to ~17 K.
This shift to lower temperatures with increasing magnetic
fields is probably related to coupling between the magnetic
moments and the lattice, which has been observed in single-
crystal neutron-diffraction measurements.* The area
associated with the anomaly is small, attesting to a small
enthalpy/latent heat (AH.) and entropy change (AS,)
accompanying the lattice transition/distortion. An estimate of
the anomaly’s area at 105 T gives AH
~0.3 J (mol GCO)~! and AS,~0.015J K~! (mol GCO)~!,
which are ~3% of that associated with the antiferromagnetic
transition—see Fig. 8(b).

Above the transition region all C(B)/T vs T are conver-
gent at ~65 K. As in GNO this convergence, as well as the
absence of any additional field-induced anomalies at low
temperatures, is verification that no hidden ordering or re-
sidual magnetic disorder in the ground state exists below 0.5
K for B=0. Additional proof for no hidden ordering or mag-
netic disorder is the entropy balance between the B=0 and
the B> 0 specific heats at temperatures well above the tran-
sition region—see Sec. IV B. This entropy balance and the
equality of the specific heats well above T is illustrated in
Fig. 9 for B=0 and 9 T.
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B. Magnetic susceptibility

Magnetic-susceptibility measurements can be used to gain
an additional insight into the antiferromagnetic ordering of
the two spinels. The Curie-Weiss law, y=C/(T-Ty,), where
C=N,g’S(S+1)u3/3ky (with N, as Avogadro’s number, up
as the Bohr magneton, g as the spectroscopic-splitting factor,
and kg as the Boltzmann constant), and the effective number
of Bohr magnetons, p=g[S(S+1)]"?=2.828C"?, is used to
interpret the data for GNO but not for GCO because of the
relatively close proximity of crystal-electric-field states to
the ground state. When fitting y it is assumed that any
temperature-independent magnetism () is negligibly small.

1. GeNi,O4 magnetic susceptibility and analysis

Figure 10(a) is a plot showing x~! vs T over the range of
the measurements for 5 T. The straight line through the
points is a Curie-Weiss law fit in the range 150 K=T
=400 K. Parameters from the fit are given in the figure.

Figure 10(b) illustrates the evolution of x"!(B) vs T as B
is increased in the region of the antiferromagnetic ordering.
On the scale used for the plot, the x" vs T measurements
show no indication of the double transition observed in the
specific heat. However, y measurements at more closely
spaced temperatures for B=0.01 T do show both
transitions.’ The plots of y~!(B) vs T increase monotonically
with B above Ty,(B). Below Ty;(0) monotonic increases in
X '(B) vs T are observed for B=0.001-0.01 T. For B
>0.01 T there is a monotonic decrease. This evolution of
X '(B) vs T with magnetic field is probably related to the
alignment of magnetic domains with B.

A Curie-Weiss law fit shown in Fig. 10(a) for 5 T has
Tw=-8.7 K, where the negative value indicates antiferro-
magnetism with a