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Spin dynamics in S53/2 one-dimensional Heisenberg antiferromagnets CsVCl3 and CsVBr3
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The spin dynamics inS53/2, one-dimensional~1D! Heisenberg antiferromagnets, CsVCl3 and CsVBr3,
was investigated using inelastic neutron scattering. The magnetic excitations were measured at temperatures
above the three-dimensional ordering temperature in order to discuss the 1D properties in the present systems.
We report on the spin dynamics at low temperatures and its temperature~T! dependence. From the observed
dispersion relation, using the renormalization constant calculated from the quantum Monte Carlo method, we
obtained the exchange constant~J! in good agreement with those taken from bulk-susceptibility measurements.
The observed structure factor was well described by that calculated from the parameters describing the dis-
persion relation. The energy width~G! was independent of the 1D momentum transfer~q! at large energy
transfers, however, itsq dependence exhibits the minimum at the magnetic zone center. The parameters
describing the energy scale in the spin dynamics at lowT were found to be scaled byJ. We also investigated
the T dependence of the spin dynamics:G(T) can be scaled byJ, G(T) at T.J is proportional toT as
predicted by classical theory but atT.J, G decreases with decreasingT and becomes finite. On the other hand,
we found thatk(T) is proportional toT at anyT. The scaling byJ in the dynamics at lowT as well asG(T)
suggests that the observed spin dynamics is of 1D origin. We conclude that the spin dynamics at high
temperaturesT.J, is well described by classical theory, however, at low temperaturesT,J, the finite width
indicates some quantum fluctuations. Therefore, we observed the crossover from the quantum state at lowT to
the classical state at highT in S53/2 systems.@S0163-1829~99!00521-4#
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I. INTRODUCTION

The spin dynamics in one-dimensional~1D! Heisenberg
antiferromagnetic systems is understood to be strongly
pendent on the spin value~S!. Quantum effects in the spin
dynamics in a system with a small spin value (S51/2 and 1!
have been intensively studied both theoretically and exp
mentally. For anS51/2 system, many important feature
have been theoretically proposed: the Ne´el state is not the
ground state,1 there is a quantum renormalization such th
PRB 590163-1829/99/59~22!/14406~11!/$15.00
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the excitation energy isp/2 times as large as that in a cla
sical system,2 the spin-wave-like dispersion curve is th
lower boundary of an excitation continuum,3 and so on.
These features have been experimentally confirmed in
materials.4,5 Since the spin-value-dependent dynamics w
predicted, i.e., half-integer spin systems show gapless e
tations and power-law decay in the spin correlations, a
integer spin systems show an excitation gap and expon
tially decaying correlations,6 the dynamical properties inS
51 systems have been intensively investigated, and
Haldane effect was confirmed.
14 406 ©1999 The American Physical Society
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On the other hand, neutron-scattering experiments fr
tetramethylammonium manganese chloride have reve
that anS55/2 system behaves classically.7 A classical sys-
tem exhibits ordering at absolute zero, and dynamical sca
can be applied to the phase transition.8,9 Classical theory10

has predicted that the energy width~G! of the magnetic ex-
citations is independent of the 1D momentum transfer~q!
and is proportional to the inverse correlation length~k! at
low temperatures; these behaviors are consistent with the
namical scaling. As a result of the linear temperature~T!
dependence ofk,11 G should then be proportional toT.

Since a real system is a quasi-1D system, it exhibit
three-dimensional~3D! ordering at a finite temperature (TN :
3D ordering temperature! due to the finite interchain interac
tion (J8). In order to discuss one-dimensionality in a re
system, investigations of the dynamical properties at te
peratures higher thanTN , where the properties in the 3D
ordered state should be negligible, is required; also,
above-mentioned spin dynamics inS51/2, 1 and 5/2sys-
tems has been confirmed experimentally at temperatures
aboveTN . Recent numerical studies have concentrated
investigations of anS52 system,12,13 which should exhibit
the Haldane effect with the next integer spin toS51. How-
ever, in a realS52 system the temperature range where
system shows the quantum effect is expected to be m
lower thanTN .13 In fact, it has been reported, using inelas
neutron scattering, that anS52 system, CsCrCl3, behaves
classically aboveTN(516 K).14 Therefore, one might ob
serve a crossover from the quantum to the classical limi
around S53/2 with a real system, and we have initiate
experiments to investigate the spin dynamics in anS53/2
system, mainly using pulsed neutron scattering.15–19

CsVCl3 is a compound recognized as an excellent real
tion of an S53/2 system aboveTN513.3 K.20 The intrac-
hain exchange constant~J! was evaluated to be 115 K from
bulk-susceptibility measurements.21 Inelastic neutron mea
surements on this compound using a triple-axis spectrom
installed at a steady-state neutron source has been repo
and, from the determination of the spin-wave-dispersion
lation well belowTN , the ratiouJ8/Ju was estimated to be o
the order of 1024.22–24 The excitation energies in the inte
chain dispersion observed well belowTN reduce with the
temperatures approachingTN , and eventually, excitation
from the interchain dispersion are not observed at finite
ergy transfers at temperatures aboveTN . Therefore, the mag
netic excitations in finite energy transfers at temperatu
aboveTN are considered to reflect only the 1D properties.
our previous experiments, using a chopper spectromete
stalled at a pulsed spallation neutron source, at a low t
perature (T540 K) aboveTN ~513.3 K!, we found thatG is
independent ofq, as predicted by classical theory, but
broader than the classical estimation.16,17The zone-boundary
energy was determined to be 75 meV.16 Measuring theT
dependence ofG, based on the assumption of th
q-independentG, we also found that the observedG de-
creases asT decreases, but becomes almost constant an
nite at lowT.18 This behavior inG(T) at low T is different
from the classical prediction. Furthermore, in order to de
mine the origin of the finiteG at low T, we performed mea-
surements of magnetic correlations on a crystal analy
spectrometer installed at a pulsed spallation-neutron sou
m
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and also on a triple-axis spectrometer at a steady-state
tron source, and it was found thatk is proportional toT,19 as
predicted by classical theory.11 The finite energy width at
low T is thus not caused by a simple relation ofG(T) to
k(T) in terms of classical theory, and, it indicates that t
S53/2 system exhibits some quantum fluctuations at l
temperatures.18,19

