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We report inelastic time-of-flight and triple-axis neutron scattering measurements of the excitation spectrum
of the coupled antiferromagnetic spin-1 Heisenberg chain system GsMNi€asurements over a wide range of
wave-vector transfers along the chain confirm that abyeCsNiCl is in a quantum-disordered phase with
an energy gap in the excitation spectrum. The spin correlations fall off exponentially with increasing distance
with a correlation lengtk=4.0(2) sites al =6.2K. This is shorter than the correlation length for an antifer-
romagnetic spin-1 Heisenberg chain at this temperature, suggesting that the correlations perpendicular to the
chain direction and associated with the interchain coupling lower the single-chain correlation length. A mul-
tiparticle continuum is observed in the quantum-disordered phase in the region in reciprocal space where
antiferromagnetic fluctuations are strongest, extending in energy up to twice the maximum of the dispersion of
the well-defined triplet excitations. We show that the continuum satisfies the Hohenberg-Brinkman sum rule.
The dependence of the multiparticle continuum on the chain wave vector resembles that of the two-spinon
continuum in antiferromagnetic spin-1/2 Heisenberg chains. This suggests the presence of spin-1/2 degrees of
freedom in CsNiC] for T<12 K, possibly caused by multiply frustrated interchain interactions.
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I. INTRODUCTION fundamentally different in AF spin-1/2 and spin-1 Heisen-
berg chains: for a spin-1 chain at low temperatures the exci-
Nearly two decades after Haldane’s conjectute inter-  tation spectrum is dominated by well-defined mddéshile
est in quantum spin dynamics of low-dimensional antiferro-in the case of a spin-1/2 chain the dominant contribution is a
magnets continues unabated. Much of the research is focusedntinuum consisting of two-spinon states. The two-spinon
on one-dimensiondllLD) antiferromagnets with small spi) continuum has a characteristic wave-vector dependence re-
where quantum fluctuations are strong because the classid&cting the momentum and energy addition of two particles
Neel ground state is not an eigenstate of the Hamiltonianand it has an upper energy boundary at the AF point which is
The ground state of such an antiferromagn@iE) chain is  double the maximum single-particle energy and decreases
a spin singlet and long-range magnetic order is absent, eveaway from it. The observation of such a scattering continuum
atT=0 K. The spin correlation function in the ground statein a spin systerhthus clearly suggests that spin-1/2 particles
of AF Heisenberg chains depends on the spin quantum nunare its elementary excitations rather than spin-1 particles.
ber S for S=1/2 the spin-spin correlations fall off as a  Considering the fundamental difference between AF spin-
power law with increasing distancéquasi-long-range- 1/2 and spin-1 chains, it came as a surprise when we ob-
ordered ground statdut for S=1 the spin-spin correlations served in the spin-1 chain compound CsNi&Imultiparticle
fall off exponentially with increasing distanéelThe excita-  scattering continuum that resembles the two-spinon con-
tion spectrum is also different: foB=1/2 the elementary tinuum of AF spin-1/2 chain8.Its wave-vector dependence
excitations are spin-1/2 particles called spinons and the speend its intensity suggest that it does not originate from two-
trum extends to zero energy transfer while ¢ 1 the el-  or three-particle excitations of the elementary spin-1 excita-
ementary excitations are spin-1 particles with a ¢fapgldane tions but instead from spin-1/2 degrees of freedom in the
excitations. system. Their detailed study promises to shed light on the
Inelastic neutron scattering is one of the most direct methtransition from spin-1/2 particles in quantum critical AF
ods to measure the magnetic excitations in solids. In neutrospin-1/2 chains and the spin-1 particles found in spin liquids
scattering experiments, the spin of the neutron changes Hike the gapped Haldane quantum antiferromagnets.
AS,=0,+1 along a quantization axis so that at low tempera- The focus of our previous pagewas on the excitation
tures the response is dominated by broad continua scatterirgpectrum of the quantum-disordered phase at the AF point
if the elementary particles carry spin 1/2. Sharp modes ar®.=1 and it was shown with three independent neutron
observed, however, if the elementary particles carry spin 1scattering measurements that there is a multiparticle scatter-
The spectra observed with neutron scattering are therefoieg continuum extending from the gapped onset of the exci-
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c-axis much stronger than perpendicular to theaxis. The spin
Hamiltonian of CsNiC{ is that of a system of coupled spin-1
chains with a strong intrachain interactidrand a weak in-
terchain interactiold’. It can be written as

chain plane

H=32 s~s+1+J'<Z> S'S-DX (H% ()
i i,j i

FIG. 1. Crystal structure of CsNigIThe Ni atoms are shown as

dark spheres, and the Cs and CI are shown as light spheres. The . . .
. S : . . The superexchange interactidnalong thec axis was
figure shows four Ni chains on a triangular lattice running along the

¢ axis. The Ni atoms are coupled along thexis by an AF super- mheasured W'th a hlgh-flildldma%ngtléaztg)nng‘eﬁsurement of
exchange interaction along the Ni-CI-Ni paths. the magnet_'c satur_atlon 1e ar_‘ IS 2. '_e s_upe/r-
exchange interaction perpendicular to tleaxis is J

. 12 V. Th . d =0.044 meV as determined from the measurement of the
tations up to 12 meV. The present paper contains a study Qfoin wave energies in the antiferromagnetically ordered
the excitation spectrum for a wide range of wave-vecto

; o 'structure atT=2 K and comparing them with spin-wave
transfers and for both the well-defined excitations and thetheory2'3 The weak easy-axis Ising anisotropy=4 ueV

multiparticle continuum. For the well-defined excitations the,, ..\ v as derived from the spin-flop transition field ex-
re;ults largely confirm pre_V|07ugs results in the qu."’mtum'trapolated toT=0 K, is small enough that CsNiglis a
disordered phase.of CSNf‘d ' Data. measured W'th a good example of an isotropic Heisenberg antiferromadgfhet.
Sa”?p'e mount which con5|sts' exclu's[vely of aluminum to Due to the interchain interaction, the coupled spin chain
avoid any bgckgroun_d scattenng_ ongmapng from hydrog-System undergoes 3D long-range ordering beld
enous mate“‘%'s confirm the previous e.st|matc.a thie jo =4.84 K, where the-axis components of the magnetic mo-
of the scattering at the AF poir@.=1 is carried by the ments ordet’ At Tye4.4 K, the components perpen-

multiparticle continuum. A detailed description of the multi- dicular to thec axis order t0o. In the resulting magnetic

particle states is given for a wide range of wave-vector trans- 2 . .
. . ; S structure,5 of the spins are canted away from tbexis b
fers. The integrated intensity of the scattering is shown to b 3 P Y y

