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Less than 50% sublattice polarization in an insulatingS= 2 kagomeantiferromagnet at T~0
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We have found weak long-range antiferromagnetic order in the quasi-two-dimensional insulating oxide
KCr;(OD)g(SQy), which contains Gf* S=3/2 ions on &agomdattice. In a sample with=76% occupancy of
the chromium sites the ordered moment is 1.3(8)er chromium ion which is only one-third of the” dle
value gugS=3ug. The magnetic unit cell equals the chemical unit cell, a situation which is favored by
interplane interactions. Gapless quantum spin fluctuatiah&kg<<0.25 K) with a bandwidth of 60 K
>Ty=1.6 K are the dominant contribution to the spin correlation funct§@,) in the ordered phase.
[S0163-182697)01337-4

I. INTRODUCTION Only a few AFM kagomesystems have been studied so
far. SrCp,Gay, 9,019is a quasi-two-dimensional oxide con-
More often than not, local moments in insulating magnetsaining antiferromagnetically interactir=3/2 C#* ions in
acquire a finite expectation valuéS) at low temperatures. kagomebilayers:'~2° The material exhibits predominantly
The only known exceptions are certain quasi-one-dynamic spin correlations although a spin-glass-like transi-
dimensional antiferromagnet®FM's) in which coupling tion at kgT,/J~0.03 causes condensation of weak two-

between one-dimensional units cannot overcome the teryimensional static correlations with a frozen moment corre-
dency of each unit to form a cooperative quantum mechani-

cal singlet. It is of great interest then to identify and studySpond'ng to|(S)|/$= 0'63(5) and. a_lc;orrelatlon length of
higher-dimensional “moment-free” insulating spin systems.Order twice the spin-spin separatith: There are also re-
We have made some progress towards this objective by ide§€nt — reports Ofla short-range  magnetic (.)rder- in
tifying a quasi-two-dimensional magnet in whighS)| is ~ D3OF&(OH)§(SO,)2.™ In contrast the Fe jarosites

only 0.4(1)x S, whereS is the spin quantum number of the AF€(OH)s(XOy),, with A=K, Na, Tl andX=S or Cr which
magnetic ion. realize anS=5/2 kagomeAFM all have been found to de-

The material in question is KGIOD)(SQ,),, a quasi- Velop long-range order at low temperatures with ordered mo-
two-dimensional AFM in whichS=3/2 CP" ions occupy ments|(S)|/S=0.7—0.9.1%2°
weakly interactingkagomelattices. Quasi-two-dimensional  In this paper we report experiments characterizing static
AFM'’s containing spins okagomdattices are likely to have and dynamic spin correlations in tiSe=3/2 jarositekagonie
reduced values d(§)|/8 as a conseguence of the weak con-lattice KCr(OD)g(S0Oy),. Our principal result is that long-
nectivity and triangular motif of the lattice. For Heisenbergrange order similar to that found in ti&=5/2 jarosite sys-
spins for example it is known thiS)|/S—1 for S»» and  tems does develop but the spin polarizatig)|/S, is only
T-018 Whereasj<§>|~0 for S=1/2.919 The critical value 0-41) which distinguishes magnetic order in this amaterial
of S below which a moment-free magnet existsTat0 is  from conventional Nel antiferromagnetism whergS)|/S
however unknowf. ~1. Quantum fluctuations account for the remaining spin of
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FIG. 2. Stackedkagomdattices as they occur in jarosites, B,

FIG. 1. Powder diffraction data from sampl at T=20 K and C denote three magnetic sublatticés). is the spin configura-
taken on the 32 detector powder diffractometer BT 1 at NIST. Wetion we propose for KGXOD)s(SOy), which satisfies interplane ex-
used the CU311) monochromator with =1.540 A and collima- ~ change interactiongshaded triangle (b) Shows that a stacking of
tions 18 —20' —7’. The line through the data shows the Rietveld kagomeayers with thev3 X v3 AFM structure cannot satisfy inter-
fit which led to the structural parameters shown in Table I. ThePlane coupling.

