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Structure and properties of the integer-spin frustrated antiferromagnet GeNi2O4
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We report the results of magnetic susceptibility, specific heat, synchrotron x-ray, and neutron powder dif-
fraction measurements for the normal spinel GeNi2O4 , which becomes antiferromagnetic below a Ne´el tem-
perature (TN) of 12 K. The Néel transition occurs in two discrete steps, separated in temperature by 0.6 K. The
total magnetic entropy evaluated from the specific heat data is only;1/2 of the expected 2R ln 3 per mole of
GeNi2O4 . The specific heat data also suggest the presence of both gapless and gapped excitations within the
Néel state. GeNi2O4 remains cubic to temperatures well belowTN .
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For some time there has been growing interest in
properties of strongly frustrated magnets. Spinels and p
chlores are two of the most important crystal structures
are known to exhibit geometric magnetic frustration. In the
materials there are three-dimensional networks of corn
sharing tetrahedra, a structural arrangement that leads
high degree of magnetic frustration if the dominant neare
neighbor interactions are antiferromagnetic. Depending u
the exact nature of the magnetic interactions, exotic gro
states such as spin liquids1 or spin ices2 have been observe
for rare earth ions on the pyrochlore lattice. Structural ph
transitions, which have been interpreted to be thr
dimensional analogs of spin-Peierls transitions, have a
been observed3 in spinels with transition metal ions locate
on the geometrically frustrated B sublattice.

One interesting question that has not, to our knowled
been addressed experimentally concerns the possible e
of spin statistics on the magnetic excitations in frustra
lattices. Several recent theoretical discussions4,5 suggest that
the excitations of integer Heisenberg spins might in fact d
fer significantly from those of half-integer spins on the p
rochlore lattice. In order to address this issue we have b
systematically investigating the magnetic and structu
properties of spinels in which integer or half-integer-sp
transition metal ions are located on the B sublattice. In t
paper we describe the results for an integer-spin (S51) frus-
trated magnet GeNi2O4 .

GeNi2O4 adopts the normal spinel crystal structure, w
the magnetic Ni21 ions located on the vertices of corne
sharing tetrahedra. Each Ni21 ion is coordinated by a nearl
regular octahedron of oxygen ions. The free Ni21 ion has a
3F4 ground state, which splits in an octahedral~cubic! crys-
tal field to yield a 3A2g ground state, and several excite
states located at much higher energies. Due to a combina
of the actual trigonal crystal field at the spinel B site a
second-order spin-orbit coupling between the higher cry
field states and the ground state, the triply degenerate3A2g
ground state will further split into two levels, a spin-singl
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and a doublet, separated by an energy on the order of a
cm21 or less. The doublet is generally lower in energy.

In Fig. 1 we show the magnetic susceptibility6 of
GeNi2O4 . A Curie-Weiss fit to the high temperature regio
of the inverse susceptibility yields a magnetic mome
of 3.3mB for the Ni21 ions, and a Weiss constant o
uw524.4 K. This moment, somewhat larger than the sp
only value of 2.83mB , leads to a Lande´ g factor of 2.33. The
small negative value of the Weiss constant is consistent w
the near-cancellation of nearest-neighbor and furth
neighbor superexchange for Ni21 ions on this lattice.

The data in Fig. 1 also show a magnetic transition near
K, in agreement with previous magnetic susceptibility a
neutron powder diffraction measurements.7 The latter show
that the magnetic order below this transition is antiferrom
netic. Upon closer examination by magnetic susceptibi
~Fig. 1! and specific heat8 ~Fig. 2! measurements, howeve
the Néel transition is seen to consist of two separate tran
tions, one atTN1

512.13 K and the second atTN2
511.46 K

~in zero field!. The transitions are not of the usual secon
order lambda shape, instead rising more steeply forT,TN
and falling less steeply forT.TN , and in fact may be first
order.