° ° 12 _avyi
consistent with the first-moment sum rule. The characteris%A' at 4.4 K and 59° at 1.6 K.™ due to the easy-axis

tics of the continuum are compared to those of the tWO_a_\nisotropy and the magnetic frustration of the tr?angular lat-
Spinon continuum in AE spin-1/2 Heisenbera chains tice. Extrapolated td =0 K, the ordered magnetic moment
P P 9 ' is 1.05u5, considerably less than the free-ion valyeg2*®
This reduction can be ascribed to strong quantum fluctua-
Il. PROPERTIES OF CsNiCl, tions in the 3D ordered phase. Strong quantum fluctuations
) ) ) ) in the 3D ordered phase are also apparent in the excitation
CsNiCk is one of the most studied AF coupled spin-1 gnecirym, where excitations derived from  longitudinal
crlaln systems. It crystallizes ina hexagonal crystal structurgy5igane modes were observed which cannot be described by
Den space group, and the lattice constants at low temperasonyentional spin-wave theotyTheir existence is related to
tures area=7.14 A andc=5.90 A (Fig. ). The magnetic  |ongitudinal fluctuations of the ordered moment, as shown in
moments are carried by Ni ions which interact via a su- g calculation of the excitations which includes the gapped
perexchange interaction involving Clons. Because the su- Haldane mode coupled to transverse gapless spin-wave-like
perexchange path along thexis contains only one Clion  excitationst®
and perpendicular to theaxis two CI" ions (Figs. 1 and 2, In the quantum-disordered phase ab@yg the excitation
the superexchange between thé Nions along the axis is spectrum of CsNiGlhas an energy gafialdane gap(Ref.
2) with a minimum at the AF wave vector. The gap has
Cl roughly the energy expected of a Haldane gap, which is a
consequence not of a single-ion anisotropy but of strong
quantum fluctuations. The excitations are a triplet of well-
definedS=1 modes’'® and the spin-spin static correlation
function falls off exponentially with increasing distance. For
wave vectors near the nuclear zone center, a broadening of
the excitation spectrum may arise from the theoretically pre-
dicted two-particle continuurt.
The magnetic susceptibility and the magnetic specific heat
have a broad maximum ne@r=30 K,®19which had been
FIG. 2. Crystal structure of CsNiglprojected onto the basal traditionally interpreted as the temperature where short-range
plane. The Ni atoms are shown as dark spheres, and the Cs and €9rrelations set in. A neutron scattering experiment showed
are shown as light spheres. Ni atoms belonging to different chainghat the excitations at the AF point persist as a resonance up
are coupled by an AF superexchange interaction along the Ni-Clto at least 70 K021 50 that short-range correlations survive
CI-Ni paths. even to temperatures of the order of the spin bandwidth.
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reciprocal higher-order reflections from a vertically focusing pyrolytic
Qut lattice graphite monochromator and a flat analyzer. The effective
of sample collimation from reactor to detector was '388'-51'-72'
Q=k, -k, and gave an energy resolution of 0.8 meV, as determined

from the quasielastic incoherent peak. The longitudinal
wave-vector widths of th€002) peak and(220 peak were
0.022 and 0.019full width at half maximum(FWHM) in
reciprocal lattice unitk respectively, and the calculated ver-
tical resolution was 0.29 Al.
The time-of-flight spectrometer MARI produced a mono-
FIG. 3. Schematic drawing of the chopper time-of-flight spec-chromatic beam by means of the Fermi chopper spinning at
trometer MARI at ISIS. A monochromatic neutron beam is gener-150 Hz. The scattered neutrons were detected by an array of
ated using a c_hopper. The neutrons are scattered_at the sample 30€3 tbe detectors typically 30 cm longerpendicular to
Fhen detegted in the detector banks Iocatgd at a dlsFaqce of 4.02 Re principal scattering plahand with a diameter of 2.5 cm
in a half C|_rcle b(_elow the sample. De_pendlng on the incident energ}éituated 4.02 m from the sample position. The low-angle
and the orle_ntatlon of the sample, _dlfferent Wav_e-vector and energ%ank con.sists of 136 detectors arrange.d symmetrically
transfer regions are accessed during an experiment. around the incident neutron beam direction and having scat-
. EXPERIMENTAL DETAILS tering angles from 3.43 to 13.29°. The detectors in the high-
angle banks are arranged in three strips vertically below the
An inelastic neutron scattering experiment measures thgample and cover the scattering angles from 12.43 to
response of a coupled spin system as a funCFion of energy34 14°, where the detector tubes are aligned perpendicular
and momentum transfer. The magnetic scattering Cross segs the vertical scattering plane. The central strip is in the
tion is directly related to the dynamic structure factorSyeica| scattering plane, and the two side strips of detectors

o3 i i -
S*(Q,w), which are the Fourier transform of the space andare out of the vertical plane by an average of 5.56° for high

time-dependent spin-pair correlation functions. Defl'nlng thescattering angles. At small scattering angles, the detectors in
neutron energy and momentum transfers to the spin syste

as w=E,—E, and Q=ki—k,, respectively, the magnetic e two sideostrips are out of the principal sgattering plane by
scattering cross section for unpolarized neutrons can be Wriﬁp to 21'36. and the neutrons detected in these dgtectors
ten as ave a considerable wave-vector component perpendicular to
the scattering plane.
K The experiment using MARI was performed with the

|f(Q)|2rf > (8,5~ Q.Q5)S"(Quw), (20 sample oriented such that thak() crystallographic plane

iap was in the vertical scattering plane and thexis was per-
wherea, B=x,y,z andf(Q) is the magnetic form factor. For pendicular to the incident beam direction. The incident neu-

