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The spin dynamics irf§=3/2, one-dimensiona(1D) Heisenberg antiferromagnets, Cs¥@nd CsVBg,
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 tempefajudependence. From the observed
dispersion relation, using the renormalization constant calculated from the quantum Monte Carlo method, we
obtained the exchange consta&itin 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 widifi") was independent of the 1D momentum trangfgr at large energy
transfers, however, itg| dependence exhibits the minimum at the magnetic zone center. The parameters
describing the energy scale in the spin dynamics atTomere found to be scaled hlyy We also investigated
the T dependence of the spin dynamid3{T) can be scaled by, I'(T) at T>J is proportional toT as
predicted by classical theory but®t-J, I decreases with decreasiignd becomes finite. On the other hand,
we found thatx(T) is proportional toT at anyT. The scaling byd in the dynamics at lowl as well asl"(T)
suggests that the observed spin dynamics is of 1D origin. We conclude that the spin dynamics at high
temperature3 >J, is well described by classical theory, however, at low temperaflires, the finite width
indicates some quantum fluctuations. Therefore, we observed the crossover from the quantum stafeat low
the classical state at highin S=3/2 systems[S0163-182@09)00521-4

I. INTRODUCTION the excitation energy is/2 times as large as that in a clas-
sical systenf, the spin-wave-like dispersion curve is the
. . . _ . lower boundary of an excitation continuutmand so on.
The spin dynamics in one-dimensiondD) Heisenberg Thege features have been experimentally confirmed in real
antiferromagnetic ;ystems is understood to bg strongly d&nhaterial® Since the spin-value-dependent dynamics was
pendent on the spin valu®). Quantum effects in the spin yregicted, i.e., half-integer spin systems show gapless exci-
dynamics in a system with a small spin val&=(1/2 and 3 tations and power-law decay in the spin correlations, and
have been intensively studied both theoretically and experinteger spin systems show an excitation gap and exponen-
mentally. For anS=1/2 system, many important features tially decaying correlation$,the dynamical properties i
have been theoretically proposed: theeNstate is not the =1 systems have been intensively investigated, and the
ground staté, there is a quantum renormalization such thatHaldane effect was confirmed.
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On the other hand, neutron-scattering experiments fronand also on a triple-axis spectrometer at a steady-state neu-
tetramethylammonium manganese chloride have revealemon source, and it was found thatis proportional toT,*° as
that anS=5/2 system behaves classicallA classical sys- predicted by classical theoly.The finite energy width at
tem exhibits ordering at absolute zero, and dynamical scalinpw T is thus not caused by a simple relation I6fT) to
can be applied to the phase transitiohClassical theorl  «(T) in terms of classical theory, and, it indicates that the
has predicted that the energy widff) of the magnetic ex- S=3/2 system exhibits some quantum fluctuations at low
citations is independent of the 1D momentum trangtpr temperature&®*°
and is proportional to the inverse correlation lengkh at At present, we have newly performed measurements of
low temperatures; these behaviors are consistent with the dyyagnetic excitations at energy transfers smaller than 20 meV
namical scallng.llAs a result of the linear temperatife  ;5ing a chopper spectrometer, to obtain comprehensive data
dependence ok, I" should then be proportional @ to describe the spin dynamics at low temperatures in

thrsmg?manreialn;ésg;amrdlsrﬁ, qu?S'}iln?t s¥s:§m,r 'tt ?;_h'?'ts ftsvcg. And also, we have performed inelastic-neutron-
ee-dimensio orcering at a tinite temperatu (- scattering experiments on Cs\V(Bo confirm the dynamical
3D ordering temperatuyelue to the finite interchain interac- . :

scattering function at low temperatures and the temperature

tion (J7). In order to discuss one-dimensionality in a real dependence of the energy width of the magnetic excitations
system, investigations of the dynamical properties at tem- P 9y 9 ’

peratures higher thaff, where the properties in the 3D since CsVBs is also a good realization of @+ 3/2 system

ordered state should be negligible, is required; also, th&ith [3'/3[~10 *and withTy=20.3 K 2:222Note that the
above-mentioned spin dynamics 8= 1/2, 1 and 5/2sys-  €xchange constant was estimated toJse90-100K from
tems has been confirmed experimentally at temperatures weltIk-susceptibility measuremerftswhich is smaller than
aboveTy. Recent numerical studies have concentrated ofhat in CsVCh. By comparing the spin dynamics in Cs\,Cl
investigations of arB=2 systen>*3 which should exhibit ~With that in CsVBE, theJ dependence of the spin dynamics
the Haldane effect with the next integer spinSe 1. How-  can be discussed. Using the present result, we reanalyzed the
ever, in a reaB=2 system the temperature range where thedata in our previous experiments, and then presented a com-
system shows the quantum effect is expected to be mucprehensive description of the spin dynamicsSia3/2 sys-
lower thanTy, .22 In fact, it has been reported, using inelastic tems.