We have used neutron powder diffraction data, obtaine
the NIST Center for Neutron Research, to verify the prese
of a bulk two-step Ne´el transition. The intensity of the~1/2,
1/2, 1/2! magnetic Bragg reflection shows a two-step beh
ior ~Fig. 3!, as do the~3/2, 3/2, 3/2! and~3/2, 3/2, 1/2! Bragg
reflections~not shown!. Our neutron powder diffraction dat
can be modeled with a simple collinear two-sublattice an
ferromagnetic structure,7 in which spins in~111! sheets are
aligned ferromagnetically. Refinement9 of our neutron dif-
fraction data collected atT51.4 K, using a tetragonal mag
netic unit cell with lattice parametersa5A2acubic
511.6237 Å, c52acubic516.4384 Å, yields an ordered
Ni21 magnetic moment of 2.2mB , equal to the full moment
expected for anS51 ion with a Lande´ g factor of 2.33.
©2003 The American Physical Society08-1
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Antiferromagnetic spin waves associated with the Ni21

ordering in GeNi2O4 should be essentially isotropic, with th
specific heat given byCa f sw5Ba f swT3 at low T. However,
we find that in order to adequately fit the heat capacity d
below 4.5 K, it is necessary to add to theBa f swT3 term an
additional term of the formCx5BxT

ne2D/T. This term rep-
resents a gapped excitation in the Ne´el state. The values ofn
and D which best fit the data are 0 and 11 K, respectiv
~Fig. 2!. Although we currently have no definitive physic
interpretation for this additional term in the heat capacity~for
example, that is due to an anisotropy gap!, our analysis of the
heat capacity data suggests that a gapless spin-wave m
characteristic of an isotropic antiferromagnet, coexists wit
gapped mode in the Ne´el state of GeNi2O4 .

The total magnetic entropySmag extracted from the hea
capacity measurements8 is only 56.5% of theR ln 3 expected
per mole of Ni21 ions. At low temperatures, where neutro
diffraction demonstrates the presence of long-range Ne´el or-
der, we assume thatSmag50. The entropy up toTN1

, asso-
ciated with destruction of long-range order, accounts for
proximately half of the observed total. The balanc
attributed to the destruction of short-range order, is obser
aboveTN1

. The persistence of significant short-range ord
above 75 K is likely since the total magnetic entropy falls
short of the expected value. We have no definitive mode
present for the form of this short-range order, although i
possible to postulate various spin clusters that can acc
for the missing entropy.

The presence of two magnetic transitions in GeNi2O4 ,

FIG. 1. ~Top! The magnetic susceptibility of GeNi2O4 and ~in-
set! the inverse magnetic susceptibility with a superimposed Cu
Weiss fit. The data were collected in a magnetic field of 1.0 T wh
warming, after cooling in zero field.~Bottom! Zero-field-cooled
~0.01 T! magnetic susceptibility of GeNi2O4 , showing the two-step
Néel transition.
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although interesting, is not unique.10 For example, CsNiCl3 ,
a one-dimensional triangular Heisenberg antiferromag
with a small easy-axis anisotropy parallel to the Ni21 chain
direction, also has a double Ne´el transition.10–12 The pres-
ence of two transitions is a result of the Ni21 single-ion
anisotropy. It is possible that a similar explanation holds
GeNi2O4 . Single crystal neutron diffraction studies will hel
to determine the origin of the two magnetic transitions
GeNi2O4 .

It is important to establish whether or not the crys
structure of GeNi2O4 remains cubic atTN and below. Al-
though our neutron diffraction data are consistent with cu
symmetry at temperatures well belowTN , we have also ob-
tained much higher resolution synchrotron x-ray powd
diffraction13 data in this temperature region. In Fig. 3, w

-
e

FIG. 2. ~Top! The zero-field magnetic heat capacity and entro
for GeNi2O4 from 0.7 to 75 K. ~Middle! Expanded view of the
magnetic heat capacity showing the two-step Neel transition,
the magnetic entropy associated with the Ne´el transition. The en-
tropies evolved atTN1

and TN2
are 2% and 3.6% of the 2R ln 3

expected per mole of GeNi2O4 . ~bottom! C/T vs T for GeNi2O4 .
The data~points! can be well fit~solid line! assuming the presenc
of three contributions: an isotropic three-dimensional gapless s
wave and phonons (T3 term!, and a gapped magnetic excitatio
~exponential term; see the text and Ref. 8!. The magnetic contribu-
tion to the T3 term is about eight times larger than that due
phonons in this temperature range.
8-2
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show the temperature dependence of the linewidths for
~444! and ~800! Bragg reflections determined from the sy
chrotron x-ray diffraction data.There is no discernible
change in linewidth for the (800) or the (444) reflection14

directly associated with TN . This observation eliminates th
possibility of either a tetragonal distortion~similar to that
observed3 in, for example, ZnCr2O4), or a rhombohedral dis
tortion ~as observed15 in NiO!, coupled to the appearance
Néel order in GeNi2O4 . The complete synchrotron x-ray dif
fraction pattern for GeNi2O4 at T57 K is consistent with the
cubic Fd3m symmetry present aboveTN ~Ref. 9!.