a spin system with Heisenberg interactions in the paramad " €NErgyE; was set either to 20 or 30 meV and the en-
netic phase, the entire magnetic response is inelastic and tff&9Y resolution was 0.35 and 0.4 meV, respectively, as
dynamic structure factors have the propeg§Q,o)=S> determ_med from the FWHM _of the quasielastic incoherent
— S/Y=S?Z hecause the system has unbroken rotational Syms_catterlng peak. The resolution in wave-vector transfer at
metry. For the Hamiltonian of CsNig)l the totalz compo- 2610 energy transfer was typically 0.02" Aalong thec”
nent of spin is a constant of motionl¥s,;(S%)? is neglected ~ axis and along th¢110] direction and up to 0.19 A" per-
(S°=3,;S* commutes with the Hamiltoniarand S*#=0 for pendicular to the scattering plane if only the central detector
a# . bank was used. Both the energy and the wave-vector resolu-
Asingle crystal of CsNiG 5x5x20 mn? was used for tion improved with increasing energy transfer. The measure-
the experiments. The experiments were performed using th@ents were performed with the sample at temperatures be-
triple-axis spectrometer DUALSPEC at the Chalk Rivertween 6.2 and 12 K. The scattering was measured for a total
Laboratories, Canada and the chopper time-of-flight spegproton charge between 4000 and 86p@\ h at an average
trometer MARI at the pulsed spallation source ISIS of theproton current of 170uA.
Rutherford Appleton Laboratory, United Kingdofsee Fig. The simultaneous measurement of continuous energy
3). The sample was kept sealed in an aluminum can contairtransfersw together with the large range of scattering angles
ing helium gas to prevent the absorption of water. For theallows the measurement of the dynamical structure factor
DUALSPEC experiment, the sample was wired to an alumi-S(Q,w) over the scattering surface, which is a two-
num plate and placed inside an aluminum can such that ndimensional subspace 0Q¢, Q., ), where bothQ, and
sealant could cause extraneous scattering of neutrons. Q. lie in the scattering plane. The scattering surface may
The measurements with the DUALSPEC triple-axis specthen be projected down onto th€(,») plane and scans
trometer were performed at 6 K. The sample was mountewvith a constant energy transfer or a wave-vector transfer
in a cryostat with its K hl) crystallographic plane in the hori- along the chain can be obtained by binning the data appro-
zontal scattering plane. The scattered neutron energy was gatiately. These scans will henceforth be called constant-
to 14.51 meV. A graphite filter was used to absorb theand constan®. scans, respectively. In our case, because

chopper

detectors

d?c

dQde
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oo : ! FIG. 5. Excitation energy as a function of wave-vector transfer
"o 2 4 6 8 10 Q. along the chain. The solid line is a fit to the excitation energy as
Energy Transfer E (meV) described in the text. Left inset: Lorentzian half widthas a func-

tion of wave-vector transfe®. along the chain. Right inset: wave-
FIG. 4. Neutron scattering intensity at 6.2 K as a function of vector transfer alon§Q,,Q,,0] and Q. calculated from the fitted
energy transfer for three different wave-vector transfggsalong  energy transfer an@. .
the chain. The data were measured using the central detector bank

of the MARI time-of-flight spectrometer ano! the wave-vector rangesng convoluted with the line shape of the quasielastic inco-
sampled for eachQ. in =0.025. The incident energ; was  parent scattering, which is a good estimate of the resolution
30 meV. The tail at lower energies of the well-defined exc'tat'onS%articularly at low-energy transfers. HeeQ) is the disper-

is due to the asymmetric incident beam line shape. The solid line ig. : - . . .
J’_ -
a fit as described in the text and the dotted line shows the onset Q on relation[ is the excitation widthn(w) +1 is the popu

the two-magnon continuum as predicted by theol atlo_n factor, w is the neutron energy transfer, aidis a
scaling constant. For the excitations close Qg=1, we

found that a Lorentzian line shape gave fits with consistently
Slower sum of discrepancieg? than for an antisymmetrized
Gaussian cross section, in agreement with our measurements
obtained using the RITA spectrometéf! The fits give a
good description of the magnetic excitation spectra including

CsNICkL is a 1D magnet and the interchain dispersion i
sufficiently small, S(Q.,w) mainly reflects the excitation
spectrum of the spin chains.

IV. EXPERIMENTAL RESULTS the tail at lower energies of the well-defined excitations
A. Haldane excitations which is due to the asymmetric incident beam line shape
] ] _ (Fig. 4 and 6.
The quantum-disordered magnetic phase of CsN&tI Fits were performed to obtain the intensity, the frequency,

temperatures between 6.2 and 12 K was studied for a widgnd the width of the well-defined excitations. An energy-
wave-vector and energy range using the MARI time-of-flightindependent background increasing with the wave-vector
spectrometer. Figure 4 shows three cons@gtscans at transferQ, along the chain was chosen such that the scatter-
6.2 K obtained using the binning procedure describedng at high-energy transfers matches the scattering at low
above. Only data measured in the central detector bank aghergies below the well-defined excitation. The excitation
shown in Fig. 4. This is because at low scattering angles thgnergy and width are shown in Fig. 5. The data @
two side detector banks are, as mentioned, considerably out] 6 were not analyzed due to their contamination with
of the vertical scattering plane and so the dynamic structurghonons. The maximum of the dispersion is 6.19(9) meV,
factor S(Q,(l)) is different for the three detector banks. in agreement with previous measuremegnmd the excita-
The data are treated as if there was a well-defined excitajon energy atQ.=1 is 1.59(5) meV.
tiOI’I and some extra Scatterﬁ']gut the da.ta COUId a|SO be The Observed dispersion of a Sing'e AF Spin_l Chain iS
interpreted as a continuum with a well-defined onset at thgyften written phenomenologically s
low-energy boundary. The well-defined excitation has the
most intensity at the AF poir®.= 1, which corresponds to a
7 phase difference between the Ni spins along the chains. w(Qg) = \/A2+v25in2(Q W)+a200§(%77) (4)
The intensity decreases towar@=0.5, but it is visible ¢ s ¢ 27
down toQ.=0.2. The scattering was fitted with an antisym-

metrized Lorentzian form weighted by the Bose factor whereA is the Haldane gapy; is the spin velocity, andy
determines the asymmetry of the dispersion atigut 0.5.
S(Qw)=A[n(w)+1] For a two-particle gap of & as Q.—0 one would expect

I I a=/3A. Because the chains are coupled in CshliGhe
_ 3) excitations have a dispersion perpendicular to the chain di-
[0—e(Q)?+T? [w+e(Q)]?+T? rection. The coupling of the chains can be taken into account
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FIG. 6. Neutron scattering intensity as a function of energy kg 7. Neutron scattering intensity &= (0.81,0.81,1)(solid
transfer forQ.=0.25 andQ.=0.75. The energy of the excitation at ¢jicleg as a function of energy transfer measured using the
Qc=0.25is clearly higher than &.=0.75. Inset: The solid circles  pyALSPEC triple-axis spectrometer. The scattering intensity be-
represent the excitation energy fQ;>0.5 (bottom axi$ and the |5,y 3 meV is shown 20 times reduced. The scatteringQat
open circles data foR.<0.5 (top axis, both corrected for th®.  —(0.81,0.81,0.5) is shown for comparistwpen circles The solid

dependence of the dispersion. Hence the dispersion is not periodig, gashed line are fits to the measured spectra as explained in the
aboutQ.=0.5. The tail at lower energies of the well-defined exci- oyt

tations is due to the asymmetric incident beam line shape.