bottom panel shows the difference between model and data. L . . .
activation analysis, refinement of powder neutron scattering

(see Table | and Fig.)land chemical analysis indicated3Cr
gccupancy of 7€)% whereas high temperature susceptibil-
ity measurement indicated 90% Cr occupancy. Unfortunately
problems with stoichiometry are not uncommon in this com-
plicated class of materiafé. All neutron scattering experi-

Il. EXPERIMENTAL DETAILS ments reported here were performed on the deuterated

The neutron scattering measurements were carried out cigmpleB. o o ,
thermal neutron triple-axis spectrometers at the NIST reac- 1ne chromium lattice in KG(OD)g(SQy); is illustrated in
tor. Measurements were taken with fixed incident neutrorf9- 2. A formula unit contains threeagomeplanes of chro-
energies of 13.7 meV or 5 meV using PG or Be as filters inMium ions stacked along the axis. Neighboringkagome
the incident beam. Because important conclusions of this palanes (one shown with solid lines, another with dashed
per come from absolute measurements of the neutron scditres) are displaced by%,3,3). A, B, andC indicate three
tering cross section, details of how we normalize scatteringublattices of the magnetic structure to be discussed later.
intensities from a powder sample are given in the AppendixCr®* ions are coordinated by six oxygen atoms located at the

A 2.8 g powder sample of KG{OH)s(SOy), and a 6 g  vertices of trigonally distorted octahedr®?® Neighboring
powder sample of KGfOD)g(SO,), were synthesized using octahedra share one oxygen atom which is expected to me-
previously published methodSWe denote these samples as diate the strongest exchange interaction in the system be-
A andB, respectively. Powder neutron scattering confirmedween neighboring chromium ions separated iy
that the samples were single phase with the hexagonat3.624 A in akagomeplane. Susceptibility measurements
alunite structure and low temperature lattice parametersn samplesA and B showed Curie-Weiss temperatures,
a=7.2371 A andc=16.9544 A. Figure 1 show§=20 K @, of —70(5) K and—54(2) K, respectively. If nearest
diffraction data from sampl® with the Rietveld fit super- neighbor exchange in thkagomelattices indeed dominate,
imposed. In sampleéd the CP* occupancy was 100% as this corresponds to a bond strengik=[3kg|® cw|/ZS(S
determined from the slope of the inverse high temperature-1)]=1.2(1) meV wher&=4n./9 is the average nearest
Curie-Weiss susceptibility versus In sampleB prompty  neighbor coordinationr(, is the number of chromium atoms

the CP* ions. The bandwidth of the fluctuation spectrum is
approximately 6 meV and we place an upper bound of 0.0
meV on any gap in the spectrum.

TABLE |. Positions within space groUE?n and occupancies per unit cell of atoms in K@D)g(SO,), at T=20 K. The numbers were
derived from the data shown in Fig. 1 by Rietveld analysis using GG&&&. 33. Isotropic Debye-Waller factors, exp(u?Q?), were used
and the resulting overall reduced=3.8.

Site X y z nf.u. NTRY2
K 3b 0 0 0 3 0.0905)
Cr 9d 0 0.5 0.5 6.92) 0.0726)
o 1&h 0.12822) 0.25643) 0.13411) 16.893) 0.0722)
D 18 0.19612) 0.39225) 0.10842) 13.83) 0.1062)
H 18h 0.19612) 0.39275) 0.10842) 4.21) 0.1062)
S 6c 0 0 0.30614) 5.739) 0.0655)
(0] 6c 0 0 0.39082) 5.82) 0.0753)
(0] 1&h 0.22182) 0.4438@3) —0.0573(1) 17.8) 0.0712)
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FIG. 3. (a) Temperature dependence of the magnetic Bragg in- FIG. 4. Difference between low and high temperature neutron

tensity atQ=(012) which is proportional to the squared staggereddiﬁraction data. The data were obtained wih=13.7 meV, colli-

magnetlzatlon(b) Temperature dependen_ce qf the specific heat d"mations 40-36'—36 and no analyzer. (8 Shows
vided by temperature for two samples with different Cr concentra-