At present, we have newly performed measurements
magnetic excitations at energy transfers smaller than 20 m
using a chopper spectrometer, to obtain comprehensive
to describe the spin dynamics at low temperatures
CsVCl3. And also, we have performed inelastic-neutro
scattering experiments on CsVBr3 to confirm the dynamical
scattering function at low temperatures and the tempera
dependence of the energy width of the magnetic excitatio
since CsVBr3 is also a good realization of anS53/2 system
with uJ8/Ju;1024 and withTN520.3 K.21,22,25Note that the
exchange constant was estimated to beJ590– 100 K from
bulk-susceptibility measurements,25 which is smaller than
that in CsVCl3. By comparing the spin dynamics in CsVC3

with that in CsVBr3, theJ dependence of the spin dynamic
can be discussed. Using the present result, we reanalyze
data in our previous experiments, and then presented a c
prehensive description of the spin dynamics inS53/2 sys-
tems.

II. EXPERIMENTS

We performed inelastic-neutron-scattering experiments
determine the dynamical scattering functionS(q,v) ~\v is
the energy transfer! describing the spin dynamics inS
53/2, 1D Heisenberg antiferromagnets, CsVCl3 and
CsVBr3. The scattering functionS(q,v) in CsVCl3 at a low
temperature and its temperature dependence were mea
on the chopper spectrometer, MARI,26 installed at the ISIS
Facility ~pulsed spallation-neutron source! at the Rutherford
Appleton Laboratory. The dispersion relation of the ma
netic excitations in CsVBr3 at low temperature was also me
sured on MARI, and the temperature dependence of the
namical scattering function was measured on the chop
spectrometer INC,27 installed at the pulsed spallation-neutro
source, KENS, at the High Energy Accelerator Research
ganization~KEK!. In order to determine the magnetic corr
lation function in CsVCl3, experiments were performed o
the crystal analyzer spectrometer PRISMA28 at ISIS, and
also on the ISSP triple-axis spectrometer PONTA installed
the 5 G beam hole at the JRR-3M reactor at the Tokai es
lishment of the Japan Atomic Energy Research Institute
this section, details concerning the experiments are
scribed.

A. Scans on chopper spectrometers

The dynamical scattering function in the present syste
was measured on the chopper spectrometers. We first
scribe the scans on a chopper spectrometer.

A chopper spectrometer is defined as a direct-geom
spectrometer coupled to a pulsed-neutron source. Pu
polychromatic beams generated at the neutron source
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14 408 PRB 59SHINICHI ITOH et al.
monochromatized by a mechanical chopper synchron
with the repetition of neutron pulses~50 Hz for ISIS and 20
Hz for KENS!, where the chopper is placed between t
source and the sample. Neutrons scattered by the sampl
detected at a detector system covering a wide range of s
tering angles~f! from 3° to 135° on MARI, and from 5° to
130° on INC. In particular, the scattering angles lower th
approximately 10° are densely covered by many detect
the low-angle banks accommodate 140 detectors on M
(f53° – 10°) and 30 detectors on INC (f55° – 12°). The
other high-angle detectors are mounted vertically on MA
~12°–135°!, and horizontally on INC~17°–130°!. The en-
ergy transfer and momentum transfer are determined f
the time-of-flight~TOF! of the detected neutrons. Since th
kinematical factorkf /ki (ki and kf are the incident and the
final neutron wave vectors! which generally appears in th
inelastic neutron-scattering cross section is corrected, the
served spectrum can be expressed asS(q,v), when adding
the other background.

By utilizing the 1D character of the magnetic system, t
following advantageous scans are realized. In the scan ge
etry with the scattering anglef and the crystal anglec be-
tweenki and thec* axis ~the direction of these angles a
defined againstki), q is given by

q5ki cosc2kf cos~f1c!. ~1!

In a scan withc590° ~i.e.,ki'c* ), the overall profile of the
magnetic excitations can be observed. For the incident n
tron energy,Ei5123 meV, the scan loci of detectors co
tinuously cover the scattering angles from 3° to 30°
MARI, as indicated in Fig. 1~a! with a sinusoidal dispersion
curve havingEZB575 meV. The magnetic intensities can b
observed at the crossing points between the dispersion c
and the scan loci. By changingc, the covering (q,v) space
is shifted. Holding the relation off1c590°, the detector a
f realizes a constant-q scan atq5ki cosc @Fig. 1~b!#. In this
scan withc near to 90°, each detector scans a different lo
from the others. Generally speaking, the counting rate at
detector scanning near to the zone boundary is enough
for determining the peak position, whereas the scatte
function can also be determined near to the magnetic z
center due to the intense structure factor using the spec
from one detector.

In another scan withc50° (ki ic* ), an important advan-
tage exists for improving the counting rate. Although limit
points in the (q,v) space can be scanned@Fig. 1~a!#, this
scan geometry enables the integration of all scattering in
sities detected at lower scattering angles, sinceq5ki
2kf cosf is almost unchanged at low scattering angl
Since 140 detectors and 30 detectors are installed at
scattering angles on MARI and on INC, respectively, a la
intensity gain can be realized. In the scan of the meas
ments on CsVCl3, for instance, the scan locus withEi
5150 meV crosses the dispersion curve at three points,
moreover, just touches near to the zone boundary, and th
fore, four points with differentq can be scanned at the sam
time in this scan geometry. Because the angle between
locus and the dispersion curve is different at each peak,
to the resolution effect, the intensity ratio among the peak
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very sensitive to the energy widths. The spectrum obser
on this scan can be used for the examination of the scatte
function with good statistics.

