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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 G&Ni which becomes antiferromagnetic below aeNeem-
perature Ty) of 12 K. The Nel transition occurs in two discrete steps, separated in temperature by 0.6 K. The
total magnetic entropy evaluated from the specific heat data is-eflg of the expectedRIn 3 per mole of
GeNLO,. The specific heat data also suggest the presence of both gapless and gapped excitations within the
Neel state. GeNiO, remains cubic to temperatures well beldy.
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For some time there has been growing interest in thend a doublet, separated by an energy on the order of a few
properties of strongly frustrated magnets. Spinels and pyroem ! or less. The doublet is generally lower in energy.
chlores are two of the most important crystal structures that In Fig. 1 we show the magnetic susceptibflitof
are known to exhibit geometric magnetic frustration. In theseGeN,L,O,. A Curie-Weiss fit to the high temperature region
materials there are three-dimensional networks of cornerof the inverse susceptibility yields a magnetic moment
sharing tetrahedra, a structural arrangement that leads to@ 3.3,, for the NA* ions, and a Weiss constant of
high degree of magnetic frustration if the dominant nearesty — _4 4 K. This moment, somewhat larger than the spin
neighbor interactions are antiferromagnetic. Depending UPORnly value of 2.8, leads to a Landg factor of 2.33. The
the exact nature (.)f the magnetic interactions, exotic ground negative value of the Weiss constant is consistent with
states such as spin liquider spin ice$ haye been observed the near-cancellation of nearest-neighbor and further-
for rare earth ions on the pyrochlore lattice. Structural phasﬁeighbor superexchange for®i ions on this lattice

transitions, which have been interpreted to be three- The data in Fig. 1 also show a magnetic transition near 12

dimensional analogs of spin-Peierls transitions, have als% . tg. ith . 9 i tibilit d

been observédn spinels with transition metal ions located " In agreement With previous magnetic SUSCeptibiity an
neutron powder diffraction measuremehtghe latter show

on the geometrically frustrated B sublattice. . . e .
One interesting question that has not, to our knowledget,hat the magnetic order below this transition is antiferromag-

been addressed experimentally concerns the possible effddgtic: Upon closer examination by magnetic susceptibility
of spin statistics on the magnetic excitations in frustratedFig. 1) and specific hedt(Fig. 2 measurements, however,
lattices. Several recent theoretical discussiSmsiggest that the Neel transition is seen to consist of two separate transi-
the excitations of integer Heisenberg spins might in fact dif-tions, one affy, =12.13 K and the second a&4,=11.46 K
fer significantly from those of half-integer spins on the py- (in zero field. The transitions are not of the usual second-
rochlore lattice. In order to address this issue we have beeorder lambda shape, instead rising more steeplyTfarT
systematically investigating the magnetic and structurabnd falling less steeply foF>Ty, and in fact may be first
properties of spinels in which integer or half-integer-spinorder.
transition metal ions are located on the B sublattice. In this We have used neutron powder diffraction data, obtained at
paper we describe the results for an integer-spin 1) frus-  the NIST Center for Neutron Research, to verify the presence
trated magnet GePO,. of a bulk two-step Nel transition. The intensity of thel/2,
GeNiLO, adopts the normal spinel crystal structure, with 1/2, 1/2 magnetic Bragg reflection shows a two-step behav-
the magnetic Ni* ions located on the vertices of corner- ior (Fig. 3), as do thg3/2, 3/2, 3/2 and(3/2, 3/2, 1/2 Bragg
sharing tetrahedra. Each®iion is coordinated by a nearly reflections(not shown. Our neutron powder diffraction data
regular octahedron of oxygen ions. The freé Nion has a  can be modeled with a simple collinear two-sublattice anti-
3F, ground state, which splits in an octahedi@ibic) crys-  ferromagnetic structuréjn which spins in(111) sheets are
tal field to yield a 3A,, ground state, and several excited aligned ferromagnetically. Refinemérdf our neutron dif-
states located at much higher energies. Due to a combinatidraction data collected af=1.4 K, using a tetragonal mag-
of the actual trigonal crystal field at the spinel B site andnetic unit cell with lattice parametersa= V2acubic
second-order spin-orbit coupling between the higher crystar11.6237 A, c=2a,,=16.4384 A, yields an ordered
field states and the ground state, the triply degene?agg Ni>* magnetic moment of 2,25, equal to the full moment
ground state will further split into two levels, a spin-singlet expected for ars=1 ion with a Landeg factor of 2.33.
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FIG. 1. (Top) The magnetic susceptibility of Gepd, and (in- %0“
se) the inverse magnetic susceptibility with a superimposed Curie- NE010
Weiss fit. The data were collected in a magnetic field of 1.0 T while v ]
warming, after cooling in zero field(Bottom) Zero-field-cooled Cm ]
(0.01 T) magnetic susceptibility of GeMD,, showing the two-step S '
Neel transition. oo ]
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Antiferromagnetic spin waves associated with thé Ni T®