neutron scattering, that a®=2 system, CsCrG] behaves

classically aboveT (=16 K).}* Therefore, one might ob-

serve a crossover from the quantum to the classical limit at II. EXPERIMENTS

around S=3/2 with a real system, and we have initiated ] ] ] ]
experiments to investigate the spin dynamics inSan3/2 We performed inelastic-neutron-scattering experiments to

system, mainly using pulsed neutron scattefitig? determine the dynamical ;c_attering fun.ctiS(”q,w) .(ﬁw.is
CsVCl is a compound recognized as an excellent realizal® €nergy transférdescribing the spin dynamics i8
tion of anS=3/2 system abovdy=13.3K?° The intrac- —3/2, 1D Heisenberg antiferromagnets, Cs¥Chnd
hain exchange constafl) was evaluated to be 115 K from CSVBrs. The scattering functio§(q, ») in CsVCl at a low
bulk-susceptibility measuremerfs.Inelastic neutron mea- t€mperature and its temperature dependence were measured
surements on this compound using a triple-axis spectromet@n the chopper spectrometer, MARIinstalled at the ISIS
installed at a steady-state neutron source has been reportddicility (pulsed spallation-neutron soujcat the Rutherford
and, from the determination of the spin-wave-dispersion re&APpleton Laboratory. The dispersion relation of the mag-
lation well belowTy, the ratio|J’/J| was estimated to be on NetiC excitations in CsVBrat low temperature was also mea-
the order of 104.%-%* The excitation energies in the inter- Sured on MARI, and the temperature dependence of the dy-
chain dispersion observed well beloty, reduce with the namical scatterln%;_functlon was measured on the chopper
temperatures approachiriy, and eventually, excitations SPectrometer INE! installed at the pulsed spallation-neutron
from the interchain dispersion are not observed at finite enS0Urce, KENS, at the High Energy Accelerator Research Or-
ergy transfers at temperatures abdye Therefore, the mag- ganization(KEK). In order to determine the magnetic corre-

netic excitations in finite energy transfers at temperaturefdtion function in CsVCJ, experiments W%%e performed on
aboveT,, are considered to reflect only the 1D properties. Inth€ crystal analyzer spectrometer PRISMAt ISIS, and

our previous experiments, using a chopper spectrometer irlso on the ISSP triple-axis spectrometer PONTA inst:_:llled at
stalled at a pulsed spallation neutron source, at a low tenf€ 5 G beam hole at the JRR-3M reactor at the Tokai estab-
perature T=40K) aboveTy, (=13.3 K), we found thaf is I|s_hment _of the Japan Atomlc_Energy Resea_rch Institute. In
independent ofg, as predicted by classical theory, but is th|§ section, details concerning the experiments are de-
broader than the classical estimatf§rt’ The zone-boundary ~Scribed.
energy was determined to be 75 m&V/Measuring theT
dependence ofI', based on the assumption of the
g-independentl’, we also found that the observdd de-

creases a3 decreases, but becomes almost constant and fi- The dynamical scattering function in the present systems
nite at low T.X8 This behavior in'(T) at low T is different was measured on the chopper spectrometers. We first de-
from the classical prediction. Furthermore, in order to deterscribe the scans on a chopper spectrometer.

mine the origin of the finitd" at low T, we performed mea- A chopper spectrometer is defined as a direct-geometry
surements of magnetic correlations on a crystal analyzespectrometer coupled to a pulsed-neutron source. Pulsed
spectrometer installed at a pulsed spallation-neutron sourcpplychromatic beams generated at the neutron source are

A. Scans on chopper spectrometers
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monochromatized by a mechanical chopper synchronized a)NE=123meV i 300 | 1
with the repetition of neutron puls€50 Hz for ISIS and 20 1001 \\v=90° ﬁ,‘;&iﬁ’,’}ﬁ‘i
Hz for KENS), where the chopper is placed between the 30 3§ |

.

source and the sample. Neutrons scattered by the sample are
detected at a detector system covering a wide range of scat-

10°

E (meV)

tering angleg¢) from 3° to 135° on MARI, and from 5° to 50|

130° on INC. In particular, the scattering angles lower than

approximately 10° are densely covered by many detectors:

the low-angle banks accommodate 140 detectors on MARI

(¢=3°-10°) and 30 detectors on INGE5°—-12°). The 0 .

other high-angle detectors are mounted vertically on MARI 0
(12°-1359%, and horizontally on INC(17°-130%. The en-
ergy transfer and momentum transfer are determined from
the time-of-flight(TOF) of the detected neutrons. Since the
kinematical factok;/k; (k; andk; are the incident and the
final neutron wave vectorsvhich generally appears in the
inelastic neutron-scattering cross section is corrected, the ob-
served spectrum can be expressed@sg w), when adding

the other background.