L . 1(0.4 K)-1(3.6 K) probing spin correlations which develop between
+ +
tion in thekagomelayers.A, 100% CF* andB, 75-90 % Ct". T—3.6 K andT=0.4 K. (b) Shows (0.4 K)-I (50 K) which is a

. . _ ) . ~ measure of the entire low temperature equal time spin correlation
per unit cell determined from Rietveld analysis and listed infunction. The solid symbols were obtained by integrating the

Table ). Other potentially significant exchange interactionsconstantQ scans shown in Fig. 5. Dotted and dashed lines are
are the interplane coupling and the second nearest intraplamescribed in the text.

interaction between chromium ions separated by 61024 o ] ) S
and 6.2681) A, respectively. tion limited magnetic Bragg diffraction indicating that the

low temperature phase has AFM order. From comparing the

line shapes of magnetic and nuclear Bragg peaks we con-
lll. EXPERIMENTAL RESULTS clude that the AFM correlation length exceeds 500 A. Mag-
netic Bragg peaks occur at the same valueQds nuclear
Bragg peaks which implies that the chemical unit cell de-

Figure 3 shows the temperature dependence of magneticribed above is also a unit cell for the magnetic structure.
neutron diffraction atQ=(012) and specific heatC/T, This implies that all triangles of spins which are connected
which reveal a magnetic phase transitioTgt=1.8 and 1.55 by in-plane Bravais vectors of the crystal have equivalent
K <0y for samplesA and B, respectively. The entropy spin orientations which we denote By, B, andC. To de-
change between 0.2 K and 2.9 K is only (RLl(25+1) and  termine the actual spin directions and the relative orientation
0.16R In(2S+1), respectively, indicating that the ordered of spins in neighboringkagomeplanes we compared the
moment in these samples may be small and/or there may beeasured Bragg intensities to those calculated for specific
substantial short-range order above theeN&mperature. model structures. Table Il makes the comparison to the spin
Note that in contrast to fDFe(OH)g(SO,), where impuri-  configuration shown in Fig.(@). In this structure, spins la-
ties induce long-range magnetic ordit is our cleanest beled byA, B, andC were taken to lie within the basal plane
sample,A, which has the most pronounced specific heaiand to be rotated 120° with respect to one another. Subse-
anomaly atTy. This indicates that long-range order is the quentkagomelayers are oriented so that each interplane tri-
clean limit low T state of KCg(OD)g(SOy),. angle of chromium ions, such as those shaded in Fig. 2,
Figure 4 shows low temperature magnetic diffraction datacontains all three spin orientationsA, B, and C. This

for sampleB. The data were taken without final energy structure provides the best account of the measured intensi-
analysis and with an incident neutron energg; ties out of 72 high symmetry spin configurations which were
=13.7 meV, which far exceeds the energy range with appreexamined. The ordered moment determined from this analy-
ciable inelastic magnetic scattering. The data therefore probgis was|M|=1.1(3)ug per occupied chromium site. Note
the equal time spin correlation functionS(Q)  that the error bar quoted here includes the uncertainty asso-
=[”_5(Q,w)hdw. The two frames show low temperature ciated with other choices of the interlayer registry which also
(T=0.4 K) data with two different backgrounds subtracted.provide a reasonable account of the diffraction data. To re-
Using diffraction data from immediately above théelieem-  late this result to quantum many-body theorieskajome
perature T=3.6 K) as a background yields simply resolu- lattices we wish to extract the value @fS)|/S=|M|/(g9S).