ordering in GeNjO, should be esser13t|ally isotropic, with the g1 2. (Top) The zero-field magnetic heat capacity and entropy
specific heat given b¥,¢s,=Batsy T~ at low T. However,  for GeNi,0, from 0.7 to 75 K.(Middle) Expanded view of the
we find that in order to adequately fit the heat capacity datgagnetic heat capacity showing the two-step Neel transition, and
below 4.5 K, it is necessary to add to tBgs,T> term an  the magnetic entropy associated with theeNgansition. The en-
additional term of the fornC,= Bx:r”e_A/T. This term rep-  tropies evolved affy, and Ty, are 2% and 3.6% of theRIn3
resents a gapped excitation in theelNstate. The values @f  expected per mole of Gepd,. (bottom) C/T vs T for GeNjO,.

and A which best fit the data are 0 and 11 K, respectivelyThe data(points can be well fit(solid line) assuming the presence
(Fig. 2). Although we currently have no definitive physical of three contributions: an isotropic three-dimensional gapless spin-
interpretation for this additional term in the heat capatfity =~ wave and phononsT¢ term), and a gapped magnetic excitation
example, that is due to an anisotropy gagur analysis of the (exponential term; see the text and Ref. Bhe magnetic contribu-
heat capacity data suggests that a gapless spin-wave modien to the T* term is about eight times larger than that due to
characteristic of an isotropic antiferromagnet, coexists with @honons in this temperature range.

gapped mode in the Nééstate of GeNIO,.

Thg total magneu% gntrcnlpgmag Oextr?c;ed lfrom the hegt although interesting, is not uniqd&For example, CsNiG|,
capacity measurements only 56.5% of theRIn3 expected 5~ oo dimensional triangular Heisenberg antiferromagnet

e
g.?_fr mole O(; NF* ions. At Ir?w temperatu;els, where TEutron with a small easy-axis anisotropy parallel to thé Nchain
lfiraction demonstrates the presence of long-rangelNe i ection, also has a double”etransition'®2 The pres-

der, we assume th&,ag=0. The entropy up tdy,, 8SS0-  gnce of two transitions is a result of the Ni single-ion
ciated with destruction of long-range order, accounts for apanisotropy. It is possible that a similar explanation holds for
proximately half of the observed total. The balance,GeNi,0,. Single crystal neutron diffraction studies will help
attributed to the destruction of Short-range Order, is Observeg) determine the Origin of the two magnetic transitions in
aboveTNl. The persistence of significant short-range ordergenj,0, .
above 75 K is likely since the total magnetic entropy falls so It is important to establish whether or not the crystal
short of the expected value. We have no definitive model astructure of GeNIiO, remains cubic afly and below. Al-
present for the form of this short-range order, although it isthough our neutron diffraction data are consistent with cubic
possible to postulate various spin clusters that can accousymmetry at temperatures well beldlvy, we have also ob-
for the missing entropy. tained much higher resolution synchrotron x-ray powder
The presence of two magnetic transitions in G£Ni, diffraction™® data in this temperature region. In Fig. 3, we
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@ two other spinels, GeG@®, (S=23/2, effective spirg at low
g o . temperaturpand ZnFg0O, (S=5/2), each of which has half-
§ 7000 e ] integer-spin transition metal ions. In each of these cases, the
> e T * Warming structural transition is also closely associated witk,
@ F ) N > Cooling |1 which suggests that distortions from cubic lattice symmetry
ﬁé 5000 - 2 T ] generally occur at the N transitions in half-integer-spin
*-‘2 s °°°ow% N1 ] magnetically frustrated spinels. In light of these observations
< 3000 | ‘] ] for half-integer-spin systems, we suggest that the absence of
- E a ] a structural transition in GebD, may be a consequence of
Q ‘ 000000 0ci0ccar et astassrend the integer-spin of the N ion. In one-dimensional antifer-
o s T T e e T ey T romagnets, spin-Peierls transitions for spin-1 magnetic ions
= ’ ' T(K) ’ ’ are prevented by the appearance of Haldane gaps, which ren-
der the chains rigid against dimerizatibhThe observation
0.018 — T . . . — of a gapped spin excitation in Ge),, and the absence of
1 ] a structural transition, thus raises the question of whether a
’g:n 0.017 ¢ H\f‘ﬂ“%\%\ related phenomenon can also exist in a three-dimensional
z 3 E integer-spirfrustratedlattice. This naturally leads us to con-
S 0.016 ¢ t E sider the origin of the spin excitations that we have observed
§ E 1 in the Neel state of GeNiO,.
B 0015 ¢ { ] Dispersionless spin-waves have been predittéat the
E TNZT TTM 3 nearest-neighbor antiferromagnetic cubic pyrochlore lattice
0014 0 e T T T with classical vector spins, and evidence for such an excita-
T(X) tion at 4.5 meV was reportddor ZnCr,O,. That excitation

