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Most magnets have long-range magnetic order when the thermal energy is less than the local
magnetic exchange enerd¥ <|0.,|). Effects such as reduced dimensionality and frustration,
however, can suppress the ordering transition and lead to unusual cooperative paramagnetic phases
at low temperatures. We review neutron scattering experiments exploring such short-range-ordered
phases in insulating transition metal oxides. We dis¢uss ,Cr,),05, in which orbital fluctuations
appear to limit spin correlations to within small “molecular” clusters, $fGa, 4,04, in which
geometrical frustration allows local anitferromagnetic constraints to be fulfilled without long-ranged
order, and ¥BaNiOs, in which magnetic interactions occur only within chains of spins which are
unable to order because of the Haldane effect. Emphasis is placed on the common features of
exchange interactions in these oxides and the important role which magnetic neutron scattering has
played in understanding the unusual magnetic phenomend 99 American Institute of Physics.
[S0021-897€06)72208-9

I. INTRODUCTION (gMB)Z _
. - Q)= FQP L [ dre
A common structural unit in magnetism Is a transition &

series cation surrounded by six oxygen ions at the vertices of 1 _
an octahedroh.This unit, for example, is the source of in- XNE <S‘F§(t)SB,(O)>ef'Q’(R7R’), 2
teracting magnetic moments in classical three-dimensional RR’
antiferromagnets such as MnO, FeO, CoO, NiO,dsgand  which contains unique information about magnetic correla-
Cr,03. Adjoining octahedra, however, can also build peri-tions in the sample. In this expressiBiiQ) is the magnetic
odic structures whose connectivity is not conducive to theform factor, a property of the @ orbitals’
development of conventional long-ranged order, and there- For powder samples the information available from
fore may give rise to novel cooperative magnetic phenommagnetic neutron scattering is less specific than for single
ena. In this article we review experiments examining suclerystals, because the scattered intensity only depends on
magnetic oxides which have strong magnetic fluctuation®)=|k; —k;| and is proportional to the spherically averaged
and short-ranged spin correlations even at low temperaturagynamic spin correlation function
(T<Ocw). d0g 1

The neutron scattering techniques pioneered by Shull (S(Q,w))Zf—Q—M(Q,w)- (3)
and Brockhouse are irreplaceable tools for elucidating spin 4m 2
correlations in these systems, much as they were for conven- Nonetheless, as we shall see, important results may still
tional Neel antiferromagnet$.The measured quantity is the pe extracted, especially in the sm@lllimit or when we are
probability that a neutron with a wave vectioris scattered jnterested in Brillouin zone averaged quantities.
into a final state with wave vectds; through its interaction For comparison with bulk measurements, and between
with the sample. Under suitable conditions this scatterin@jifferent neutron scattering experiments, we have in most
process may be treated in the Born approximation, and iRases measured scattering cross sections in absolute units.
this case the scattering probability distribution is propor-The scale factor between the detector count rate and the
tional to the neutron scattering cross section, which depend@uantities of Eqs(1)—(3) were determined by normalizing to

only on wave vector transfeQ=k; —k, and energy transfer, count rates associated with known nuclear scattering cross
fiw=(f*12m)(k?— k7). Here we consider only the magnetic sections of the samples.

part of the scattering cross section, which is proportional to
Il. ORBITAL FLUCTUATIONS IN (V ;_,Cr,),05?

I(Q, @)=, (5aﬁ_éaéﬁ)SaB(Q!w)’ (1) V5,03 can be insulating or metallic and antiferromagnetic
ap or paramagnetic depending on temperature, pressure, and ex-
act stoichiometry,and consequently the material has been a
whereS*#(Q,w) is the dynamical spin correlation function, testing ground for theories of electronic correlations and
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FIG. 2. Q dependence of inelastic scatteringiat=3 meV andT =205 K in

the paramagnetic insulating phase(f, 4,Cr ¢3,03. The 170 K data from

the antiferromagnetic phase are a good measure of background and were
subtracted from the 205 K data. The data were taken on BT2 at NIST with
E;=13.7 meV and collimations 6840-40-60 around the P®02
monochromator and analyzer. A 1-in.-thick PG filter followed the sample.