A. Antiferromagnetic long-range order
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TABLE Il. The measured and calculat€gtintegrated intensities of Bragg peaks for the KOD)g(SO,), powder sampld3. Magnetic
and nuclear peaks were measured with the same experimental configuration. Magnetic Bragg intensities were obtained from the difference
between the scattering intensity at 0.4 K and 3.6 K shown in Faj. Zﬁ,la'( 7) was calculated using E¢A7) for the spin configuration shown
in Fig. 2 with (g/2)(Sj)=0.55. Comparing measurement to calculation we obtain a residual coeffiielt, |7°°Yr)—Z°(7)|/
3, 7°°Yr)=0.17. For nuclear Bragg peaks we got0.14 when comparingXY ) to Z&(7). The latter values were calculated from Eq.
(A5) and Table |I.

7 Qe w7 (7 ) ¥
(h,k,1) (A7 (108 m) (10" m) (1078 m) (108 m)
101 1.070 0.06(6) 0.0581 0.3W) 0.313
003 1.115 - - 2.21) 1.029
012 1.240 0.03%) 0.0419 0.083) 0.203
110 1.731 - 0.0065 0.06) 0.165
104 1.791 0.01%) 0.0184 0.3®) 0.261
201,113 2.063 0.010) 0.0119 4.81) 4.683
105202 2.139 - 4.21) 3.632
006 2.222 - - 0.15) 0.158
204 2.498 - - 0.421) 0.194
205212107 2.753 - - 14.4%) 14.057
300,214 3.018 - - 1.163) 0.977
303215 3.216 - - 2.586) 3.667
207 3.285 - - 1.4%6) 1.710
220 3.476 - - 2.0 3.290
While we know the spin quantum numbe&s= 3/2, there is C. Energy resolved magnetic neutron scattering
no direct information available about the value of théac- It is important to determine whether the short-range order

tor for the CF* ion A chromium jarosite. Typically, how- s static or dynamic. To settle this question we used the full
ever, @—2)/g=<0.1,"" so little additional error is introduced ipje-axis configuration of the neutron spectrometer to mea-
by using g=2 which implies that|[(S)[/S=0.4(1). This  sure the low temperaturd 70 mK) spectrum of magnetic
small value of the sublattice polarization distinguishesfiyctuations at two values @. The result is shown in Fig. 5.
KCr3(OD)s(SO,), from conventional Nel antiferromagnets  contributions to the detector count rate not associated with
where[(S)|/S~1. inelastic scattering from the sample were measured and sub-
tracted as described in the figure caption. Integrating the data
) ) . over iiw we obtained the values f&(Q) shown with solid
B. Equal time short-range spin correlations symbols in Fig. 4b). Inelastic scattering with
Since the long-range ordered moment is small, sum rule®.4 me\<#Z»w<<10 meV clearly accounts for most of the
imply that we should find static or dynamic short-range orderequal time correlation function and hence we may conclude
which accounts for the remaining spin on®Crions. This  that the short-range order in KEOD)(SQ,), is mostly dy-
aspect of the problem is examined in Figbywhich shows namic in origin. From the energy spectra shown in Fig. 5 we
diffraction data similar to those discussed above, though thigstimate a magnetic bandwidth of approximately 6 meV. In
time usingT=50 K~0.\, data for background subtraction. addition we can place an upper limit of 0.4 meV on any gap,
At T=50 K we expect that magnetic scattering is alm@st A, in the magnetic excitation spectrum. A stricter upper limit
independent in the limite® range of the experiment. Thisis on A is derived from the specific heat data of Fig. 3 where
also the case for the thermally activated inelastic phonotthe absence of activated behavior for-0.25 K indicates
scattering which is present in the high temperature data afatA>0.03 meV.
well.?® In Fig. 4(b) these terms are oversubtracted but@e Further information on magnetic fluctuations is provided
dependence of the difference data should follow that of théy the constantw scans shown in Fig. 6. The data display
low temperature equal time correlation functitQ). For  an asymmetric peak centered close to the strongest AFM
the purpose of comparisons to theory we determined th&ragg point,7=(101). The peak progressively broadens as
baseline forS(Q) by requiring that the datdincluding energy transfer is increased. The sharp leading edge and
magnetic Bragg peakssatisfy the total moment sum rule gradual decrease in intensity with increasi@gs indicative
3X [dQQPS(Q)/ fdQP=nc(0/2)?S(S+1) using ne  of low dimensional magnetic correlatiofs. Based on
=6.9 as derived from powder diffraction. The most striking inelasticconstantQ and constanfw scans we can extract a
feature of the data is the unusually small fraction of the equalower bound on the total fluctuating moment
time correlation function which is associated with magnetic3X [ S(Q,%»)Q?dQAdw/fQ2dQ=15 per unit cell. This
Bragg peaks. The result indicates that most of the chromiumumber is an appreciable fraction of the total moment sum
spin in this material remain spatially disordered dowrilto nc(g/2)2S(S+ 1)~26 per unit cell which indicates that the
=0.4 K. spin system remains predominantly dynamic at low tempera-