By utilizing the 1D character of the magnetic system, the
following advantageous scans are realized. In the scan geom-
etry with the scattering anglé and the crystal anglé be- ol A
tweenk; and thec* axis (the direction of these angles are 09 10 11 1.
defined againsk;), g is given by q(A™)

E (meV)

19.7°

FIG. 1. Scan loci on a chopper spectrometer in measurements of
g=Kk; cosy—k¢ cog ¢+ ). (1) magnetic excitations from CsVgLwith a dispersion curvésinu-
soidal curve with E;=75meV andE,=0.25meV in Eqs(3) and
. ) . (4) for different scans. Scans witle;=123 meV and =90°
In a scan withyy=90° (i.e., ki.L c*), the overall profile of the  (\ | c*) and withE;= 150 meV andy=90° (k;lic*) are indicated
magnetic excitations can be observed. For the incident neupn (a), a scan withE;=20 meV andy=109.7° in(b) and a scan
tron energy,E;=123 meV, the scan loci of detectors con- with E;=60 meV andy=97° in (c), wherey is the angle between
tinuously cover the scattering angles from 3° to 30° onk; and thec* axis. The angles indicated near to the loci represent
MARI, as indicated in Fig. (8) with a sinusoidal dispersion the scattering angles of the corresponding detectors.
curve havinge,z=75meV. The magnetic intensities can be
observed at the crossing points between the dispersion curygry sensitive to the energy widths. The spectrum observed
and the scan loci. By changing the covering ¢, ) space  on this scan can be used for the examination of the scattering
is shifted. Holding the relation ap+ = 90°, the detector at function with good statistics.
¢ realizes a constamjscan aig=k; cosy [Fig. 1(b)]. In this
scan withys near to 90°, each detector scans a different locus ) . L
from the others. Generally speaking, the counting rate at oneB - Measurements of dynamical scattering function in CsVC
detector scanning near to the zone boundary is enough only The dynamical scattering functio®(q,») in CsVCk at
for determining the peak position, whereas the scatterind =40K aboveTy was measured on MARI. We previously
function can also be determined near to the magnetic zoneported the experiment witlg;=123 meV and =90°
center due to the intense structure factor using the spectrufik; L c*) in order to observe the overall profile 8{qg, ).®
from one detector. In this experiment, the sample comprised nine single crystals
In another scan witly=0° (k;lic*), an important advan- (40 g), of which thec* axes were tried to be aligned, how-
tage exists for improving the counting rate. Although limited ever, the misalignment of the crystal axes among the sample
points in the (,w) space can be scanngBig. 1(a)], this  crystals was relatively large. Therefore, analyzable data were
scan geometry enables the integration of all scattering intertaken only at higher energy transfers where each magnetic
sities detected at lower scattering angles, singpek; excitation could identify its original crystal piece, but the
—ks cos¢ is almost unchanged at low scattering anglesexcitations at around the magnetic zone center were not able
Since 140 detectors and 30 detectors are installed at loto be analyzed due to a superimposition of the spectra from
scattering angles on MARI and on INC, respectively, a largemisaligned crystals. In this measurement, the spectrum was
intensity gain can be realized. In the scan of the measureaccumulated for more than 18.5 mAh of proton injection to
ments on CsVG| for instance, the scan locus with; a tantalum target18.5 mAh corresponds to 92.5 h at 200
=150 meV crosses the dispersion curve at three points, angkA of the typical proton current at IS)SAt present, in order
moreover, just touches near to the zone boundary, and therts determineS(q, ), especially at the zone center, we per-
fore, four points with differeng can be scanned at the same formed measurements with,=20 meV andg=109.7° and
time in this scan geometry. Because the angle between theith E;=60meV andy=97°, using a sample comprising
locus and the dispersion curve is different at each peak, duene single crystall5 g, with the proton injection of 2.2 and
to the resolution effect, the intensity ratio among the peaks i8.0 mA h, respectively. The mosaic spread was measured to
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double-axis modek; and k; are the incident and the final wave
vectors.
FIG. 2. Scan loci on a chopper spectrometer in measurements of

magnetic excitations from CsVBmwith a dispersion curvésinu- zone center af =25K was measured on INC in the scan
soidal curve with E;=62meV andE,=0.2meV in Eqs.(3) and  with E;=47 meV andy=102.2° by using one single crystal.
(4) for different scans. Scans witlE;=80meV and =90° |n this scan, the constagtscan was performed at the detec-
(kiLc*) and withE; =100 meV and)=90° (kjlic*) are indicated,  tor with ¢=12.2°. The mosaic spread was measured to be
wherey is the angle betweek; and thec™ axis. The angles indi- 1 g° ot FWHM, and the energy resolution was determined to
cated near to the loci represent the scattering angles of the corrgys 5 5 mev by measuring the energy width of the incoherent
sponding detectors. elastic scattering. The temperature dependenc&(qfw)