The observation that GeNi2O4 remains cubic belowTN is
in marked contrast with results for the transition metal ox
spinel ZnCr2O4 ~Refs. 3 and 16!. ZnCr2O4 undergoes a
cubic-tetragonal structural phase transition atTN . Such
structural transitions have been described17,18 as three-
dimensional analogs of the spin-Peierls transitions that oc
in S51/2 one-dimensional antiferromagnets. Furthermo
we have observed9 the appearance of tetragonal distortions

FIG. 3. ~Top! Neutron powder diffraction measurement~BT-7
triple-axis spectrometer at NIST Center for Neutron Research! of
the temperature dependence of the intensity of the~1/2,1/2,1/2!
magnetic Bragg reflection of GeNi2O4 , referenced to the cubic
Fd3m unit cell, showing the double Ne´el transition. There is little
thermal hysteresis inTN1

and TN2
. The a lattice parameter is

8.21967~8! Å at T513 K. ~bottom! The full width at half maximum
intensity ~FWHM! of the (444) ~filled diamonds! and the (800)
~open diamonds! nuclear Bragg reflections, as functions of tempe
ture, measured by synchrotron x-ray powder diffraction. The lo
tions of the two magnetic transitions,TN1

andTN2
, are also shown.
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two other spinels, GeCo2O4 (S53/2, effective spin1
2 at low

temperature! and ZnFe2O4 (S55/2), each of which has half
integer-spin transition metal ions. In each of these cases
structural transition is also closely associated withTN ,
which suggests that distortions from cubic lattice symme
generally occur at the Ne´el transitions in half-integer-spin
magnetically frustrated spinels. In light of these observatio
for half-integer-spin systems, we suggest that the absenc
a structural transition in GeNi2O4 may be a consequence o
the integer-spin of the Ni21 ion. In one-dimensional antifer
romagnets, spin-Peierls transitions for spin-1 magnetic i
are prevented by the appearance of Haldane gaps, which
der the chains rigid against dimerization.19 The observation
of a gapped spin excitation in GeNi2O4 , and the absence o
a structural transition, thus raises the question of wheth
related phenomenon can also exist in a three-dimensi
integer-spinfrustratedlattice. This naturally leads us to con
sider the origin of the spin excitations that we have obser
in the Néel state of GeNi2O4 .

Dispersionless spin-waves have been predicted20 for the
nearest-neighbor antiferromagnetic cubic pyrochlore lat
with classical vector spins, and evidence for such an exc
tion at 4.5 meV was reported3 for ZnCr2O4 . That excitation
appeared abruptly at the coupled structural-magnetic tra
tion to the Néel state, and was seen to coexist with a gapl
~D,1.5 meV! three-dimensional spin-wave spectrum. T
4.5 meV excitation was later described as a cubic pyroch
lattice Goldstone mode that had been shifted to finite f
quency by the tetragonal lattice distortion18 in ZnCr2O4 .

In contrast, the gapped excitation in GeNi2O4 , which also
coexists with gapless three-dimensional spin-waves, i
property of the Ne´el statein the cubic structure, and thus
clearly requires a different explanation. Simple argumen21

suggest that valence bond solid ground states, which do
break lattice translational symmetry, can only be realiz
when (2S/z)5 integer, wherez is the number of nearest
neighbor spins of the magnetic ion. For GeNi2O4 , z56 and
S51, so that condition is not fulfilled. In any case, the fa
that integer spin GeNi2O4 does not undergo a structura
phase transition, whereas several half-integer spin syst
do, suggests there might be a connection between these
nomena. Additional experimental studies of the magnetic
citations in single crystal GeNi2O4 , and other integer-spin
and half-integer-spin frustrated magnets, by inelastic neu
scattering techniques should provide insight into this p
sible relationship.

The authors acknowledge E.M. McCarron, R.J. Small
and T. Borecki for help with sample preparation. We wou
also like to thank Ian Affleck~Boston University!, John
Goodenough~University of Texas, Austin!, and David Cox
~Brookhaven National Laboratory! for helpful discussions
concerning the results described in this paper. Use of
Advanced Photon Source was supported by the U.S. Dep
ment of Energy, Office of Science, Office of Basic Ener
Sciences, under Contract No. W-31-109-ENG-38.
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