FIG. 1. Crystalline structure ofvV,_,Cr,),03. The trivalent cationgfilled . )
circles are surrounded by ® ions (open circles on the vertices of trigo- ~ antiferromagnets, not only because the correlations are so

nally distorted octahedraFrom Ref. 11) short ranged foil/Ty—1=0.08, but also because coherent
scattering dominates over incoherent scattering despite the
very short correlation lengths. Correlations are so short

magnetism for decadéé_ Here we Sha” Conﬁne our atten- ranged, in faCt, that we can fit the data toa truncated Iattice
tion to the insulator(V, 4/Crg 09,03 Whose antiferromag- SUm which neglects all but the correlations between nearest
netism defies explanation in terms of a conventional Heisenbeighbors,
berg spin Hamiltonian.

Figure 1 shows a sketch of the corundum structure of  S(Q)= >, (SgSr/YexdiQ-(R—R")]. (4)
V,05. The trivalent cation sites, which are surrounded by six RR
oxygen atoms on the vertices of trigonally distorted octaheThe best fit, which also describels,0,—5) and h01) scans
dra, form puckered honeycomb layers stacked in such a wagtzw=3 meV, is shown as a solid line in Fig. 2. From the fit
that each vanadium site has a nearest neighbor above or b@e obtain values for nearest-neighbor spin correlations:
low it. V3* has only two 3 electrons which occupy the (S10.0.0"S0,0,1/6+ 5 =0.6(3), (S0.0,0° Sz 27350 =—0.198),
crystal field triplett, 4. Thet,, orbitals have significant over- (Syq0.g-Sus2135-1/6)=0.188), and  (So0.9°Su/z,2/3.16)
lap only with their counterparts on neighboring vanadium=-—0.093) where §=0.026. These values were normalized
atoms and this has two important consequen®sV/,03is S0 thakSy o g Sy0.0,g)=1. Figure 3 shows that it is not a lack
a Mott insulator as opposed to a charge transfer insulg&pr. of interactions that prevents longer-ranged correlations from
Direct cation—cation overlap between in-plane nearest neigtdeveloping. The full widths at half-maximufFWHM) of
bors and the one out-of-plane nearest neighbor are the domtonstantfe scans along the (1P direction through the
nant sources of magnetic exchange interactiorBven peak atQ~(101) are almost indistinguishable from those at
though these interactions would appear to yield a threeAw=3 meV, for energy transferdiw, as high as 18 meV.
dimensional nonfrustrated antiferromagnet, the magnetidlso the nearlyfw-independent peak amplitudes indicate
transition which takes place at,=180 K, is unusual be- that these correlations may persist to even higher energies.
caus€(1) it occurs far below®,,|=350 K, (2) it involves an The Q dependence of paramagnetic scattering from
antiferromagnetic structutevhich is unique for corundum (V; ¢/Cro 09,05 resembles that of energy integrated scatter-
transition metal oxidés'® (3) it is accompanied by a lattice ing from isolated spin clusters in dilute magn&tdowever,
distortion, and(4) it is a first order transition. the energy spectrum is continuous indicating that we are

To explore this unusual magnetic phase transition, welealing with excitations in a macroscopic physical system. A
have examined spin correlations in the paramagnetic phag®ssible explanation for this unusual behavior was recently
by inelastic magnetic neutron scattering. Figure 2 shows thproposed by Ric&’ His idea is that orbital fluctuations in the
wave vector dependence of neutron scattering-a05 K paramagnetic phase aiV,_,Cr,),05 inhibit long-ranged
andzo=3 meV. ForQ along the (10) direction we find two  spin correlations through their effect on exchange interac-
well-defined peaks which, in being almost as wide as thdions. In his description, which is based on the work of Cas-
projection of the first Brillouin zone in that direction, imply tellaniet al,! oned electron is occupied in covalent bonding
that magnetic correlations involve only nearest neighborswith the out-of-plane nearest neighbor while the other must
The data are qualitatively different from those derived fromchoose which of the three in-plane vanadium neighbors to
paramagnetic scattering in conventional three-dimensionddond with. Pairs which bond have ferromagnetic spin—spin
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FIG. 4. Chromium iongsolid circles and part of their distorted O octa-
hedral coordination in SrGyGa,_g,04e. (From Ref. 16)