. _ was also measured on INC wits;=100meV andy¢=0°
be 2.1°. at the full width at half maximutFWHM). In thg (k;lic*) at T=25, 80, 130, and 190 K using a sample com-
scan withE; =20 meV and)=109.7°, the constargscan is  prising four single crystal§40 g. The mosaic spread of the
realized at the detector with=19.7°, as shown in Eq1),  sample, including the misalignment among the single crys-
and excitations with energy transfers up to 15 meV could b‘%als, was measured to be 4.5° at FWHM, and the energy
measured, and excitati.ons at energy transfers from 15 to 3Qso|ution was determined to be 4.8 meV by measuring the
meV were measured in the scan with=60meV andy  energy width of the incoherent elastic scattering. Each spec-
=97°. The energy resolution was determined to be 2.8, 4.3rym was accumulated for approximately 0.2 mA h of proton

and 0.8 meV at FWHM in the scans with =123, 60, and jnjection (0.2 mA h corresponds to 40 h atiBA of the typi-
20 meV, respectively, by measuring the energy width of the:a| proton current at KENS

incoherent elastic scattering. In the scan wiih= 60 meV,
the slit package with a coarse collimation was used in the

mechanical chopper to gain a greater neutron flux. The scan _ ) )
loci for these scans are indicated in Fig. 1. In order to determinex(T), the inelastic neutron-

In order to measure the temperature dependence @cattering experiments were performed on the crystal ana-
S(q,w), the experiments on MARI were performed with lyzer spectrometer PF;ISMA, and also on the ISSP triple-axis
E;=150meV andj=0° (k/ic*) at T=40, 50, 80, 120, and SPectrometer PONTA® |
200 K1%18 Each spectrum was accumulated for approxi- On PRISMA, thec* axis ([001]) of a single-crystal
mately 4 mAh of proton injection. The sample comprisedSample of CsVGweighing 15 g was mounted perpendicular
nine single crystal$15 g, of which thec* axes were accu- t0 ki and with[110] horizontal, where the constagtscan at
rately aligned. The mosaic spread of the sample, includingl=Ks sin¢ is realized for each detector with its scattering
the misalignment among the single crystals, was measured f19le ¢, as shown in the scan diagram in Fig. 3. In order to
be 3.7° at FWHM, and the energy resolution was determinededuce the contamination of higher-order neutron wave-
to be 3.6 meV at FWHM by measuring the energy width oflengths, a pyrolytic graphitéG) filter was placed between

the incoherent elastic scattering. The scan loci in this scate sample and the analyzer crystal. A" Gllimator was
are also indicated in Fig. 1. located between the PG filter and the analyzer crystal. The

final energy was chosen to & =12.7 meV, because the
PG filter works efficiently around this energy region and the
energy integration up to 100 meV over the zone-boundary
The dispersion relation of magnetic excitations in CsyBr energy can be realized. The mosaic spread of the sample
(see Fig. 2 at T=25K aboveTy was measured on MARI crystal was measured to be 2.1° at FWHM, and ghreso-
with E;=80 meV andy=90° (kiLc*). In this experiment, lution was measured to h&q=0.02 A~ at FWHM by re-
we used a single-crystal sample weighing 20 g, and, thenoving the PG filter. In this experimental setup, the inelastic
spectrum was accumulated for more than 5.5 mA h of protorspectrum, | (q,w), was taken at eacly by moving the
injection, using a chopper with a coarsely collimated slitanalyzer-detector arms step by stég., by changing).
package in order to gain a greater neutron flux. The energ®ince | (q,w) is the sum of the magnetic scattering cross
resolution was determined to be 3.7 meV by measuring theection k;/k;)S(q,w) and the other background, the corre-
energy width of the incoherent elastic scattering. Due to théation function S(q) was deduced by integrating
large mosaic spread of the cryst&{,q,w) was hard to de- (k;/k;)I(qg,®) overfw up to 100 meV.
termine, and thus only the dispersion relation was deter- A conventional double-axis measurement was also per-
mined in this measuremerfs(q,w) at around the magnetic formed. The triple-axis spectrometer PONTA was operated

q(A™)

D. Measurements of magnetic correlations in CsVGl

C. Measurements of dynamical scattering function in CsVBg
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FIG. 4. Inelastic spectra of CsvVght T=40K at around the
magnetic zone center measured in the scan &jth 20 meV and
=109.7° shown in Fig. (b). The solid lines are the fitted curve by
a Lorentzian scattering functioisee text. The scan at the detector

(==

5
with ¢=19.7° is the constarg-scan at the magnetic zone center. % 4

£,
in the double-axis mode with the incident neutron eneggy Z , i
fixed at 30.5 meV using the collimation #20-20'. A = . E::;g"m“;f,"
single-crystal sample of CsV&Weighing 1 g was mounted H o E =20meV
with [110] and[(_)Ol] in the sca_\ttering pla_ne. The scan was o o oz o3  oa os
performed keeping the 1D reciprocal lattice plane parallel to h (rlu) (=lg-1rlul)

K in order to realize the geometrical condition of the energy
integration at eachy (Fig. 3. The mosaic spread of the F'i 5. Thzqhdependencc_ed%f the fenher@/(q), the structure
sample crystal was measured to be 0.9° at FWHM, and th{ctorA(a), and the energy width(q) of the magnetic excitations