in a random phase approximatiéRPA) and the dispersion (Ref. 26_3 and _its nonzero value refl_ects the asymmetry of the
relation can be written 3% dispersion with respect to reflection &.=0.5 as would
occur for a simple antiferromagnet. Figure 6 shows the
0*(Q)=0(Q)[w(Qx)+23(Q4,Qp)-S(Q)]. (5 asymmetry aboutQ.=0.5 as measured using the MARI
S(Q) is the static structure factor aldd(Q,,Qy) is the Fou- spe_cgozrgetera Thi (f)lg%re CO(T Ftﬁ res tW? tt_equwalegtos;:;ms at
rier transform of the exchange interaction perpendicular to¢_ . 5> 2" Qc=0.75, and the excitation aQ.=0.
. : : clearly has a lower energy than the ongt=0.25. Due to
the chain axis. The Fourier transforin(Q,,Q,) along the he d d f 1h o aht i £ Fi
reciprocal[1,1,0] direction, which is of relevance for the the depen ence o the excitations Qg (right inset of Fig. .
resent ex éri,ment s ivén b 5), the energy difference between the two observed excita-
P P 159 y tions is increased compared with what would have been ob-
J'(Q4,Q4)=J'[4 cog27Q,) +2 cog47Q,)],  (6) servgd for an isolated spin-1 cham. We applleq the correction
_ _ for this Q, dependence of the dispersion by using &jand
and vanishes foQ,=0.19. The static structure factor falls he Q, dependence of the excitatiorfinset of Fig. 5 to
rapidly as|Q.—1| increases, weakening the effect of the extract the dispersion of an uncoupled chain. The 3D cor-
interchain exchange interaction on the dispersion. rected dispersion is shown in the inset of Fig. 6 showing that

The solid line in Fig. 5 corresponds to a fit of E§) o the energy of the excitation towar@ =0 is clearly higher
the observed dispersion during whidh was kept fixed so  than toward€Q,.=1.

that w(%,2,1)=0.4 meV’ The fitted parameters ard The Q. dependence of the excitation wid¢Rig. 5 sug-
=1.24(4) me\=0.54(2)), vs=5.70(7) me\=2.50(3)J, gests a crossover from a one-particle dispersion Qgr
anda=2.5(3) me\=1.1(1}0J=2.0A. >0.5 to a two-particle continuum with a corresponding in-

A is consistent with our previous measuremé&hsnd is  creased excitation width fa@.<0.5. The crossover from a
higher than the gap energy of 1.14 meV calculated for theone-particle to a two-particle response has also been ob-
nonlinearoc modef® (NLoM) which includes the tempera- served by Zaliznyaket al?® at 1.5 K in the 3D ordered
ture renormalization at 6.2 K. This is possibly due to anphase. In their experiment the increase in width is clearer
additional upward renormalization of the gap energy causebtiecause the thermal broadening of the one-particle peaks is
by the coupling of the spin chaif& The observed energy at much less. In both experiments the broadened peaks are cen-
Q.=1, w=1.59(5) meV, is higher than because it cor- tered at energies lower than the onset of the two-particle
responds to an excitation with a different wave-vector transcontinuum for noninteracting chainig. 5. Possibly this is
fer perpendicular to the chain axis. For weakly coupled spirbecause of the 3D interchain coupling which at 1.5 and
chains A can be directly measured #=(0.19,0.19,1) 6.2 K gives considerable dispersion to the excitation ener-
where the Fourier transform of the interchain coupling van-gies forQ.=1 asQ, varies. This could decrease the two-
ishes. In this experiment, however, the gap excitation coulgbarticle onset energy.
only be sampled aQ=(0.16,0.16,1) as shown in the right
inset of Fig. 5, and here the excitation energy is higher.

The spin velocityv is in excellent agreement with nu-
merical results predicting=2.51.24?° ¢ is consistent with Figure 7 shows two constafi-scans measured using the
previous results obtained for NENfRef. 4 and CsNiC} = DUALSPEC triple-axis spectrometer at the Chalk River

B. Continuum scattering

024407-5
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1.25

' , ' with the line shape of the quasielastic incoherent scattering
® 065<Q.<0.75 peak, which should give a good account of the energy reso-
T-6.2K lution at low-energy transfers. A Voigt function, which is a

E=30meV | convolution of a Lorentzian with a Gaussian function, is

needed to account for the extra energy width resulting from

the wide wave-vector resolutioAQ.=0.1. The fits give a

good account of the well-defined excitatioffsg. 8), but do

not account for the scattering at higher energies associated

with the multiparticle continuum. FofQ.)=1, the scatter-

ing extends up to about 12 meV. The scattering{@t)

0.25 | =0.8 and(Q.)=0.7 extends to slightly lower-energy trans-

0.00 i fers, indicating a decreasing upper energy boundary of the

1555 continuum with increasingQ.— 1|.

ors| | V20 In order to confirm that the extra scattering is not a reso-
lution artifact, a series of tests using a spectrometer simula-

0807 tion program available at ISIS were made to investigate

0251 : whether the continuum above the well-defined excitations

0.00 : ; ; could result from the convolution of the neutron resolution

function with the single-mode dispersion. The program takes

into account the spectrometer parameters—the detailed pulse

FIG. 8. Neutron scattering spectrum at 6.2 K for various Wave-IIne s_hape, the chopper characteristics, thg position and .d"
vector transfers. The peak intensities are scaled to fit onto the grap 1ensions of the dete(?tors’ etc.—and predmps the scattering
The lower solid lines are fits to the peak data and the upper line i ne shapg for a particular samplg Of'e’.“a“on and model
a guide to the eye enclosing the shaded area of the continuuffOSS section. The results of this simulation reproduced the

scattering. The data were obtained on the MARI spectrometer wit easured line Sha.pe of the. qanielaStiC incoherent scattering
E. =30 meV and of the well-defined excitations, and showed that none of
i .

the scattering at higher energies could arise from the tail of
the resolution function.