C(T), which in being proportional td2 resembles a long-
B '} * } * {‘ } 7 range ordered two-dimensional magnet more than a conven-
{ + g tional spin glass for whiclCocT.2
The aspects of the crystal structure which are relevant
for this discussion are shown in Fig. 4. As in,®;, the
B trivalent magnetic cation, in this case®Cris surrounded by
0 : ' . a distorted octahedron of oxygen atoms. The cation lattice is
0 5 10 15 <0 however more complicated in this case, encompassing three
hw (meV) distinct sites which are denotedK,22a, and 4f ;. The 1X

FIG. 3. iw dependence of inelastic scattering @(101) at T=205 K in layer is a slightly dls'Forted Kago_mlattlce Whereas _the&
(Vo.61Cl,69205 @s derived from Lorentzian fits to constanb scans along ~ @nd 4f,; layers are triangular lattices. The %Crions in the
the (10) direction. The top frame is the amplitude of the modulated com-12k—2a— 12 block form corner-sharing tetrahedra, as in
ponent, the middle frame is the FWHM, and the bottom frame is the peal{hree_|ayer(111) slabs of the trivalent cation sites in the cu-
position. bic pyrochloré*®and spinel structures.
Neutron scattering experiments have enabled us to de-

rive a comprehensive model of magnetic interactions in this
interaction whereas those which do not interact antiferromaterial, and to identify the three-layerkt22a— 1 slab as
magnetically, and this leads to an effective spin—orbit couthe origin of the two-dimensional frustrated magnetism in
pling which cannot be accounted for by a conventional SpirSrC@quz_gpolg.16 Figure 5 shows wave vector integrated
Hamiltonian. In this theory the coupling of the spin system tojne|astic neutron scattering(w), at T=1.3 K from a pow-
orbital fluctuations is what inhibits the development of spinger sample of SIGEGay, 6,016 With p=0.925). Apart
order for T~|0@¢y| and the magnetic transition is actually
driven by an orbital ordering transition. In particular, the
orbital order enables the development of long-ranged spin 12 : : | :
order by establishing an ordered array of spin exchange in- i SCGO(p—0.92(5))
teractions. Further neutron scattering experiments probing - T—1 3K 8
the effects of orbital fluctuations on spin fluctuations both in i I
the low and high temperature phases are underway to test
this hypothesis.

Ill. ISOLATED SPIN PAIRS AND FRUSTRATION IN
SrCrq,Gay;_g,019

S(he) (s/meV/f.u)

SrCrpGay,- 9019 is @ more complicated substance than
most condensed matter physicists are normally willing to
consider. Nonetheless, the unique magnetic properties of this
insulating oxide do warrant attention. The bulk properties
which called our attention to SrgyGay, ¢,0,o were(l) @  FIG. 5. Energy dependence of wave-vector-integrated magnetic
magnetic susceptibility which follows Curie—Weiss behaviorneutron  scattering S(iw)=/[1(Q,»)/|F(Q)|*]Q*dQ//Q*dQ  from
With ©5,,~—500 K down 100 K% (2 the absence of SIS0 0, b G2(5) a1 L3 K The cela were sbtaned o
static order until a spin-glass-like transition a=3.5 using slit packC rotating at 100 Hz. The horizontal bars show the FWHM of
K<[®cwl,"® and (3) low temperature specific heat data, the instrumental resolutiorfFrom Ref. 16)

haw (meV)
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FIG. 6. Q dependence of the integrated intensity of the 20 meV excitation inFIG. 7. Q dependence of elastic magnetic scattering from
SICl,Gay,—pO10, P=0.92(5) atT=1.3 K. The dashed line is the mag- SrClGa,-9yO10, P=0.92(5) atT=70 mK. The data were obtained by
netic form factor squared for chromiufRef. 17, the solid line was calcu- ~ subtracting elastic peak intensitiesTat 20 K from the same &l =70 mK.

lated for 0.71) antiferromagnetically interacting pairs of spins per formula The experiment was performed on the IRIS instrument at ISIS using both its
unit. The inset identifies the 55 meV feature visible in Fig. 5 as a vibrationalPG(002) analyzer(open circlesand its MICA(004) analyzeropen squargs

in origin because the integrated intensity rises with wave vector transfer. ThéFrom Ref. 20,

data were obtained using the MARI instrument at |8Ref. 16.