. _ ) rom CsVCl, are plotted against the wave number from the mag-
Fg?é%?:?ntﬁvgspgiﬁtseﬂred to By =0.02A™* at FWHM by netic zone centerhi=|q—1rlu|) in (a), (b), and(c). The energy
9 ) positions(squarepin (a) are taken from Refs. 15 and 17. The solid

line in (a) is the fitted curve with Eq¥3) and(4), and that in(b) is
lll. RESULTS the calculated curve with Eq63) and(5) from the obtained param-
A'S | eters inE(q). By the fit, E;=75 meV andE;=0.24 meV in Eq(3)
- 5(, @) at low temperatures were obtained. The solid line ift) is a guide to the eye.
Figure 4 shows the inelastic spectra from Csy@t
around the magnetic zone centefTat 40 K in the scan with  correction for inelastic measurements using the triple-axis
Ei=20meV and ¢y=109.71°. At the detector with¢  method. The observed energy resolution for any scan in the
=19.7°, the constarg-scan was realized at the magnetic present report mentioned above was in very good agreement
zone center. The observed spectra for individual detectors iwith the calculation. In the fit, the peak energg(q)], the
the scans witle; =20 meV andyy=109.7°,E;=60meV and  structure factof A(q)] and the energy widthI'(q)] of the
¥=97° andE;=123 meV andy=90° were fitted to the fol- magnetic excitation were parametrizing on the assumption
lowing scattering function convoluted with the instrumentalthat these parameters are constants independeninogéach
resolution: spectrum. As shown in Fig. 4, the fit was successful, and Fig.
5 showsE(q), A(q), andI'(q) obtained by the fit. In Fig. 5,
)/« E(q), A(q), andI'(q) are plotted against the wave number
[wo—E(q) 2+ ()% from the magnetic zone centeh(:|qt1 rlu]) in units of
2) reciprocal-lattice unitrlu, 1 rlu=1.05A ! at T=40K). The
normalization inA(qg) between the scans was made by using
where [n(w)+1] is the thermal population factor the intensity of the data af overlapped between the scans.
[exp(-fiw/kgT)—1]"%, and Q is the scattering vector. The As shown in Fig. &), the obtained dispersion relati@{(q)
magnetic form factof~(Q) was taken from the calculated was well fitted to the following equations:
value of theV2" free ion?® The resolution functiotf was
calculated using a Gaussian approximation based on the neu- — Ay
tron pulse width, the chopper burst time width and the geo- E(@)=vu(a)v(a) &
metrical configuration of the spectrometer in the same mangith
ner as the Cooper-Nathans resolution mattixglso, the
effect of the sample mosaic spread was also properly
included® The resolution correction for the inelastic
neutron-scattering experiment at the pulsed neutron sources
presently reaches the level of the well-established resolution v(q)=E,(1+cosaq)+Eg, 4

S(a,w)=[n(w)+1]F(Q)*A(q)

u(q)=E;(1—cosaq),
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FIG. 6. Inelastic spectra of CsVBat T=25K at around the < \*k
magnetic zone center measured in the scan &jth47 meV and 0o o7 oz o3 o3 o5
=102.2°. The solid lines are the fitted curve by a Lorentzian —r - T T
scattering function(see text The scan at the detector with ©
=12.2° is the constarg-scan at the magnetic zone center. The & S T
inset shows the scan loci for the four detectors corresponding to the g 4 i
spectra. ,‘a’_ i

. . . = 2t -
wherea is the lattice constant, artel; andE, were obtained +
to be 75.@0.7 meV and 0.24 0.02 meV, respectively. As- ol L . .
sumingE;=4SRJwith the renormalization consta(®) cal- 00 oy (rlg')2 (=I((1)ﬁrlul)o'4 0
culated from the quantum Monte Carlo methiddhe ex-
change constant was determined to be119+3 K. The FIG. 7. Theq dependence of the energg(q), the structure

excitation energy at the magnetic zone center was measuregktorA(q), and the energy widt (q) of the magnetic excitations
to be 6.0-:0.2meV. The structure factor can be calculatedfrom CsVBr, are plotted against the wave number from the mag-

from u(qg) andv(q) as follows: netic zone centern(=|q—1 rlu) in (a), (b), and(c). The solid line
in (a) is the fitted curve with Eq93) and(4), and that in(b) is the
A(g)=+u(g)/v(q). (5) calculated curve with Eq$3) and(5) from the obtained parameters
. . in E(q). By the fit, E;=62 meV andE,=0.2 meV in Eq.(3) were
The solid line in Fig. Bo) is the structure factoA(q) calcu-  piqined.