B. Measurements of dynamical scattering function in CsVCl3

The dynamical scattering functionS(q,v) in CsVCl3 at
T540 K aboveTN was measured on MARI. We previousl
reported the experiment withEi5123 meV andc590°
(ki'c* ) in order to observe the overall profile ofS(q,v).16

In this experiment, the sample comprised nine single crys
~40 g!, of which thec* axes were tried to be aligned, how
ever, the misalignment of the crystal axes among the sam
crystals was relatively large. Therefore, analyzable data w
taken only at higher energy transfers where each magn
excitation could identify its original crystal piece, but th
excitations at around the magnetic zone center were not
to be analyzed due to a superimposition of the spectra f
misaligned crystals. In this measurement, the spectrum
accumulated for more than 18.5 mA h of proton injection
a tantalum target~18.5 mA h corresponds to 92.5 h at 20
mA of the typical proton current at ISIS!. At present, in order
to determineS(q,v), especially at the zone center, we pe
formed measurements withEi520 meV andc5109.7° and
with Ei560 meV andc597°, using a sample comprisin
one single crystal~15 g!, with the proton injection of 2.2 and
3.0 mA h, respectively. The mosaic spread was measure

FIG. 1. Scan loci on a chopper spectrometer in measuremen
magnetic excitations from CsVCl3 with a dispersion curve~sinu-
soidal curve! with EJ575 meV andE050.25 meV in Eqs.~3! and
~4! for different scans. Scans withEi5123 meV andc590°
(ki'c* ) and withEi5150 meV andc590° (ki ic* ) are indicated
in ~a!, a scan withEi520 meV andc5109.7° in ~b! and a scan
with Ei560 meV andc597° in ~c!, wherec is the angle between
ki and thec* axis. The angles indicated near to the loci repres
the scattering angles of the corresponding detectors.
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be 2.1° at the full width at half maximum~FWHM!. In the
scan withEi520 meV andc5109.7°, the constant-q scan is
realized at the detector withf519.7°, as shown in Eq.~1!,
and excitations with energy transfers up to 15 meV could
measured, and excitations at energy transfers from 15 to
meV were measured in the scan withEi560 meV andc
597°. The energy resolution was determined to be 2.8,
and 0.8 meV at FWHM in the scans withEi5123, 60, and
20 meV, respectively, by measuring the energy width of
incoherent elastic scattering. In the scan withEi560 meV,
the slit package with a coarse collimation was used in
mechanical chopper to gain a greater neutron flux. The s
loci for these scans are indicated in Fig. 1.

In order to measure the temperature dependence
S(q,v), the experiments on MARI were performed wi
Ei5150 meV andc50° (ki ic* ) at T540, 50, 80, 120, and
200 K.15,18 Each spectrum was accumulated for appro
mately 4 mA h of proton injection. The sample compris
nine single crystals~15 g!, of which thec* axes were accu
rately aligned. The mosaic spread of the sample, includ
the misalignment among the single crystals, was measure
be 3.7° at FWHM, and the energy resolution was determi
to be 3.6 meV at FWHM by measuring the energy width
the incoherent elastic scattering. The scan loci in this s
are also indicated in Fig. 1.

C. Measurements of dynamical scattering function in CsVBr3

The dispersion relation of magnetic excitations in CsVB3
~see Fig. 2! at T525 K aboveTN was measured on MAR
with Ei580 meV andc590° (ki'c* ). In this experiment,
we used a single-crystal sample weighing 20 g, and,
spectrum was accumulated for more than 5.5 mA h of pro
injection, using a chopper with a coarsely collimated s
package in order to gain a greater neutron flux. The ene
resolution was determined to be 3.7 meV by measuring
energy width of the incoherent elastic scattering. Due to
large mosaic spread of the crystal,S(q,v) was hard to de-
termine, and thus only the dispersion relation was de
mined in this measurement.S(q,v) at around the magneti

FIG. 2. Scan loci on a chopper spectrometer in measuremen
magnetic excitations from CsVBr3 with a dispersion curve~sinu-
soidal curve! with EJ562 meV andE050.2 meV in Eqs.~3! and
~4! for different scans. Scans withEi580 meV and c590°
(ki'c* ) and withEi5100 meV andc590° (ki ic* ) are indicated,
wherec is the angle betweenki and thec* axis. The angles indi-
cated near to the loci represent the scattering angles of the c
sponding detectors.
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zone center atT525 K was measured on INC in the sca
with Ei547 meV andc5102.2° by using one single crysta
In this scan, the constant-q scan was performed at the dete
tor with f512.2°. The mosaic spread was measured to
1.6° at FWHM, and the energy resolution was determined
be 2.5 meV by measuring the energy width of the incoher
elastic scattering. The temperature dependence ofS(q,v)
was also measured on INC withEi5100 meV andc50°
(ki ic* ) at T525, 80, 130, and 190 K using a sample com
prising four single crystals~40 g!. The mosaic spread of th
sample, including the misalignment among the single cr
tals, was measured to be 4.5° at FWHM, and the ene
resolution was determined to be 4.8 meV by measuring
energy width of the incoherent elastic scattering. Each sp
trum was accumulated for approximately 0.2 mA h of prot
injection ~0.2 mA h corresponds to 40 h at 5mA of the typi-
cal proton current at KENS!.