because occupiedd3orbitals in CF* do not overlap oxygen

from the incoherent elastic peak and a broad spectrum dafrbitals! Occupied orbitals of Gt ions in face sharing oc-
magnetic scattering visible from 0 to 40 meV, we notice atahedra, however, have appreciable direct overlap which in
resolution limited peak atw=18.6 meV. Because the peak Cr,O; gives rise to a 15 meV antiferromagnetic exchange
is sharp in wave-vector-integrated data, it must be associatembupling. This number, being close to the 18.6 meV ex-
with a nondispersive excitation and is therefore likely tochange constant for spin pairs in SCG@EH0.925)], sup-
arise from single atoms, or small clusters of atoms, which ar@orts our comparison to gB; and our conclusion thatf4;
decoupled from the rest of the system. From @elepen-  spin pairs form isolated singlets in SEGa,, 9,019-
dence of the energy-integrated intensity of the ridge, shown Having accounted for the f4; chromium sites we are
in Fig. 6, we can exclude that it arises frgmma local vibra-  left with the quasi-two-dimensional magnet consisting of a
tional excitation, because the intensity decreases @iind  triangular lattice (2) sandwiched between two Kagoria-
(i) a crystal field excitation on a single chromium atom,tices (1X). Alternatively this lattice can be described as a
because th€ dependence is distinguishable from the mag-three-layer(111) slab of the trivalent cation sites in the cubic
netic form factor for chromiunt’ Instead, theQ dependence pyrochlore or spinel structures. The oxygen octahedra of
of the scattering closely resembles that from an isolated pamearest neighbors within this spin system all share an edge
of antiferromagnetically interacting spiishown as a solid and exchange interactions are therefore expected to be com-
line in Fig. 6. Such spin pairs also provide a detailed accounparable in magnitude. Fitting high temperature bulk suscep-
for the energy and temperature dependence of the data, itibility data to the sum of the susceptibility of the 4 spin
cluding a peak ir5(w) atZw=37.2 meV which only appears pairs and a Curie—Weiss term to account for the pyrochlore
for T>100 K16 slab, we extract a value of 9% meV for the average ex-

Considering also the values of the two fitting parametershange constant within the slab. It is satisfying that this num-
which went into calculating the solid line in Fig. 6 and the ber is close to the value of 84 meV measured for the
position of the peak in Fig. 5, we conclude that there areexchange constant between chromium ions whose octahedra
0.7(1) isolated spin pairs per formula unit in share an edge in gp,.8
SrCrpGay, 9019 [P=0.925)]. Spins of a pair are sepa- Evidently it is the reduced dimensionality and unique
rated by R~2.68(7) A and interact antiferromagnetically connectivity within this three-layer magnetic which give rise
with an exchange coupling constaht 18.6(1) meV. Since to the unusual cooperative magnetic properties of
4f,; spins are the only spins which each are part of a uniqu&rCr,Ga;, 4,0,9. We have performed a number of neutron
spin pair, and since there are 0.78 4-4f ; spin pairs per scattering experiments to explore these propetfieSur
formula unit separated by 2.6& A in our sample, it is most interesting data are perhaps those establishinthe
likely that the 4,; Cr* ions are the ones forming isolated dependence of elastic magnetic scattering in the spin glass
spin pairs in Sr Cg,Gay,g,010. phas€® The data, shown in Fig. 7, were obtained by sub-

The oxygen octahedra of chromium ions in adjaceijt 4 tracting elastic scattering dt=20 K>T4 from the same at
planes share a common face whereas the oxygen octahedfa 70 mK. Since the half-width at half-maximutMWHM)
of neighboring 4,; and 1X sites share a corner. The exact of the energy resolution function in this experiment was 7.5
same environment exists in corundum,@y where it has eV (circles and 2.25ueV (squares this measurement
been establishétithat the exchange constant betweeR’Cr probes magnetic correlations which persist on the nanosec-
ions with corner sharing oxygen octahedra is only 0.2 me\bnd time scale. From the wave vector integral of the data we
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FIG. 8. Structure of ¥BaNiOs;. The oxygen ion which is a member of the

octahedral coordination of two nickel ions mediates superexchange along|G. 9. Q dependence of inelastic magnetic scattering from a powder

the spin chain. (From Ref. 31). Holes reside on this atom for sample of ¥BaNiOs at T=10 K for #w=6 meV (open circle andw=9