lated by Eq.(5) with the parameters obtained by the fit of
E(q). The observed structure factor was in good agreement 0.5 meV and 0.2: 0.02 meV, respectively, by the fit. As-
with that described by Eq5). Figure %c) showsI'(q) ob-  sumingE;=4SRJagain,J was determined to be 993 K.
tained by the fitI'(q) was constant at larger energy transfersThe zone-center energy was measured to be- 6.2 meV.
corresponding toh>0.07rlu as we reported previously, The structure factoA(q) can be calculated from the ob-
however, at present, we newly fouhidq) exhibits the mini-  tained parameters describirtf(q), and the observed(q)
mum of 1.3-0.3meV at the magnetic zone cent8(q, ) was in good agreement with the calculation, as shown in Fig.
in CsVCk determined at present well describes the inelastic7(c). We found thal"(q) in CsVBr; at T=25K also exhibits
spectrum in the scan with; = 150 meV andy=0° (k;lic*), the minimum of 0.720.2meV at the magnetic zone center.
as shown in Fig. 8, anb at the constant region was obtained S(q,w) in CsVBr; determined at present well describes the
to be 3.2:0.4 meV by fitting the spectrum in this scésle-  inelastic spectrum in the scan with;=100meV and
tails of the fit are described in the following sectjon =0° (killc*) measured on INC, as shows in Fig. 9, and
Figure 6 shows the inelastic spectrum from CsyBt based on the assumption &f being independent of| at
around the magnetic zone centefat 25 K aboveTy in the  larger energy transfer§, at the constant region was obtained
scan withE; =47 meV andy=102.2° measured on INC. In to be 2.4-0.3 meV by fitting the spectrurtdetails of the fit
this scan, the constantscan was performed at the magnetic are described in the following sectipn
zone center at the detector with=12.2°. The observed The obtained parameters describing the energy scale in
spectra for individual detectors were fitted$(q,w) in Eq.  S(q, ) at low temperatures are summarized in Tablg,lin
(2) convoluted with the instrumental resolution, in the sameEq. (3), which is approximately the zone-boundary energy,
manner as the analysis of the CsY@ata, and in Fig. 7, was obtained from fitting the dispersion relation, the zone-
E(a), A(g), andI'(q) obtained by the fit are plotted against center energy K c= v2E;E,) and the zone-center energy
the wave number from the zone centb). In Fig. 6@, the  width (I',c) were from fitting the inelastic spectra in the
positions of the magnetic excitations from Csy¥Bbserved constantgy scans at the magnetic zone center, and the
at T=25K in the scan withE;=80meV andy¢=0° on g-independent energy width at larger energy trandfemwas
MARI are also plotted. The positions of the excitatidi(x)) obtained from fitting the inelastic spectra in the scan with
were well fitted to the dispersion relation describing by Eqsk;lic*. We found that all of the parameters describing the
(3) and (4), and E; and E, were obtained to be 62.0 energy scale can be scaled by the exchange constants.
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TABLE |. Parameters describing the energy scal&(g,») in [
CsVCl and CsVBg at low temperaturesT(=40 and 25 K, respec- [
tively): E; in Eq. (4), the zone-center enerd,c, the zone-center 2r
energy widthI',c, and the energy width at thg-independence [
region at larger energy transfe’'s The exchange consta@l) was 1F
determined fromE;=4SJR with the renormalization factofR) :
from the quantum Monte Carlo calculation. The experimental errors [

. - (] 3
were estimated from the statistical errors of neutron counts and the o
accuracy ofR.
Parameters CsVgl CsVBr, E 2
E; (meV) 75.0+0.7 62.0:0.5 % 11_
Ezc (meV) 6.0+0.2 5.0:0.2 E i
I';c (MmeV) 1.3+0.3 0.7£0.2 = I
I (meV) 3.2+0.4 2.4+0.3 00-
J (meV) 10.3+0.3 8.50.2

(119 K+3 K) (99 K=3 K) o
Ezc/d 0.58+0.03 0.59-0.03 [
Iyl 0.13+0.03 0.08-0.02 1f
[WA] 0.31:0.04 0.28-0.04 ; .
of |‘. N |l~ R )

0 20 40 60 80 100

B. Temperature dependence of energy widths ENERGY TRANSFER (meV)
Figure 8 shows the inelastic spectra from Csyil the

scan withE;=150meV andy=0° (k;lic*). Each inelastic FIG. 8. The temperature dependence of the inelastic spectra of

spectrum was well fitted to the following scattering function €SVCk measured on MARI in the scan wit =150 meV andy
adding background: =90° (k;lic*) indicated in Fig. 1a). The solid lines are the fitted

curves with the sum of a Lorentzian scattering function convoluted
with the instrumental resolution and a backgrousde text The
dashed lines are the dynamical magnetic scattering function ob-

+csexd — (hw—cg)?/c3]. (6)  tained by the fit.