appeared abruptly at the coupled structural-magnetic transi-

FIG. 3. (Top) Neutron powder diffraction measureme({®T-7  tion to the Nel state, and was seen to coexist with a gapless
triple-axis spectrometer at NIST Center for Neutron Resgaséh (A<1.5 me\) three-dimensional spin-wave spectrum. The
the temperature dependence of the intensity of (b@,1/2,1/2 4.5 meV excitation was later described as a cubic pyrochlore
magnetic Bragg reflection of Gej@d,, referenced to the cubic |attice Goldstone mode that had been shifted to finite fre-
Fd3m unit cell, showing the double N¢ transition. There is little quency by the tetragonal lattice distortt8rin ZnCr,0,.
thermal hysteresis infy, and Ty,. The a lattice parameter is In contrast, the gapped excitation in Ge®j, which also
8219618) A atT=13 K. (bOttOl’n) The full width at half maximum coexists with gap'ess three-dimensional Spin_waveS, is a
intensity (FWHM) of the (444) (filled diamonds and the(800)  property of the Nel statein the cubic structureand thus
(open diamondsnuclear Bragg reflections, as functions of tempera—deany requires a different explanation. Simple argur‘r?énts
tyre, measured by sync.hrotron. ?(-ray powder diffraction. The Ioca-Suggest that valence bond solid ground states, which do not
tions of the two magnetic transitiony, andTy,, are also shown. a1 |attice translational symmetry, can only be realized
when (25/z) =integer, wherez is the number of nearest-
neighbor spins of the magnetic ion. For GeBlj, z=6 and
§= 1, so that condition is not fulfilled. In any case, the fact
that integer spin GeND, does not undergo a structural
phase transition, whereas several half-integer spin systems
do, suggests there might be a connection between these phe-
nomena. Additional experimental studies of the magnetic ex-
citations in single crystal Gebld,, and other integer-spin
and half-integer-spin frustrated magnets, by inelastic neutron
scattering techniques should provide insight into this pos-
sible relationship.

show the temperature dependence of the linewidths for th
(444) and (800 Bragg reflections determined from the syn-
chrotron x-ray diffraction dataThere is no discernible
change in linewidth for the (800) or the (444) reflectibn
directly associated with J. This observation eliminates the
possibility of either a tetragonal distortiafsimilar to that
observedin, for example, ZnGiO,), or a rhombohedral dis-
tortion (as observe in NiO), coupled to the appearance of
Neel order in GeNiO,. The complete synchrotron x-ray dif-
fraction pattern for GeNiD, at T=7 K is consistent with the
cubic Fd3m symmetry present abovE, (Ref. 9. The authors acknowledge E.M. McCarron, R.J. Smalley,

The observation that Gepd, remains cubic below is  and T. Borecki for help with sample preparation. We would
in marked contrast with results for the transition metal oxidealso like to thank lan Affleck(Boston University, John
spinel ZnCs0O, (Refs. 3 and 1p ZnCrO, undergoes a GoodenoughUniversity of Texas, Austin and David Cox
cubic-tetragonal structural phase transition Tgj. Such (Brookhaven National Laboratoryfor helpful discussions
structural transitions have been descriféfl as three- concerning the results described in this paper. Use of the
dimensional analogs of the spin-Peierls transitions that occuhdvanced Photon Source was supported by the U.S. Depart-
in S=1/2 one-dimensional antiferromagnets. Furthermorement of Energy, Office of Science, Office of Basic Energy
we have observédhe appearance of tetragonal distortions inSciences, under Contract No. W-31-109-ENG-38.
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