Laboratories and compares the scattering at the AF [int Wg a_Isfcl) inveséigbated whether the scatt)terirrl]g continl&um
_ - _ can be influenced by neutron scattering by phonons. Mea-
(0.81,0.81,1) with that aQ=(0.81,0.81,0.5), both at surements were performed at 8, 12, and 200 K, with an in-

=6 K. For Q;.=1 new data with the sample mounted so >, -~ : o
that no hydrogenous material was in the beam are presente(a.dent energy of;=20 meV and with the 1D axis oriented

The data are corrected for neutron absorption. This was do’?erpendlcular o the incident neutron beam direction. The
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by measuring the quasielastic scattering when the samp cattering.inte.nsity, nor_malized to the incident beam monitor,
S shown in Fig. 9 at different temperatures.
presented Fhe same angles to the incident and scattered Above 5 meV, the intensity of the continuum scattering
beams as in the consta@tscans. AtQ.=0.5, where the joes not change between 6 and 12(Fg. 13. We then
dispersion of the well-defined excitation has a maximum, theyyeraged the spectra at 8 and 12 K to obtain better statistics
scattering intensity below and above the sharp excitation ig¢ high energy transfers fofT)=10 K. This leads to an
considerably lower than the intensity@t=1, and it gives a  artificial broadening of the well-defined excitations, and so
good measure of the nonmagnetic background. The excesige averaged data at low-energy transfers were not analyzed
scattering aQ.=1 at energies above the single-particle ex-in detail.
citation is the continuum scattering. The upper panel in Fig. 9 compares the neutron scattering
The well-defined excitation a=(0.81,0.81,1) is well intensity atQ.=1 measured with MARI in the quantum dis-
described by an antisymmetrized Lorentzian weighted by therdered phase &T)=10 K (8-12 K) with that measured
Bose factor and convoluted with the resolution ellipsoidat 200 K. The lower panel of Fig. 9 shows the imaginary
given by Cooper and NathaRsbut it does not account for part of the generalized susceptibilify’(Q.=1,0) = S(Q.
the continuum scattering. After subtracting phonon scattering= 1,0)/[ n(w) + 1] obtained from the dynamic structure fac-
near 10 meV, which was estimated from measurements dor. Yet at 200 K,x"(Q.=1,0) is clearly less than afT)
large wave vectors, the integrated continuum intensity is=10 K for all energy transfers, apart from a sharp peak at
9(2)% of thetotal intensity atQ=(0.81,0.81,1), consistent 11.5 meV which can be associated with a single-phonon ex-
with the previous estimate of {2)% ° citation. It is not present in the measurements with incident
The wave-vector dependence of the multiparticle conenergy E;=30 meV which sampled a different scattering
tinuum on Q. was measured at 6.2 K using the time-of- surface. If the continuum scattering between 5 and 12 meV
flight spectrometer MARI. Three consta@t: scans a{Q.)  for (T)=10 K were due to neutron scattering by phonons,
=0.7,(Q.)=0.8, and(Q.)=1 shown in Fig. 8 confirm that x"(m,») would be comparable at 200 K. The fact that it
for energies higher than the energy of the well-defined excidecreases greatly shows that the slowly decreasing scattering
tation, a slowly decreasing intensity is observed for all threéntensity above the Haldane mode is magnetic and not pho-
wave-vector transfers. non scattering. AtT=200 K, x"(Q.=1,w) has a broad
The observed spectra were fitted by an antisymmetrizegeak at~5 meV, as we will discuss in a forthcoming
Voigt function weighted by the Bose factor and convolutedpublication?* This broad peak is absent at low temperatures
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> | FIG. 10. Neutron scattering intensity B&=6.2 K as a function

of wave-vector transfer along the chaiQ., and integrated be-
tween 8 and 12 meV\jsolid circles and integrated between 12 and
16 meV(open circles Lines are guides to the eye. The data were
measured in all three detector banks of the MARI spectrometer with
Energy (meV) an incident energ¥; =30 meV.

FIG. 9. Upper panel: neutron scattering spectrun@gt1, at  netic scattering from the well-defined excitation was not in-
the average off=8 and 12 K(solid circleg and atT=200 K  cluded in the integration, while the results fdfw)
(open circles The intensity was integrated for @Q.<1.1. The =14 meV are a measure of the background.
data were measured using the MARI spectrometer &hd Figure 10 shows that for wave-vector transfers<O0@.
=20 meV. Lower panel: the imaginary part of the magnetic sus-—1 4, the scattering intensity fafw)=10 meV is higher
ceptibility x"(mw) as a function of energy transfer for the nan for(w)=14 meV. The fact that the additional scatter-
quantum-disordered phase at low temperatures and in the highyq s |ocated around the AF zone center is further evidence
temperature limit. The gray solid circles §how the packground eStifor its magnetic origin.

;nC?itsg dfri?]Tht:feigatte”ng detected at high scattering angles as de- The energy-integrated intensity of the multiparticle states
' for 0.5<Q.<1 is shown in Fig. 11 as a fraction of the total

when only low-energy magnetic excitations are thermally acScattering intensity &@.=1 at the 1D point (0.81,0.81,1). It
tivated andy”(,®) is dominated by the slightly-broadened Was determined numerically from the measured intensity af-
Haldane gap mode. ter the mtegre}ted intensity of the well—deflned. excitation was

An estimate of the nonmagnetic background was also Obsybtracted. F|gu_re 11 show; that th_e energy-integrated inten-
tained from the scattering observed in detectors at high scafty Of the continuum has its maximum &.=1 and ap-
tering angles ® for which the wave-vector transfé@)| is  Proaches zero forQ.=0.5. The integrated intensity is
large, and the magnetic form factor is low so that the specSmaller neaQ.=0.5 partly because the range of energies for
trum is dominated by the phonon scattering which is proporyvhlch the multiparticle continuum can be observed gets
tional to| Q|2 or |Q|*.2 The nonmagnetic background for the Smaller as the momentum decreases.
low-angle scans was estimated by scaling the high-angle in-
tensity as|Q|?. The background that is independent| & o012}
was estimated from the energy gain side of the spectrum at
low temperatures. The estimate for the background including
coherent and incoherent multi-phonon scattering is shown in
Fig. 9 as gray solid circles. This estimate does not include
scattering from well-defined single phonon excitations. As-
suming that the whole intensity at high scattering angles
scales witH Q|2 or that part of the scattering scales wi@|*
leads to a yet smaller background. The estimated nonmag- 002 |
netic background scattering accounts only for a small frac-
tion of the observed scattering @.=1 up to 12 meV and 0.00
substantiates the magnetic origin of the observed continuum.

The momentum dependence of the continuum shows a

broad maximum a@.= 1. Figure 10 compares two constant-  F|G. 11. Energy-integrated continuum scattering a6.2 K as

o scans fo{w)=10 meV and fokw)=14 meV; the latter  a fraction of the integrated intensity at (0.81,0.81,1) and as a func-
can be taken as the background. The consianita were tion of wave-vector transfe®, along the chain. The data is cor-
obtained by integrating the intensity between 8 and 12 me\fected for the magnetic form factor. The solid line is a guide to the
and between 12 and 16 meV, respectively. Thus the mageye.