56 LESS THAN 50% SUBLATTICE POLARIZATION IN AN . .. 8095

4 I I I I

6 10 a1 hw=0.5meV Ebmev
L . L 60'-40'-80'-80
- 5l n F 0O o q | % #% Be Filter in
S = 05} - )
g | A f 2 i) o
- T L i i %
-l 4 _ :
5 * 0.0 . = r ﬂ)ﬁ }
= ] = b4 % $
> 0.0 0.5 1.0 O JA T
g 3r 1/S . 0
=R T 1 T T
> * T = 70mK ., g hw=1.1meV B me o
— oL * sem = 1.1 A_l _ 2t PG Filter in B
0 a0 = 0.554
3 ¢ =
g’* 1 4 * 4 % AN i E
\(7)/ ‘%) %) ® M * o&o ™~
r o Yo o000l ye :
0 i ? . i lwa?e?!"l--l- L] —
3
1 10 e
hw (meV) o
FIG. 5. Constan scans aQ=1.1 A ? (filled symbol3 and 2oL -
Q=0.55 A"! (open symbols Triangles were obtained Witk;
=5meV and collimations 60-40"—80'—80’, circles with E;
=13.7meV and 60-20'—-40"—-40 and rectangles withE;
=14.7 meV and collimations 66-20' —40'—40'. Backgrounds
were subtracted as follows: Férw<0.7 meV we subtracted neu-

tron energy gain data. Fdro>0.7 meV we subtracted data ob- 0 1 2

tained with the analyzer rotated 10° from its reflection condition. .

The inset showg(S)|/S versusS for various kagoniesystems. Q (47

Squares,S=5/2 Fe-jarosite systems with long-range ordBef.

19): open circles, frozen moment in the spin glass phase of |G- 6. Constantw scans at 0.5, 1.1, and 2 meV. The

SICl,Ga, opOsoWith p=0.92 andS=3/2 (Ref. 16; filled circles, ~ _ 0-5MeV scan was obtained with;=5meV and collimations

long-range ordered moment in theS=3/2 Crarosite 00 —40'—80'—80". Thefiw=1.1meV andhw=2.0 meV scans

KCr(OD)g(SOy), with 76% occupancy of theagomelattice. were obtained withE;=13.7 meV a_lnd colllmat_lons 6(_}20_

—40'—40'. The background subtraction scheme is described in the

tures in this material. This result is consistent with recentCaption to Fig. 5. .Sond. lines are a single parameter fit to a spin
+ . . - wave theory described in the text.