D. Measurements of magnetic correlations in CsVCl3

In order to determinek(T), the inelastic neutron-
scattering experiments were performed on the crystal a
lyzer spectrometer PRISMA, and also on the ISSP triple-a
spectrometer PONTA.19

On PRISMA, the c* axis ~@001#! of a single-crystal
sample of CsVCl3 weighing 15 g was mounted perpendicul
to ki and with@110# horizontal, where the constant-q scan at
q5kf sinf is realized for each detector with its scatterin
anglef, as shown in the scan diagram in Fig. 3. In order
reduce the contamination of higher-order neutron wa
lengths, a pyrolytic graphite~PG! filter was placed between
the sample and the analyzer crystal. A 608 collimator was
located between the PG filter and the analyzer crystal.
final energy was chosen to beEf512.7 meV, because th
PG filter works efficiently around this energy region and t
energy integration up to 100 meV over the zone-bound
energy can be realized. The mosaic spread of the sam
crystal was measured to be 2.1° at FWHM, and theq reso-
lution was measured to beDq50.02 Å21 at FWHM by re-
moving the PG filter. In this experimental setup, the inelas
spectrum, I (q,v), was taken at eachq by moving the
analyzer-detector arms step by step~i.e., by changingf!.
Since I (q,v) is the sum of the magnetic scattering cro
section (kf /ki)S(q,v) and the other background, the corr
lation function S(q) was deduced by integratin
(ki /kf)I (q,v) over \v up to 100 meV.

A conventional double-axis measurement was also p
formed. The triple-axis spectrometer PONTA was opera

of

re-

FIG. 3. Scan diagram on the reciprocal plane for measurem
of magnetic correlations:~a! on a crystal analyzer spectromet
~PRISMA! and ~b! on a triple-axis spectrometer~PONTA! in the
double-axis mode.ki and kf are the incident and the final wav
vectors.
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14 410 PRB 59SHINICHI ITOH et al.
in the double-axis mode with the incident neutron energyEi
fixed at 30.5 meV using the collimation 158-208-208. A
single-crystal sample of CsVCl3 weighing 1 g was mounted
with @110# and @001# in the scattering plane. The scan w
performed keeping the 1D reciprocal lattice plane paralle
kf in order to realize the geometrical condition of the ene
integration at eachq ~Fig. 3!. The mosaic spread of th
sample crystal was measured to be 0.9° at FWHM, and
resolution was measured to beDq50.02 Å21 at FWHM by
removing the PG filter.

III. RESULTS

A. S„q,v… at low temperatures

Figure 4 shows the inelastic spectra from CsVCl3 at
around the magnetic zone center atT540 K in the scan with
Ei520 meV and c5109.71°. At the detector withf
519.7°, the constant-q scan was realized at the magne
zone center. The observed spectra for individual detector
the scans withEi520 meV andc5109.7°,Ei560 meV and
c597° andEi5123 meV andc590° were fitted to the fol-
lowing scattering function convoluted with the instrumen
resolution:

S~q,v!5@n~v!11#F~Q!2A~q!
G~q!/p

@\v2E~q!#21G~q!2 ,

~2!

where @n(v)11# is the thermal population facto
@exp(2\v/kBT)21#21, and Q is the scattering vector. Th
magnetic form factorF(Q) was taken from the calculate
value of theV21 free ion.29 The resolution function30 was
calculated using a Gaussian approximation based on the
tron pulse width, the chopper burst time width and the g
metrical configuration of the spectrometer in the same m
ner as the Cooper-Nathans resolution matrix;31 also, the
effect of the sample mosaic spread was also prop
included.32 The resolution correction for the inelast
neutron-scattering experiment at the pulsed neutron sou
presently reaches the level of the well-established resolu

FIG. 4. Inelastic spectra of CsVCl3 at T540 K at around the
magnetic zone center measured in the scan withEi520 meV and
c5109.7° shown in Fig. 1~b!. The solid lines are the fitted curve b
a Lorentzian scattering function~see text!. The scan at the detecto
with f519.7° is the constant-q scan at the magnetic zone cente
o
y

e

in

l
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es
n

correction for inelastic measurements using the triple-a
method. The observed energy resolution for any scan in
present report mentioned above was in very good agreem
with the calculation. In the fit, the peak energy@E(q)#, the
structure factor@A(q)# and the energy width@G(q)# of the
magnetic excitation were parametrizing on the assump
that these parameters are constants independent ofq in each
spectrum. As shown in Fig. 4, the fit was successful, and F
5 showsE(q), A(q), andG(q) obtained by the fit. In Fig. 5,
E(q), A(q), andG(q) are plotted against the wave numb
from the magnetic zone center (h5uq21 rluu) in units of
reciprocal-lattice unit~rlu, 1 rlu51.05 Å21 at T540 K). The
normalization inA(q) between the scans was made by us
the intensity of the data atq overlapped between the scan
As shown in Fig. 5~a!, the obtained dispersion relationE(q)
was well fitted to the following equations:

E~q!5Au~q!v~q! ~3!

with

u~q!5EJ~12cosaq!,

v~q!5EJ~11cosaq!1E0 , ~4!

FIG. 5. Theq dependence of the energyE(q), the structure
factorA(q), and the energy widthG(q) of the magnetic excitations
from CsVCl3, are plotted against the wave number from the ma
netic zone center (h5uq21 rluu) in ~a!, ~b!, and ~c!. The energy
positions~squares! in ~a! are taken from Refs. 15 and 17. The sol
line in ~a! is the fitted curve with Eqs.~3! and~4!, and that in~b! is
the calculated curve with Eqs.~3! and~5! from the obtained param
eters inE(q). By the fit,EJ575 meV andE050.24 meV in Eq.~3!
were obtained. The solid line in~c! is a guide to the eye.
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PRB 59 14 411SPIN DYNAMICS IN S53/2 ONE-DIMENSIONAL . . .
wherea is the lattice constant, andEJ andE0 were obtained
to be 75.060.7 meV and 0.2460.02 meV, respectively. As
sumingEJ54SRJwith the renormalization constant~R! cal-
culated from the quantum Monte Carlo method,33 the ex-
change constant was determined to beJ511963 K. The
excitation energy at the magnetic zone center was meas
to be 6.060.2 meV. The structure factor can be calculat
from u(q) andv(q) as follows:

A~q!5Au~q!/v~q!. ~5!