CsNiCI, T=6.2K
0101 E~30mev
0.08
0.06 |

0.04

loont/ 1{0.81,0.81,1)

0.5 0.6 0.7 0.8 0.9 1.0
Q, (rl.u.)
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FIG. 12. F(Q.) = fdw o S(Q,w) atT=6.2 K as a function of FIG. 13. Neutron scattering intensity as a function of energy

the wave-vector transfe®. along the chain. Solid circles show transfer for wave-vector transfer with &®@Q.<1.1 at 6.2 and
F(Q.) calculated numerically from the observed spectra; opent2 K. The peak from the Haldane gap mode is shown with its
circles represenk(Q.) of the well-defined excitations. The solid intensity reduced by a factor of 10. The lines are fits of a Lorentzian
line is the result of the Hohenberg-Brinkman sum rule. function to the observed intensity at 6 (dashed lingand 12 K
(solid line).

Sum rule A further test of the magnetic nature of the
continuum scattering is provided by the Hohenberg-hy the Bose factor describes the well-defined excitations
Brinkman first-moment sum rule. The first energy momentyell, but the fits cannot account for the scattering at higher
F(Qo)=Jdw w S(Q.,w) of 1D magnets with nearest- energies(Fig. 13. At both T=6.2 and 12 K the multipar-
neighbor exchange interaction is given Hy(Q:)=[1 ticle scattering extends up to about 12 meV. Between 6.2
—cos(mQ,)].*° This relation is valid even in the presence of aand 12 K the multiparticle scattering is largely independent
weak interchain coupling constaiitThe first energy mo- of temperature and the scattered intensity between 5 and
mentF(Q.) was determined from the observed spectra aften2 meV energy transfer is the same at both temperatures.
subtracting a flat background and correcting for the magnetighis result was used earlfeto average the two data sets to
form factor. The contribution from the well-defined excita- produce a color plot with increased statistics.
tion is shown in Fig. 12 as open circles and from the total The upward renormalization of the excitation energy and
scattering by the solid circles. The solid line is the predictionthe broadening of the excitation with increasing temperature
of the Hohenberg-Brinkman sum rule which predicts that thencreases the scattering at higher energy transfers as the tem-
first moment doubles betwe€p=0.5 andQ.=1. Itis clear  perature is increased. Much above 12 K the multiparticle
that the observed spectrum is consistent with the sum rulgstates cannot be distinguished unambiguously from the
while F(Q.) determined from the well-defined excitations broadened single particle excitatiété
alone is not. This result confirms that the multiparticle con-
tinuum is magnetic, that the single-mode approximation ]
fails, and that the presence of the continuum is required to C. Correlation length
fulfill the sum rule. The instantaneous structure factoifat 6.2 K for the 1D

The presence of the high-energy continuum has importanghain,S(Q,), is shown in Fig. 14. It was determined experi-
consequences for the static structure fad(@.). Because mentally by integrating the scattering observed with the
scattering at higher energies enters the first moment with 81ARI spectrometer over both the well-defined excitations
higher weight than low-energy scatterirg{Q.) is smaller if  and the continuum scattering. The background scattering was
high-energy excitations are present. Since the continuum isubtracted, the remaining scattering corrected for the mag-
most intense foQ.=1 and lower for increasing).— 1|, the  netic form factor dependence and then integrated numeri-
width of S(Q.) as a function ofQ. is expected to increase cally up to energy transfers of 12 meV to gi®Q). In the
around Q.=1, corresponding to a reduced correlationexperiment the intensity was measured close to but not ex-
length. This is what we have indeed obserysele latey. actly at the noninteracting wave vect@nset in Fig. 5. The

Temperature dependenckhe temperature dependence of structure factor of the independent chain was obtained from
the multiparticle continuum was investigated between 6.25(Q) by assuming as for antiferromagnets that the integrated
and 12 K. Figure 13 compares the scattering intensity aintensity of the excitations close to the AF point is propor-
Q.=1 for 6.2 and 12 K. The two spectra were measured irtional to 1(Q) and the 1D structure factor is given by
the same configuration, with the incident enerdy
=30 meV and the axis perpendicular to the incident neu- Q)
tron beam direction. At the higher temperature, the well- S(Q.) = @
defined excitation has a higher energy and becomes wider, ®(Qc)
consistent with our previous triple-axis measureméhhe
model of the antisymmetrized Lorentzian function weightedwherew(Q.) and w(Q) are given by Eqs(4) and (5).

S(Q). )
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*r ' . ' ' o2+ a?/4
®I' CsNiCl, T=6.2K ] £= A ' (12
30t g
) E=30meV In Eq. (11) we neglect a small logarithmic term necessary to
5 % I conserve the total spin. When our experimental values, of
g 20 . a andA are inserted we expeét=4.8(2).
= The square-root Lorentzian gives a better description of
g ®f the data in Fig. 14 than the Lorentzian, K§). After convo-
Dol 1 luting Eq.(11) with a Gaussian to take account of the wave-
sl 70 q\. | vector range sampled for eadD. and fitting to the data
M between 0.ZQ.<1.3, we findé=4.0(2) sites and if the 3D

0 correction, Eq.(7), is neglected 3.0(2) sites. The value of
4.0(2) is less thag=5 from numerical calculations for iso-
lated chains! It is also less than the value of 4.8(2) deduced
FIG. 14. Static from factoB(Q.), for the wave-vector transfer from the parameters of the We"',deﬁned_eXCitations’ indiclat'
Q. along the chain as a function of energy transfefat6.2 K. N9 that the ;lngle-mode approximation is n'ot entirely valid.
The open circles represent data measured at negative wave-vectbf€ correlation length deduced from E@41) is shorter be-
transferQ, and reflected aD,=0. The solid line is a fit to the data, cause of the presence of the continuum, which depresses
based on Eq(12), as explained in the text. S(Q¢) nearQ.=1 as may be seen from the first-moment
sum rule. Qualitatively the continuum excitations at high en-

If the correlations along the chains decay exponentially, agrgy contribute less t§(Q.) than would a spectrum that was

0.25 0.50 0.75 1.00 125 1.50 175

Q, (rlu.)

for a 1D Ising model, the structure factor is given by entirely confined to low-energy excitations.
The observed value gf at 6.2 K is much lower than the
sinh(& %) result reported by Zaliznyalet al® This is because their
S(Q.) =5 1 , (8) measurements were performed with wave vectors close to
cost§, *) +cogmQ,) the minimum of the excitation energy atQoer