1" SR experiments which also found evidence for strong dy-

namic spin fluctuations at low temperatufés. _ _ , o
dimensional magnetic structure: the length of the primitive

magnetic unit cell in thec direction: Three identical but
IV. DISCUSSION shiftedq=0 layers can be stacked to satisfy AFM interplane
A. Magnetic structure coupling. For ferromagnetic interplane coupling, however, it

is favorable to include time reversed copies of each of these

Having presented the experimental results we now tur t@nee Jayers in the stack which leads to a six layer sequence
comparison with relevant theory. The type of magnetic ordegng 5 doubling of the unit cell in the direction. Such unit

in KCry(OD)s(SQy), is surprising. QuantuPhas_ well as ¢l doubling is actually observed for KE®H)s(SO,),.°
classical'%?8theories of th&kagomemagnet predict that the

so-calledv3xv3 in-plane structurgFig. 2(b)] is favored _ _

over the “g=0" structure which we observe. In addition B. Comparison to spin-wave theory
anotherkagomerelated material SrGgGay, ¢,0;9 Shows We now compare our inelastic data to specific models for
short-range/3 X v3 type order:>*’ It is therefore surprising dynamic correlations in th&agomieAFM. Several authors

to find =0 type AFM order in KC§OD)g(SO,),. We be-  have considered spin waves in a long-ranged ordered classi-
lieve that interplane coupling plays an important role in sta-cal kagomemagnet and there are a few unusual features to
bilizing this type of order in jarosite systems. As is appareninote. As a consequence of a local continuous degree of free-
from Fig. 2a), g=0 kagomeAFM layers can be stacked to dom (the weather vane moyispin wave theories to lowest
take advantage of ferro- as well as antiferromagnetic nearesfder in 15 yield a zero-energy mode of excitations for all
neighbor interlayer coupling, bu3 Xv3 layers cannot. The 3 Fyrthermore it can be shown that all classical long-range
reason is that the(3) in-plane translation between neigh- ordered ground states lead to the same dispersion relation for
boring kagomieplanes is incompatible with the periodicity of the finite energy modes. We used the results of Hatris 8

the v3xXv3 magnetic structure and it is therefore impossibleto calculate the inelastic neutron scattering cross section as-
to arrange for all interplane triangles of spins to contain allsociated with the finite energy modes of tiye O structure?®
three spin orientation#, B, and C as required to satisfy The calculated cross section was convoluted with the experi-
interlayer coupling. Indeed, all jarosikagomesystems stud- mental energy resolution function and is shown as dashed
ied so far haveg=0 type in-plane AFM order. Interplane lines in Fig. 6. The comparison involves only a single adjust-
coupling may also control another aspect of the threeable parameter which is the overall scale factor. The ex-
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change constanf] was fixed to 1 meV, the value extracted d20 K'
from high temperature susceptibility measurements. Simple -= ?Nrge*ZW@)ZS(Q,w), (A1)
lowest order two-dimensional spin wave theory clearly can- dQdE

not account well for the data. Specifically the sharp feature§ere ro="5.38 fm, e 2WQ s the Debye-Waller factor
predicted by the theory are absent in the data. This is aCtua”é(/vhich we generaliy take to be unity at lo@ and lowT)

quite unusuallfor two—dimgnsional magnets. The qualitativedndS(Q’w) is the spherically averaged scattering function:
features of spin dynamics in k@uQ, are, for example, very

well described by such theorié$. dQg 1 L R
S(Q,w):f o 5 2 (8ap~ QuQp)S™(Quo).
C. Equal time spin correlations “p (A2)

Theoretical predictions are also available for the equall-he scattering function is given by
time correlation functionS(Q). We compare these to our
data in Fig. 4. The dotted line is the result of a Monte Carlo R g -
study®® and the dashed line resulted from a hifh- S”B(Q,w)=’§f(Q)
expansiorf. Given that the experimental data probev tem-
peraturespin correlations it is surprising that apart from the o1 o IS
magnetic Bragg peaks, the high temperature expansion ac- Xf dte’ N E <Sﬁe(t)5g,(0)>e Q- (R=RY)
counts quite well for the data. Evidently the frustration in- RR
herent to thkagomeAFM prevents much evolution of equal (A3)

tgg? (go[;)re(lg'go)ns between high and low temperatures Mvheref(Q) is the magnetic form factor of a single Cr i&h.
3 6 4)2-