The solid line in Fig. 5~b! is the structure factorA(q) calcu-
lated by Eq.~5! with the parameters obtained by the fit
E(q). The observed structure factor was in good agreem
with that described by Eq.~5!. Figure 5~c! showsG(q) ob-
tained by the fit,G(q) was constant at larger energy transfe
corresponding toh.0.07 rlu as we reported previously
however, at present, we newly foundG(q) exhibits the mini-
mum of 1.360.3 meV at the magnetic zone center.S(q,v)
in CsVCl3 determined at present well describes the inela
spectrum in the scan withEi5150 meV andc50° (ki ic* ),
as shown in Fig. 8, andG at the constant region was obtaine
to be 3.260.4 meV by fitting the spectrum in this scan~de-
tails of the fit are described in the following section!.

Figure 6 shows the inelastic spectrum from CsVBr3 at
around the magnetic zone center atT525 K aboveTN in the
scan withEi547 meV andc5102.2° measured on INC. In
this scan, the constant-q scan was performed at the magne
zone center at the detector withf512.2°. The observed
spectra for individual detectors were fitted toS(q,v) in Eq.
~2! convoluted with the instrumental resolution, in the sa
manner as the analysis of the CsVCl3 data, and in Fig. 7,
E(q), A(q), andG(q) obtained by the fit are plotted again
the wave number from the zone center~h!. In Fig. 6~a!, the
positions of the magnetic excitations from CsVBr3 observed
at T525 K in the scan withEi580 meV andc50° on
MARI are also plotted. The positions of the excitationsE(q)
were well fitted to the dispersion relation describing by E
~3! and ~4!, and EJ and E0 were obtained to be 62.0

FIG. 6. Inelastic spectra of CsVBr3 at T525 K at around the
magnetic zone center measured in the scan withEi547 meV and
c5102.2°. The solid lines are the fitted curve by a Lorentz
scattering function~see text!. The scan at the detector withf
512.2° is the constant-q scan at the magnetic zone center. T
inset shows the scan loci for the four detectors corresponding to
spectra.
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60.5 meV and 0.2060.02 meV, respectively, by the fit. As
sumingEJ54SRJagain,J was determined to be 9963 K.
The zone-center energy was measured to be 5.060.2 meV.
The structure factorA(q) can be calculated from the ob
tained parameters describingE(q), and the observedA(q)
was in good agreement with the calculation, as shown in F
7~c!. We found thatG(q) in CsVBr3 at T525 K also exhibits
the minimum of 0.760.2 meV at the magnetic zone cente
S(q,v) in CsVBr3 determined at present well describes t
inelastic spectrum in the scan withEi5100 meV andc
50° (ki ic* ) measured on INC, as shows in Fig. 9, a
based on the assumption ofG being independent ofq at
larger energy transfers,G at the constant region was obtaine
to be 2.460.3 meV by fitting the spectrum~details of the fit
are described in the following section!.

The obtained parameters describing the energy scal
S(q,v) at low temperatures are summarized in Table I.EJ in
Eq. ~3!, which is approximately the zone-boundary energ
was obtained from fitting the dispersion relation, the zon
center energy (EZC5A2EJE0) and the zone-center energ
width (GZC) were from fitting the inelastic spectra in th
constant-q scans at the magnetic zone center, and
q-independent energy width at larger energy transfer~G! was
obtained from fitting the inelastic spectra in the scan w
ki ic* . We found that all of the parameters describing t
energy scale can be scaled by the exchange constants.

he

FIG. 7. Theq dependence of the energyE(q), the structure
factorA(q), and the energy widthG(q) of the magnetic excitations
from CsVBr3, are plotted against the wave number from the ma
netic zone center (h5uq21 rluu) in ~a!, ~b!, and~c!. The solid line
in ~a! is the fitted curve with Eqs.~3! and~4!, and that in~b! is the
calculated curve with Eqs.~3! and~5! from the obtained parameter
in E(q). By the fit, EJ562 meV andE050.2 meV in Eq.~3! were
obtained.
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B. Temperature dependence of energy widths

Figure 8 shows the inelastic spectra from CsVCl3 in the
scan withEi5150 meV andc50° (ki ic* ). Each inelastic
spectrum was well fitted to the following scattering functi
adding background:

I ~q,v!5c1S~q,v!1c21c3 exp~2c4\v!

1c5 exp@2~\v2c6!2/c7
2#. ~6!

The magnetic dynamical scattering functionS(q,v) is de-
scribed by Eq.~2! convoluted with the above-mentioned in
strumental resolution function. The other terms in Eq.~6!
represent the background with adjustable parametersci ( i
51 – 7). The Gaussian term in Eq.~6! represents a phono
background from the sample itself. The background m
surements performed at detectors located off the scatte
plane by turning the crystal by 90° showed a peak at aro
\v521 meV, of which origin is supposed to be phono
from the crystal itself. The inelastic spectrum observed in
background measurements can be fitted to the backgro
terms in Eq.~6!. The fit of the present inelastic spectra in t
scan withEi5150 meV andc50° gave the parameters de
scribing the background@ci ( i 52 – 7)# not identical to those
in the fit of the background spectrum, but close to those
order to express the background better, the parameters
scribing the background were parametrized. Although t
background correction is different from that in our previo
report,15–18and the presently obtained parameters describ
S(q,v) were slightly different from the previous values, the
were qualitatively the same results as those in the prev
report. This correction can express the functional form of
background better than the previous analysis, and from
present background correction, a consistent result could
obtained for the parameters describingS(q,v) and in the
description of the two compounds CsVCl3 and CsVBr3, as
described below. It is noted that the obtained parameterci
( i 51 – 7), were almost independent ofT, except that the

TABLE I. Parameters describing the energy scale inS(q,v) in
CsVCl3 and CsVBr3 at low temperatures (T540 and 25 K, respec-
tively!: EJ in Eq. ~4!, the zone-center energyEZC , the zone-center
energy widthGZC , and the energy width at theq-independence
region at larger energy transfersG. The exchange constant~J! was
determined fromEJ54SJR with the renormalization factor~R!
from the quantum Monte Carlo calculation. The experimental err
were estimated from the statistical errors of neutron counts and
accuracy ofR.