1(q,w)=¢1S(q,w) +Cr+ Czexp(—Csfiw)

The magnetic dynamical scattering functistq,w) is de-  Width of phononsc; was broadened with increasifig The
scribed by Eq(2) convoluted with the above-mentioned in- present background correction improved our data analysis.
strumental resolution function. The other terms in Eg). First, we tried to fit the data &t=40 K with Eq.(6) using
represent the background with adjustable paramates  the above-determined functional forms wi(q), A(q),
—1-7). The Gaussian term in Etf) represents a phonon andI'(q) [adjustable parameters are(i=1-7) only], and
background from the sample itself. The background meafound good agreement. Second, we tr.|ed to fit the same data
surements performed at detectors located off the scatterirg parametrizing the value df at theg-independent region

i o >0.07 rlu) while holding the minimum energy width at
zlzr;eztiynnt;(? mgf tcvehi(érﬁlsgﬁl ?r?/ ?sosj ho(\;vsee% 6}[(5) ebik a;[] g;gl:]r; e zone center to be the observed value. The result of the fit
¥ g PP P was identical to that in the first trial, and’ at the

from the crystal itself. The inelastic spectrum observed in the independent region was obtained to be 3.2 meV, which

background measurements can be fitted to the backgrourﬁig ; P s :

terms in Eq.(6). The fit of the present inelastic spectra in the errroeri(.j -mf:g (\?v)eing\év?ol?it[:tlﬁé SSce)lr\évtletrggt;hgne;(hp: gg‘s%r;%tion
scan withE; =150 meV andj=0° gave the parameters de- ot £ _ 0 meV andg-independent” at anyg. As shown in
scribing the backgrounkt; (i=2-7)] not identical to those  [ig g it was well fitted to the data, and this result of the fit
in the fit of the background spectrum, but close to those. IRyas also identical to those in the first and second trials, and
order to express the background better, the parameters de-\was obtained to be 320.4meV. The magnetic excita-
scribing the background were parametrized. Although thisions in the scan WithE; =150 meV andy=0° were ob-
background correction is different from that in our previousserved at energy transfers greater than 20 meV,I¥ug in
report®>~18and the presently obtained parameters describingig. 5c) is shown to be independent of in the g-range
S(q,w) were slightly different from the previous values, they corresponding to the energy transfers. MoreoV&lg) near
were qualitatively the same results as those in the previous the magnetic zone center is smaller, as shown in Fig, 5
report. This correction can express the functional form of thesventually, the above-mentioned three trials for the fits gave
background better than the previous analysis, and from thghe identical result and is consistent with our previous report.
present background correction, a consistent result could be In the analysis of the temperature dependence of the spin
obtained for the parameters describiffn, ) and in the dynamics in CsVG), the observed inelastic spectra in the
description of the two compounds Cs\GInd CsVBg, as  scan taken on MARI withE;=150meV andy=0° were
described below. It is noted that the obtained parameters, fitted to Eq. (6) on the assumption oE,=0meV and
(i=1-7), were almost independent &f except that the ¢-independent at anyq. The fit was very successful at any
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FIG. 10. The temperature dependence of the energy Wigtbf
the magnetic excitations from CsViCand CsVBg. The abscissa
and ordinate were normalized by the exchange constanteter-
mined from the dispersion relations at low temperatures. We found
that I'/J is proportional toT/J at high temperature$/J>1 and
becomes finite at low temperatures. The dashed line is the guide to
the eye.

0 20 40 60
ENERGY TRANSFER (meV)

+ %)Y convoluted with the Gaussiag resolution and a
sloping background i, as shown in Fig. 12, and(T) was

FIG. 9. The temperature dependence of the inelastic spectra &@btained as shown in Fig. 14. Figure 13 shows the
CsVBr; measured on INC in the scan with=150meV andy  g-dependent energy-integrated spectrum measured in the
=90° (klic*) indicated in Fig. 2. The solid lines are the fitted double-axis mode on PONTA. Tteedependence of the ob-
curves with the sum of a Lorentzian scattering function convolutedserved intensity was also well fitted with the sum of the
with the instrumental resolution and a backgrousee text The  Lorentzian scattering functiof~ (g2+ «?) ~*] convoluted
dashed lines are the dynamical magnetic scattering function obwith the Gaussiamn resolution and a sloping background, as
tained by the fit. shown in Fig. 13. «(T) obtained from this experiment is

also plotted in Fig. 14.

T, as shown in Fig. 8. Figures 10 and 11 show the obtained  From these two measurements, different results concern-
dependence of (T) and the sumI'(T)+E,(T), respec- ing «(T) were obtained, as shown in Fig. 14. The magnetic
tively. For CsVBE, the observed inelastic spectra in the scancorrelation function is defined by the magnetic response
taken on INC withE;=100 meV andy=0° were fitted to S(q,w) integrated overfiw, and the inelastic neutron-
Eg. (6) on the same assumption as that for Csy/Qlhe fit ~ scattering cross section is proportionalS(, w) multiplied
for CsVBI; was also very successful at afiy as shown in by the kinematical factok; /k; . This quantity was measured
Fig. 9. The obtained’(T) and the sum]'(T)+E;(T), are  in the PRISMA experiment with the integration covering all
also plotted in Figs. 10 and 11, respectively. In the plot
shown in Figs. 10 and 11, the abscissas and ordinates were 10
normalized by the exchange constahtietermined from the
dispersion relations at low temperatures. We found the fol-

lowing properties in the energy widths of the magnetic exci- - °r i
tations:I"(T) can be scaled by, at temperature$>J, T'(T) =~

is proportional toT as predicted by classical thed/and at = 8r | | l 1
T<J, T decreases with decreasifigand becomes finite at = ' |

low temperatures. The ratio of the suR{T)+E;(T) to J X 4L % T T ]
was also found to be independentTofvithin the experimen- E’

tal errors.
6| o CsVCl; (J=119K) A

o CsVBr; (J=99K)