The Bragg scattering cross section for a powder sample
takes the form

21

2h

V. SUMMARY AND CONCLUSION

In summary, we have shown that long-range AFM order d_‘T:NE () 8(Q—7) (A4)
exists below a second-order transitionTaj=1.8 K in the dQ T '

S=3/2 jarositekagomesystem Kcﬁ(QD)ﬁ(S.O“)Z' The or- where the summation is over reciprocal lattice vectots,
dered structure preserves the chemical unit cell and we ha\LFhe Q-integrated nuclear scattering intensity is

argued that this type of structure is favored by interplane 9 9 y

coupling. The ordered moment per Cr ion in a sample with o
76% occupancy on the chromium sublattice is 1.3(g per In(7)= 2 IFn(7)|2, (A5)
occupied chromium site which is only one-third of that cor- 4m7? |7 =1

responding to Nel order for S=3/2 spins. Concomitantly whereuv*
spin fluctuations are unusually strong in this system and ca he struct
not be accounted for by conventional spin wave theory. The

inset to Fig. 5 summarize§S)|/S versusS for various

is the volume of the reciprocal lattice unit cell and
ure factor is

kagonesystem studies so far. The data indicate that the FN(Q):ZJ e MilQbge'o (A6)
weakly diluted S=3/2 kagomeAFM may be close to &
=0 quantum critical point separating a phase Wit§)|#0  For magnetic Bragg scattering ti@integrated intensity
from a phase with(S)|=0° 1S
* 2
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fer, hw can be writtef? dQdE’
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where the spectrometer resolution function is normalized tdector efficiencies. We determing€(0) by measuring the
unity: Q-integrated intensity of nuclear Bragg peaks with known
values ofZy(7):

f dQ hdw RQw(Q_Q yW— W ):1 (AlO) leraggQ_T;ﬁw)dQﬁdw
The resolution function and the energy dependence of In(7)
C(hw)/C(0) can be calculated given the spectrometer seWith this number it is straightforward to derive absolute val-
up-™ For experiments with fixed incident energy it is a goodues of Z,,(r) and S(Q,%#w) from the detector count rates
approximation to use associated with magnetic scattering:

NC(0)= (A12)

Cho) (K| [(2K)?*=7 1
W: ?) m, (A11) Zw(7) NC(0) j IBragg{Qvﬁw)dQﬁdw’ (A13)

wherek andk’ are the incident and scattered neutron wave 1 K\ |2k 21
vectors, andr, is the reciprocal lattice vector of the Bragg  S(Q,w)~ ———| — i 22 1(Q,hw).
reflection being used as an analyzer. The val{® depends NC(O)rp \ k (2k")*—7p (A1)

on many factors such as the neutron flux, monochromator
and analyzer reflectivities, collimator transmissions, and deResolution smearing was neglected in the last expression.

1D. A. Huse and A. D. Rutenberg, Phys. Rev4R 7536(1992.  2°M. F. Collins (unpublishedl

2D. L. Huber and W. Y. Ching, Phys. Rev. &7, 3220(1993. 213. E. Dutrizac and S. Kaiman, Can. Minera#l, 151 (1976.
3]. Ritchey, P. Chandra, and P. Coleman, Phys. Re47BL5 342 223 A. Ripmeester, C. |. Ratcliffe, J. E. Dutrizac, and J. L. Jambor,
(1993. Can. Mineral.24, 435(1986.
4E. F. Shender, V. B. Cherepanov, P. C. W. Holdsworth, and A. J23R. Wanget al, Acta Crystallogr.18, 249 (1965; M. Takano
] Berlinsky, Phys. Rev. Letf70, 381-2(1993. et al, J. Phys. Soc. Jpr20, 1049(1971).
GP- Chandra, P. Coleman, and I. Ritchey, J. Phy%.891(1993. 245  Apragam and B. BleaneiElectron Paramagnetic Resonance
S. Sachdev, Phys. Rev. 45, 12 377(1992. of Transition lons(Clarendon Press, Oxford, 1970

7A. Chubukov, Phys. Rev. Let69, 832(1992.