=(0.33,0.33,1). Consequently, the results are strongly influ-
enced by 3D effects because the correlation length measured
at this wave vector diverges at the 3D ordering temperature
Ty - Those results cannot therefore be compared with the
correlation length of isolated quantum chains. Furthermore,
2§, 9) Zaliznyaket al® performed the energy integration only up to
1+ 72(Q.— 1)2§|2' energy transfers of 1.6 meV and our results show that there
is appreciable scattering at higher-energy transfers. This ef-
When this function is convoluted with a Gaussian to takefect and their chosen wave-vector transfer both give rise to a
account of the wave-vector range sampled along the chailarger correlation length that that observed in our experi-
direction and fitted to th&(Q.) shown in Fig. 14, the cor- ment.
relation length obtained is 2.2(2) spins. It would be only

where the correlation lengtf) is measured in spin step#2
along the chain. Iff&>1 and|Q.—1|<1, then this can be
approximately written as a Lorentzian

S(Q¢)=

1.9(1) spins if the 3D correction, Eq7), is neglected be- V. DISCUSSION
cause the data ne&.=1 were taken foIQ,<0.19 where
S(Q) is suppressed. With improved measurements of the gapped quantum-

The theory of the structure factor 81 linear chains is  disordered spin system CsNiCat 6.2 K we have mapped
usually formulated using the single-mode approximation inout the behavior of weakly coupled spin-1 chains. We find
which it is assumed that all the spectral weight resides in 41) that the Haldane excitations have a spin veloaity

mode whose energy coincides with the first momet®,) =5.70(7) me\=2.5 J—in excellent agreement with field
of the Hohenberg-Brinkman sum rig: theory’” and numerical calculatioAs®*!33%4_(2) that the
single-chain correlation length is shorter than that of isolated
4 (H) (1—cosmQ,) chains, and?3) that the observed multiparticle continuum at
sM(Qo)=—3 1 . (100 the AF point carries about {2)% of thetotal scattering.
ho™(Qc) This confirms previous experimental resfilthat the con-

where(H)/L is the ground-state energy per spin. Using Eq_tinuum is much larger than expected theoretically.
(4) for w(Q.), S(Q.) near Q.=1 is proportional to a

square-root Lorentzian A. Continuum
: Multi-particle continua for AF wave vectors have been
redicted forT=0 K in the framework of the NiM and
Sem(Qc) = (1D P

Vi+72(Q.—1)2- &' numerical techniques. In the framework of the W the
continuum consists of three-particle states whose dynamic
where we expect structure factor has a energy gap af3and a pronounced
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maximum in its intensity at~-6A, (A, is the Haldane gap C. Correlation length

energy at zero temperatl)%v_% Its continuum integrated in- hg single-chain correlation lengéhhas been determined

tensity from 3\, up to 2@\, is only a tiny fraction, 1%, of 4 phe £—4.0(2), which is considerably shorter thag5

the total scattering aQ.=1, even if the coupling of the ,ptained from quantum Monte Carlo calculations for finite

magnetic chains are taken into account in a RPA. chains afT=0.25=6.2 K Since the measurements of
The diagonalization of the quantum eigenstates of gere made close to the noninteracting wave vecey,

spin-1 chain withN=20 sites predicts that &.=1 the  _q g1 they should give the correlation length of isolated

Haldane excitation carries 97% of the total scattefinigav- chains. Nevertheless, the discrepancy may arise if the RPA

ing no more than 3% of the scattering weight to contribute to pproximation, Eq(5), does not remove all of the 3D effects
continuum scattering. More precise results can be obtaine dequately. ' '

'Lll'ilgge i:ha?cﬂ:gilrté S?gw):h;?%ggqa‘gzt%téoﬂa?drggg eTg:Z?d' The ground state of an isolated chain has a hidden string

tion in a spin-1 chain wittN =256 sites carries 97(%)% of orde_r. It i§ composeql of states S.UCh |as—_ +—0+00-0

the total tteri — 138 predicting th t.l (24 +) in which the antiferromagnetic ordering is maintained
e total scattering aQ.=1," predicting thus at least 2. across intervening zerdsg=0) sites. Possibly this order is

times more sgaﬁtering than the NIM. This.discrepancy is_ destroyed more effectively by 3D interactions than is pre-
not very surprising because the three-particle states at h'ghafcted by the RPA

energies involve excitations far away from the AF wave vec-

torltwhere the field theory is known not to give accurate re'Iargely due to the low spin and low dimensionality. The fluc-
su C?I | f the theori lai b d tuations may further be enhanced, and the correlation length
early none ot the theories can explain our observe reEiecreased, if there are frustrated interactions. In CsNiCl

0 : X
tsﬁltttohf 12 A;t_corlfur:uum ts_catterln%. we é:qnccl:ude_ G;heretzfore[here are two possibilities for frustrated interactions. First,
at the multiparticle continuum observed in CsNi@ no the chains are arranged on a hexagonal lattice, so there are

in accordance with theoretical results for an isolated AFbound to be frustrated interactions between the chains ar-

spin-1 Heisenberg chain with nearest-neighbor interactions Ei‘Emged at the corners of the triangle. A second possibility is
T=0 K. that the interchain interactions may be between not only
spins in the same basal plane but also between spins in the
neighboring chains that are atc/2 along the chain&t If
these interactions are also strong and antiferromagnetic, as
Other models for AF spin-1 chains assume that the spinmight be the case for superexchange interactions, then even
also interact via biquadratic exchanges. Biquadratic spin inthe interactions between pairs of chains are at least partially
teractions are thought to be small in most materials, but thefrustrated.
cannot be ruled ow priori. The Hamiltonian for these mod- Further theoretical work is needed to understand whether
els can be written as these multiply frustrated interchain interactions are respon-
sible for the shortened correlation length as well as the asso-
. ciated upward renormalization of the Haldane Yapr
chain whether the effects result from a failure of the RPA.