Parameters CsVCl3 CsVBr3

EJ ~meV! 75.060.7 62.060.5
EZC ~meV! 6.060.2 5.060.2
GZC ~meV! 1.360.3 0.760.2
G ~meV! 3.260.4 2.460.3

J ~meV! 10.360.3 8.560.2
~119 K63 K! ~99 K63 K!

EZC /J 0.5860.03 0.5960.03
GZC /J 0.1360.03 0.0860.02
G/J 0.3160.04 0.2860.04
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width of phononsc7 was broadened with increasingT. The
present background correction improved our data analys

First, we tried to fit the data atT540 K with Eq.~6! using
the above-determined functional forms withE(q), A(q),
andG(q) @adjustable parameters areci ( i 51 – 7) only#, and
found good agreement. Second, we tried to fit the same
by parametrizing the value ofG at theq-independent region
(h.0.07 rlu) while holding the minimum energy width a
the zone center to be the observed value. The result of th
was identical to that in the first trial, andG at the
q-independent region was obtained to be 3.2 meV, wh
agreed withG(q) shown in Fig. 5~c! within the experimental
errors. Third, we tried to fit the same data on the assump
of E050 meV andq-independentG at anyq. As shown in
Fig. 8, it was well fitted to the data, and this result of the
was also identical to those in the first and second trials,
G was obtained to be 3.260.4 meV. The magnetic excita
tions in the scan withEi5150 meV andc50° were ob-
served at energy transfers greater than 20 meV, andG(q) in
Fig. 5~c! is shown to be independent ofq in the q-range
corresponding to the energy transfers. Moreover,G(q) near
to the magnetic zone center is smaller, as shown in Fig. 5~c!,
eventually, the above-mentioned three trials for the fits g
the identical result and is consistent with our previous rep

In the analysis of the temperature dependence of the
dynamics in CsVCl3, the observed inelastic spectra in th
scan taken on MARI withEi5150 meV andc50° were
fitted to Eq. ~6! on the assumption ofE050 meV and
q-independentG at anyq. The fit was very successful at an

FIG. 8. The temperature dependence of the inelastic spectr
CsVCl3 measured on MARI in the scan withEi5150 meV andc
590° (ki ic* ) indicated in Fig. 1~a!. The solid lines are the fitted
curves with the sum of a Lorentzian scattering function convolu
with the instrumental resolution and a background~see text!. The
dashed lines are the dynamical magnetic scattering function
tained by the fit.
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T, as shown in Fig. 8. Figures 10 and 11 show the obtaineT
dependence ofG(T) and the sum,G(T)1EJ(T), respec-
tively. For CsVBr3, the observed inelastic spectra in the sc
taken on INC withEi5100 meV andc50° were fitted to
Eq. ~6! on the same assumption as that for CsVCl3. The fit
for CsVBr3 was also very successful at anyT, as shown in
Fig. 9. The obtainedG(T) and the sum,G(T)1EJ(T), are
also plotted in Figs. 10 and 11, respectively. In the p
shown in Figs. 10 and 11, the abscissas and ordinates
normalized by the exchange constantsJ determined from the
dispersion relations at low temperatures. We found the
lowing properties in the energy widths of the magnetic ex
tations:G(T) can be scaled byJ, at temperaturesT.J, G(T)
is proportional toT as predicted by classical theory,10 and at
T,J, G decreases with decreasingT and becomes finite a
low temperatures. The ratio of the sumG(T)1EJ(T) to J
was also found to be independent ofT within the experimen-
tal errors.

C. Temperature dependence of magnetic correlations

Figure 12 shows theq dependence of the energy
integrated spectrum in CsVCl3 taken on PRISMA, where the
kinematical factorkf /ki was corrected and the upper limit o
the energy integration was 100 meV over the zone-bound
energy of the dispersion relation of the magnetic excitati
in CsVCl3. Theq-dependent spectra at eachT was well fitted
to the sum of the Lorentzian scattering function@;(q2

FIG. 9. The temperature dependence of the inelastic spect
CsVBr3 measured on INC in the scan withEi5150 meV andc
590° (ki ic* ) indicated in Fig. 2. The solid lines are the fitte
curves with the sum of a Lorentzian scattering function convolu
with the instrumental resolution and a background~see text!. The
dashed lines are the dynamical magnetic scattering function
tained by the fit.
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1k2)21# convoluted with the Gaussianq resolution and a
sloping background inq, as shown in Fig. 12, andk(T) was
obtained as shown in Fig. 14. Figure 13 shows
q-dependent energy-integrated spectrum measured in
double-axis mode on PONTA. Theq dependence of the ob
served intensity was also well fitted with the sum of t
Lorentzian scattering function@;(q21k2)21# convoluted
with the Gaussianq resolution and a sloping background,
shown in Fig. 13. k(T) obtained from this experiment i
also plotted in Fig. 14.

From these two measurements, different results conc
ing k(T) were obtained, as shown in Fig. 14. The magne
correlation function is defined by the magnetic respon
S(q,v) integrated over\v, and the inelastic neutron
scattering cross section is proportional toS(q,v) multiplied
by the kinematical factorkf /ki . This quantity was measure
in the PRISMA experiment with the integration covering a

of

d

b-

FIG. 10. The temperature dependence of the energy width~G! of
the magnetic excitations from CsVCl3 and CsVBr3. The abscissa
and ordinate were normalized by the exchange constants~J! deter-
mined from the dispersion relations at low temperatures. We fo
that G/J is proportional toT/J at high temperaturesT/J.1 and
becomes finite at low temperatures. The dashed line is the guid
the eye.