8A. B. Harris, C. Kallin, and A. J. Berlinsky, Phys. Rev. 45,
2899(1992.

9R. R. P Singh and D. A. Huse, Phys. Rev. Lé8, 1766(1992.

10, 0. Manuel, A. E. Trumper, C. J. Gazza, and H. A. Ceccatto,
Phys. Rev. B50, 1313(1994).

11X, Obradors A. Labarta, A. Isalgud. Tejada, J. Rodriguez, and h
M. Pernet, Solid State Commu6s5, 189 (1988. A. Keren, K. Kojima, L. P. Le, G. M. Luke, W. D. Wu, Y. J.

127 p. Ramirez, G. P. Espinosa, and A. S. Cooper, Phys. Rev. Lett, Yemura, M. Takano, H. Dabkowska, and M. J. P. Gingras, Phys.
64, 2070(1990 Rev. B53, 6451(1996.
"Mart ' 28
13, Marfinez, F. Sandiumenge, A. Rouco, A. Labarta, J. C. L. Henley and E. P. Chan, J. Magn. Magn. Matiet0-144,

Rodriquez-Carvajal, M. Tovar, M. T. Causa, S. Gali, and X.  1693(1995.

25The one-phonon scattering cross section riseQ4sHowever,
for a powder sample in the small limit inelastic phonon scat-
tering mainly occurs in combination with an incoherent elastic
scattering event resulting in an almao@tindependent double
scattering process.

26B_E. Warren, Phys. Re&9, 693 (1941).

Obradors, Phys. Rev. B6, 10 786(1992. 295 -H. Lee, “Frustration, Order or not Order?—A Neutron Scat-
14y, J. Uemura, A. Keren, K. Kojima, L. P. Le, G. M. Luke, W. D. tering Study of Geometrically Frustrated Antiferromagnets,”
Wu, Y. Ajiro, T. Asano, Y. Kuriyama, M. Mekata, H. Kikuchi, Ph.D. thesis, Johns Hopkins University, 19@@publishegl
and K. Kakurai, Phys. Rev. Let?.3, 3306(1994). 305, M. Hayden, G. Aeppli, R. Osborn, A. D. Taylor, T. G. Perring,
155 -H. Lee, C. Broholm, G. Aeppli, T. G. Perring, B. Hessen, and  S.-W. Cheong, and Z. Fisk, Phys. Rev. L&T, 3622(1992.
A. Taylor, Phys. Rev. Lett76, 4424(1996. 313. N. Reimers and A. J. Berlinsky, Phys. Rev4& 9539(1993.
18S.-H. Lee, C. Broholm, G. Aeppli, A. P. Ramirez, T. G. Perring, 32We use the notation of S. W. Loveselheory of Neutron Scat-
C. Carlile, M. Adams, and B. Hessen, Europhys. L8§, 127 tering from Condensed Matté€larendon Press, Oxford, 1984
. (1996. _ _ 33A. J. Freeman and R. E. Watson, Acta Crystallog, 231
C. Broholm, G. Aeppli, G. P. Espinosa, and A. S. Cooper, Phys. (1961); P. J. Brown, ininternational Tables for Crystallogra-
Rev. Lett.65, 3173(1990. phy, edited by A. J. C. WilsonKluwer Academic, London,

BA. S, Wills, A. Harrison, S. A. M. Mentink, T. E. Mason, and Z. 1995, Vol. C.

Tun (unpublishegt A. S. Wills and A. Harrison, J. Chem. Soc. 34N. D. Chesser and J. D. Axe, Acta Crystallogr. Sect2@ 160
Faraday Trans92, 2161(1996. (1973
19 :
M. G. Townsend, G. Longworth, and E. Roudaut, Phys. Rev. BgsA' C. Larson and R. B. Von Dreel@npublished
33, 4919(1986.