Y 1.0C%.1BaNiOs. meV (filled circles. Background was measured for each of these scans at
hw=—6 and—9 meV, respectively, and subtracted. The horizontal bar cor-
responds to the FWHND resolution. The experiment was performed on the

conclude that the frozen moment in this system is On|ythermal .neut.ron triple axis spect,rometer BT2 at NIST véth40.3 meV
1.9(2)ug, which is less than half of the frozen moment in a 2155 RIBEIERS B 8l & S o mochvomendiapied
conventional Nékstate formed bys=3/2 CP" ions and thus  from Ref. 32)

implies that quantum spin fluctuations are strong in this in-

sulating magnet. The elastic magnetic scattering is also un-
usual in that although we are dealing with a concentrated . _ )
magnet with only weak structural disorder, there are no sharp 1€ consequences of this microscopic solid state chem-
peaks in the data, implying that long-ranged magnetic corre'Stry for the magnetic properties of the material are quite

lations are absent. Instead the broad peak at wave vect8StOnishing. Figure 9, for example, shows Geependence
of inelastic neutron scattering from a powder sample for

Q~1.5 A ! indicates the presence of short-range antiferro- _ ® 23 o hoe 16 his |
magnetic correlations. Since the width of the peak is compaT_ 10 z<| CW| K™ andfiw=9 me\/§ Bf| cwl- In this ow |
rable to its displacement fro@=0 static magnetic correla- | and iw regime, neutron scattering from a conventiona

tions are only maintained between nearest neighbor§_hree-d|men5|onal Heisenberg antiferromagnetic is strongest

NonethelessS(Q) appears to vanish &—0. A vanishing at low e_nergies and always peakgd forin the vic_inity of_
forward cross section is very significant, because it imp"egnagne_tlc Bragg p_egks._ForZB’qMOS, however, inelastic
that there exists a decomposition of the frozen spin state intgc2ttering is only visible in the higher ene@/scarjgﬁw=9
subgroups of spins which possess net spin zero. The zef§€V) and only beyond a sharp onset@t- 0.85 A~mla.

spin subgroups could be pairs, triangles, or tetrahedra dpeyond this value no pronounce’tddepend.en.ce 1S ‘."S't?'e n
nearest-neighbor &t ions. Although such a spin configura- the data except for a gradual dec_rease in '”t?‘”s'@‘”

tion in principle could be concocted on most lattices, it ap-C'€aSes: The absence of well-defined peaks in constant en-

pears to be the unique connectivity of the pyrochlore slaff"9Y Scans implies that long-ranged three-dimensional spin

which makes such a spin configuration energetically faVor_correlations do not exist in this material. However, the reso-

able by allowing for all antiferromagnetic interactions to belu“_oﬂ I|m|rt](_ad onset Off scattering as a flunrc]tlon @fd|st|n;j J
satisfied without establishing long-ranged order. In this reduishes this magnet irom conventional short-range ordere

spect the frozen spin configuration in S§gBa;,gpO1g re- paramagnets, and indicates the presence of some form of

sembles the ground state of the weakly diluted classicajpng'ranged one-dimensional coherefte.

Kagomeantiferromagnet which Shendet al?* have found The unusual absence of inelastic scatteringﬁatzg
to obey a “rule of satisfied triangles.” meV was further explored through a const@w=1.1 A

scan(Fig. 10 which shows clear evidencé a9 meV gap in
the magnetic excitation spectrum. The single ion anisotropy
of octahedrally coordinated Rii cannot account for the gap,
The combination of low dimensionality and a low inte- which instead appears to be an experimental example of the
ger spin quantum numbeBE 1) causes ¥YBaNiOs to be a  so-called Haldane gapwhich characterizes the excitation
rare example of a transition metal oxide which evades magspectrum of integer spin, one-dimensional antiferromag-
netic order down to temperatures as low as 50 #hidne  nets®®?’ It is interesting to note that this quantum many-
dimensionality in this material comes about because oxygehody effect actually prevents magnetic order from taking
octahedra, which coordinate Ni share a corner only for place at any temperature in real materials such &aXiOs
Ni?" ions displaced along tha axis. Because NRi (3d®)  and NENPB®in which residual three-dimensional interactions
has more than threed3electrons, the superexchange interac-do not exceed the threshold required to drive the gap to zero
tions between such magnetic cations are stlomgd by as they do in CsNiGL%®
dominating over all other exchange interactions, yield a one- What sets Y¥BaNiO; apart from other quasi-one-
dimensional antiferromagnésee Fig. 8. dimensional magnets previously studied is that holes may be

IV. HALDANE GAP AND HOLE DOPING IN Y ,BaNiO5
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