FIG. 11. The temperature dependence of the sumG1EJ @EJ is
the parameter in Eq.~3!# from CsVCl3 and CsVBr3. Abscissa and
ordinate were normalized by the exchange constants~J! determined
from the dispersion relations at low temperatures. We found
(G1EJ)/J is independent ofT/J at any temperatures.
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excitation energies up to the zone boundary. On the o
hand, the energy-integrated spectrum obtained from the
ventional double-axis measurement is the integration of
cross section without correcting the kinematical factor, ho
ever, the integration range is bounded by the upper limitEi ,
much lower than the zone-boundary energy. Therefore,
PRISMA results present a more accurate probe of the m
netic correlations. In fact, the energy-integrated spectr
from I (q,v) taken on PRISMA without correctingkf /ki was
also well fitted to the Lorentzian scattering function with
background, andk(T) obtained by the fit was identical to th
result from the double-axis measurement, as shown in
14. The difference shown in Fig. 14 thus mainly comes fr
the correction ofkf /ki . The large error bar ofk(T) taken on
PRISMA in Fig. 14 comes from an enhancement of the p
statistics of the inelastic spectrum at a larger energy tran
due to the correction ofkf /ki . The background of the
q-dependent spectra taken on PRISMA was dependentT

FIG. 12. The temperature dependence of theq-dependent
energy-integrated spectra from CsVCl3 measured on PRISMA
where the kinematical factorkf /ki was corrected. The solid lines ar
the fitted curves with the sum of a Lorentzian correlation funct
convoluted with the instrumental resolution and a sloping ba
ground.

FIG. 13. The temperature dependence of theq-dependent
energy-integrated spectra from CsVCl3 measured on PONTA in the
double-axis mode. The solid lines are the fitted curves with the s
of a Lorentzian correlation function convoluted with the instrume
tal resolution and a sloping background.
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due to nonmagnetic inelastic scattering enhanced by
kinematical-factor correction, on the other hand, that
PONTA was almostT independent due to the enhanceme
of the incoherent elastic scattering without any correction
is noted that, in the point of the experimental technique,
correction of the kinematical factor (kf /ki) in the inelastic
neutron-scattering cross section is important for the deter
nation of the accurate correlation function in a system hav
excitations with larger transfer energy relative to the incid
neutron energy.

In classical theory, k(T) is expressed by k(T)
5T/(2JS2a) at low temperatures, whereJ is the exchange
constant anda is the lattice constant.11 The solid line in Fig.
14 isk(T), calculated from this formula, withJ5119 K de-
termined from the dispersion relation described above.

IV. DISCUSSIONS

We now discuss the spin dynamics inS53/2, 1D
Heisenberg antiferromagnetic systems, CsVCl3 and CsVBr3,
on the basis of our inelastic neutron-scattering data take
the temperatures higher than the 3D ordering tempera
TN . The 1D nature should be discussed atT above TN ,
where the effects of the 3D ordered state are negligible.

The form of the dispersion relation in Eqs.~3! and~4! can
be deduced from the spin-wave dispersion relation with
intrachain exchange constant~J!, the interchain exchange
constant (J8) and the single-ion anisotropy~D! in the 3D
ordered state23 with the limit of J850. The dispersion rela-
tion of the magnetic excitations in the present systems at
temperatures was well fitted to the dispersion relation in E
~3! and ~4!. AssumingEJ54SRJ with the renormalization
constant ~R! calculated from the quantum Monte Car
method,33 the exchange constant was determined to beJ
511963 K for CsVCl3 and 9963 K for CsVBr3, which
agreed well with that from bulk-susceptibilit
measurements.16,25 The obtained finiteE0 causes the finite
zone-center energy of 6.060.2 meV and 5.060.2 meV, for
CsVCl3 and CsVBr3, respectively. In the interpretation of th
dispersion relation in the 3D ordered state,E0 should repre-
sentD.23 However, the presently obtainedE0 does not cor-

-

m
-

FIG. 14. The temperature dependence of the inverse magn
correlation lengthk(T) in CsVCl3 taken on PRISMA~closed
circles!, on PONTA in the double-axis mode~open circles!, and
deduced from the PRISMA data without correctingkf /ki ~crosses!.
The solid line is the classical prediction forJ5119 K.
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respond toD, because the parameters~J, J8, andD! in the
Hamiltonian describing the spin-wave excitations in the
ordered state were reported to be determined from the s
wave excitations from CsVCl3 at T51.6 K much belowTN .
At the magnetic zone center, the excitation having mu
lower energy than the presently observed finite energy
used for the determination, and the spin-wave excitation
the 3D origin were reported to disappear at temperatures
to and aboveTN .24 From the present determination of th
S(q,v) at low temperatures, we found that all of the para
eters describing the energy scale inS(q,v) at low tempera-
tures can be scaled by the intrachain exchange constan~J!
within the experimental errors, as listed in Table I. This su
gests thatS(q,v) can be described byJ only, and it is there-
fore indicated that the observed spin dynamics is cause
the one dimensionality of the present systems. A recent
merical calculation for anS53/2 system at low tempera
tures has predicted an excitation continuum with an ene
spread up to the energy transfers of;J at the magnetic zone
center.34 We observed that the magnetic excitations spr
up to the energies of around 10 meV (;J) at the magnetic
zone center, as shown in Figs. 4 and 6. The observed en
spread corresponds to that of the numerically predicted e
tation continuum. The numerical calculation has also sho
the gapless strong excitation at the magnetic zone ce
which is a single spin-wave mode observable only atT
50 K. In the present experiments at the finite temperatu
the single spin-wave mode was not observed at the z
center. The lower boundary of the energy spread of the
citation continuum should be\v50 meV, and therefore the
present result does not contradict the dynamical prop
predicted by current theory: half-integer spin systems exh
gapless excitation,6 and the finiteE0 does not mean the en
ergy gap. It is natural that the observed finite energy wi
@G(half width);0.3J# at larger energy transfers should b
interpreted as being the excitation continuum extending fr
the zone center, since the observed energy spread is o
same order as the predicted continuum spread at the
center. In order to elucidate especially the origin of the fin
zone-center energy and the minimum inG(q) observed at
present, further development of theories describing
present systems is desired.