H=J2i S-Si1+b(S-S:1)2 (13

The strong quantum fluctuations 8+ 1 linear chains are

B. Comparison to Majorana fermion theory

D. Origin of the continuum

This Hamiltonian can be exactly solved for=—1 (Arme- We first compare with a material with smaller 3D interac-
nian poin} and forb=1/3 which is the valence-bond solid tions. Ni(GHgN,),NO,CIO, (NENP) is a AF spin-1 chain
(VBS). It has been shown numerically that the energy gap obystem in which the interchain couplings are not frustrated
this Hamiltonian is nonzero for 1<b<<1 with a maximum and much smaller than in CsNiClbut a large single-site
at b=0.41%° Close to the Armenian point, the spin system anisotropy splits the three Haldane excitations into two dis-
can be treated in the framework of Tsvelik's Majorana fer-tinct excitations'?> For NENP at 0.3 K the ratio of the first
mion theory?® which is a low-energy field theory for linear moment at the AF point and at the maximum of the disper-
spin-1 chains. This theory predicts that the multiparticle scatsion isR=F(1)/F(0.5)~1.8(3) for the weighted average of
tering states carry 17% of the intensity@¢=1 for b close  the doublet and singlet excitations if data published by Ma
to —1.3 et al* are used for the calculations, and this is in agreement
A strong biquadratic termb(=1) not only increases the with the theoretical value 2°> Neglecting the multiparticle
spectral weight of the multi-particle continuum it also re- continuum in CsNiG this same calculation yieldR
duces the energy gabin the excitation spectrum to zero. =1.2(2).This shows that in contrast to CsNiCkhe sharp
This is not in accordance with the facts. In CsNiGhe excitations in NENP are enough to fulfill the Hohenberg-
single-chain gap\ at 6.2 K is higher than expected from the Brinkman sum rule and no magnetic weight is expected at
bilinear exchangel. This suggests that biquadratic interac- higher energy transfers as in CsNjGit 6.2 K. Any con-
tions are weak and that the observed magnetic multiparticlénuum would be hard to observe even in highly deuterated
continuum cannot be explained by the Majorana fermiolNENP because of residual hydrogen scattering. Because
theory. NENP has weaker 3D interactions, this comparison suggests
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FIG. 16. Measured scattering intensity of CsNi@t (Q.)=1
FIG. 15. Left panel: scattering intensity observed in Cshi@l and atT=6.2 K as a function of energy transfer. The solid line is
T=6.2 K as a function of wave-vector transf€, and energy the scattering intensity expected from a spin-1/2 chain according to
transfer on a logarithmic scale. The data were measured with athe Muler ansatz.

incident energyE;=30 meV. Data measured in detectors at high ) ) )

scattering angles are not shown. Right panel: scattering intensityh0sen to match the maximum of the single-particle disper-

expected for a spin-1/2 chain according to théllsuansatz as a Sion in CsNiC} for direct comparison of the two excitation

function of wave-vector transfer and energy trangferunits of J) ~ spectra. The experimentally observed integrated intensity

(Ref. 43. The energy axis of the Mier ansatz was scaled so that l=[dQ.fdw S(Q.,w) of CsNiCk with S=1 was set

the lower bound of the two-spinon continuum matches the maxiequal to S(S+1)=2. The intensity of the Miler ansatz,

mum of the single-particle dispersion in CsNjCI which is valid for chains withS=1/2, was scaled to &S
+1)=1.5 (the factor of 2 accounts for the spin-1/2 compo-

that interchain interactions may be responsible for generatingents per Ni* site arising from the two holes in thiéshell

the continuum observed in CsNiCl of the N#* ion).

We speculate that the multiparticle continuum is gener- The two excitation spectra in Fig. 15 have obvious simi-
ated by the AF coupling of the spin-1 chains and multiply larities: the multiparticle continuum extends to approxi-
frustrated interchain interactions might be decisive for themately 12 meV, which is twice the maximum of the one-
size of the effect. A shortened AF correlation length—due toparticle energy, and the upper boundary of the continuum
a frustration-induced  enhancement of quantumdecreases with increasing distance from the AF point. Both
fluctuations—has two main effects on the dynamic structureontinuum spectra can be described with a lower boundary
factor atQ.= 1. First, it leads to an additional upward renor- @min= warzg|SiN@Q.m)| (the experiment could not establish
malization of the gap energy which is proportional t@ 1/ whether the continuum scattering is gapped o @otd an
[see Eq(12)]. Second, a decreased correlation length resultsipper boundary @ .= warzeSiNQc7/2), where warzg
in a reduced structure fact&Q.=1) because the total scat- =6 meV. Qualitatively the continuum spectrum found in
tering must be constarfiEq. (11)]. Additionally there is CsNiCk has similar features to the continuum found in AF
strong evidence that the absolute value &(Q  S=1/2 chains.
=(0.81,0.81,1) at low temperatures is smaller than that of  The intensity of the continuum in a spin-1/2 chain is much
isolated chains by at least 26If only a well-defined mode stronger than that in CsNigl This is shown in Fig. 16,
existed, it would have to increase its energyt=1 by a  which compares the scattering @.=1 as a function of
factor of 1.6 to satisfy the first-moment sum rule of Hohen-energy transfer for CsNigland for a spin-1/2 chain. The
berg and BrinkmaR® However, the Haldane energy is only lines of equal intensity are also different in the two cases
20% higher relative to an uncoupled chain and so the in{Fig. 15. At 7 meV, as an example, the intensity in CsNiCl
crease of Haldane energy is insufficient to compensate fas constant, while it has a clear minimum @t=1 for the
the loss of intensity. Thenly way for the system to comply Muller ansatz.
with the sum rule is to create a scattering continuum at high We conclude that the intensity and the wave-vector de-
energies, as we find it does. This is evidence that the okpendence of the observed continuum suggests that a small
served continuum in CsNigls correlated with an enhance- amount of spin-1/2 degrees of freedom are generated in
ment of quantum fluctuations due to multiply frustrated 3DCsNiCk, possibly by multiply frustrated interchain interac-
spin correlations. tions. In analogy to the excitations in a spin-1/2 chain, the
excitations in CsNiGl may therefore also be described by a
single spectral function containing a sharp onset and a con-
tinuum at higher energies. We found that the spectral func-

Figure 15 compares the observed intensity at 6.2left  tions given by field theoAf are indeed able to describe both
pane) with the scattering expected for an AF spin-1/2 chainthe well-defined excitation and the multiparticle continuum
based on the Mier ansat?® (right pane). The peak of the close to the AF point if the critical exponents are adjusted,
lower energy boundary of the two-spinon continuum wassuggesting that the well-defined excitation is an onset of a

E. Similarity to the two-spinon continuum of spin-1/2 chains
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scattering continuum. More theoretical work is needed taheoretical models and numerical techniques for AF spin-1
clarify the spectral function and its dependence on the 3[xhains with nearest-neighbor exchange interaction. The ob-
interactions as the likely source of the multiparticle states. served multiparticle continuum resembles the two-spinon
continuum of AF spin-1/2 chains, but its intensity is weaker.

VI. CONCLUSIONS This suggests the presence of spin-1/2 degrees of freedom in

the quantum-disordered phase just above the ordering tem-

In summary, the excitation spectrum of CsNj@ls been perature, possibly generated by competing interactions due
measured between 6.2 and 12 K. The results confirm tha} the 3D AF interactions.

the spin system is in a quantum-disordered phase and the

excitation spectrum has its fulR.=2 periodicity. The
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