The measured temperature dependence of the inv
magnetic correlation length~taken on PRISMA! is in good
agreement with classical theory,k(T)5T/(2JS2a),11 as
shown in Fig. 14, and,k(T) can be extrapolated to vanish
T50 K. This result is consistent with current theory atT
50 K: half-integer spin systems show power-law decay
the spin correlation and integer spin systems show expo
tially decaying correlations.6 Correlations with power-law
decay represent a sort of a long-range ordering, and th
fore, k50 atT50 K in terms ofk.12 The presently obtained
linear T dependence ofk at the observedT range is also
consistent with the result from the numerical study for anS
53/2 system.12

Concerning the temperature dependence of the spin
namics, we found the following properties in the ener
widths of the magnetic excitations~Fig. 10!: G(T) can be
scaled byJ, at temperaturesT.J, G(T) is proportional toT,
as predicted by classical theory, and atT,J, G decreases
with decreasingT and becomes finite at low temperature
in-
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The scaling byJ suggests that the observed spin dynamic
of a 1D origin, again. On the other hand, we found thatk(T)
is proportional toT at any T. A classical system exhibits
ordering atT50 K, and dynamical scaling can be applied
the phase transition. The linear relation betweenG andk as
well as theq-independentG is consistent with the scaling. A
high temperaturesT.J, we can conclude the linear relatio
betweenG(T) andk(T) with their linearT dependence. We
also found that the sumG(T)1EJ(T) is independent ofT, as
shown in Fig. 11. Classical theory has predicted theT depen-
dence ofG andEJ throughk(T) at low T as follows:G(T)
52SJk(T)a and EJ(T)54SJ@12k(T)a/2#.10 Thus, the
sum of the two quantities should be independent ofT due to
the cancellation ofk(T). The present result atT.J in Fig.
11 also shows the validity of the relation~it is noted that the
constant sum relation is shown even atT,J). Moreover,
assuming theq-independentG in the analysis, the fit to the
observed inelastic spectrum was very successful. Althoug
direct measurement ofG(q) at around the magnetic zon
center is necessary for thoroughly understanding the be
ior at high temperatures, we conclude that the spin dynam
at high temperaturesT.J, is well described by classica
theory for a 1D Heisenberg antiferromagnetic system. Ho
ever, at low temperaturesT,J, there is no linear relation
betweenG(T) andk(T). The observed finite energy width
at low T are notG(T) constructing the scaling withk(T) in
terms of classical theory, and the finite width indicates so
fluctuations surviving even at lowT. A possible reason for
the finite energy width is the existence of an excitation co
tinuum, as mentioned above. Therefore, we observed
crossover from the quantum state at lowT to the classical
state at highT in the S53/2 systems.

V. CONCLUSIONS

We demonstrated the spin dynamics inS53/2, 1D
Heisenberg antiferromagnets, CsVCl3 and CsVBr3, using in-
elastic neutron scattering. Measurements of the dynam
scattering functionS(q,v) were performed on the choppe
spectrometers installed at the pulsed spallation neu
source, and the magnetic correlations were measured on
crystal analyzer spectrometer at the pulsed spallation neu
source as well as on the triple-axis spectrometer with
double-axis mode at the steady-state neutron source. The
periments were performed at temperatures above the 3D
dering temperatureTN in order to discuss the 1D propertie
in the present systems. We, first, described the dynam
scattering function at low temperatures. The dispersion r
tion of the magnetic excitations at low temperatures was w
fitted to that of an antiferromagnet with an finite zone-cen
energy. From the obtained parameter describing the dis
sion relation, using the renormalization constant obtain
from the quantum Monte Carlo method, the exchange c
stant was determined to be 11963 K and 9963 K for
CsVCl3 and CsVBr3, respectively, and these values agre
well with those taken in bulk-susceptibility measuremen
The observed structure factor was well described by that
culated from the parameters describing the dispersion r
tion. The energy widthsG were independent ofq at large
energy transfers, however,G(q) exhibits the minimum at the
magnetic zone center. The parameters describing the en
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scale inS(q,v) at low temperatures, i.e., the zone-bounda
energy, the zone-center energy, the energy width at the
stant region, and the energy width at the magnetic zone
ter, were found to be scaled by the exchange constant~J!.
This suggests that the observed spin dynamics is cause
the one-dimensionality of the present systems. The ene
spread of the magnetic excitations at the zone center as
as the finite energy widths at the larger energy transfer s
gest the existence of the excitation continuum. We also
vestigated the temperature dependence of the spin dynam
and found the following properties in the energy widths~G!
of the magnetic excitations:G(T) can be scaled byJ, at
temperaturesT.J, G(T) is proportional toT, as predicted
by classical theory, and atT,J, G decreases with decreasin
T and becomes finite at low temperatures. On the other h
we found thatk(T) is proportional toT at anyT, as predicted
by classical theory as well as recent numerical calculati
.
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for an S53/2 system. The scaling byJ suggests that the
observed spin dynamics is of a 1D origin, again. We co
clude that the spin dynamics at high temperaturesT.J, is
well described by classical theory. However, at low tempe
tures T,J, the observed finite energy widths at low tem
peratures are notG(T) constructing the scaling withk(T) in
terms of classical theory, and, the finite width indicates so
quantum fluctuations. Therefore, we demonstrated the cr
over from the quantum state at low temperatures to the c
sical state at high temperatures inS53/2 systems.
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