C. Temperature dependence of magnetic correlations

30 05 10 15 20 25
T/J

Figure 12 shows theq dependence of the energy-
integrated spectrum in CsV{aken on PRISMA, where the
kinematical factok; /k; was corrected and the upper limit of £, 11. The temperature dependence of the SunE, [E, is
the energy integration was 100 meV over the zone-boundanye parameter in Eq3)] from CsVCk and CsVBg. Abscissa and
energy of the dispersion relation of the magnetic excitationgrdinate were normalized by the exchange constahtsetermined
in CsVCk. Theg-dependent spectra at eatlwvas well fitted  from the dispersion relations at low temperatures. We found that
to the sum of the Lorentzian scattering functipr (9> (' +E;)/J is independent of/J at any temperatures.
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FIG. 14. The temperature dependence of the inverse magnetic
FIG. 12. The temperature dependence of tpelependent correlation lengthx(T) in CsVCk taken on PRISMA(closed
energy-integrated spectra from Cs\Qheasured on PRISMA, circles, on PONTA in the double-axis mod@pen circley and
where the kinematical factds/k; was corrected. The solid lines are deduced from the PRISMA data without correctingk; (crosseg
the fitted curves with the sum of a Lorentzian correlation functionThe solid line is the classical prediction fér=119 K.
convoluted with the instrumental resolution and a sloping back-
ground. due to nonmagnetic inelastic scattering enhanced by the
kinematical-factor correction, on the other hand, that on
excitation energies up to the zone boundary. On the othd?ONTA was almosfl independent due to the enhancement
hand, the energy-integrated spectrum obtained from the co®f the incoherent elastic scattering without any correction. It
ventional double-axis measurement is the integration of thés noted that, in the point of the experimental technique, the
cross section without correcting the kinematical factor, how-correction of the kinematical factok(/k;) in the inelastic
ever, the integration range is bounded by the upper Epjt  neutron-scattering cross section is important for the determi-
much lower than the zone-boundary energy. Therefore, theation of the accurate correlation function in a system having
PRISMA results present a more accurate probe of the maggxcitations with larger transfer energy relative to the incident
netic correlations. In fact, the energy-integrated spectrunmeutron energy.
from 1 (q,w) taken on PRISMA without correctinky /k; was In classical theory, x(T) is expressed by «(T)
also well fitted to the Lorentzian scattering function with a =T/(2JSa) at low temperatures, whetkis the exchange
background, anet(T) obtained by the fit was identical to the constant and is the lattice constarit: The solid line in Fig.
result from the double-axis measurement, as shown in Figl4 is «(T), calculated from this formula, with=119 K de-
14. The difference shown in Fig. 14 thus mainly comes fromtermined from the dispersion relation described above.
the correction ok; /k; . The large error bar of(T) taken on
PRISMA in Fig. 14 comes from an enhancement of the poor IV. DISCUSSIONS
statistics of the inelastic spectrum at a larger energy transfer ] ) ]
due to the correction ok./k;. The background of the =~ We now discuss the spin dynamics &=3/2, 1D
g-dependent spectra taken on PRISMA was dependefit on Heisenberg antiferromagnetic systems, Cs\tld CsVBs,
on the basis of our inelastic neutron-scattering data taken at

700 ot i i the temperatures higher than the 3D ordering temperature
CsVCl, Ty. The 1D nature should be discussedTaabove Ty,
A where the effects of the 3D ordered state are negligible.
600 - z‘%ﬂgl‘; axis) 7 The form of the dispersion relation in Eq8) and(4) can
E;=305meV {7 be deduced from the spin-wave dispersion relation with the
so0k o a0k intrachain exchange consta), the interchain exchange

constant §') and the single-ion anisotrop{D) in the 3D
ordered stafé with the limit of J’=0. The dispersion rela-
tion of the magnetic excitations in the present systems at low
temperatures was well fitted to the dispersion relation in Egs.
(3) and (4). AssumingE;=4SRJwith the renormalization
constant (R) calculated from the quantum Monte Carlo
method® the exchange constant was determined toJbe
=119+3 K for CsVCk and 99-3 K for CsVBr;, which
agreed well with that from bulk-susceptibility
FIG. 13. The temperature dependence of theependent Measurement€:?® The obtained finiteE, causes the finite
energy-integrated spectra from Cs\@easured on PONTA in the ZOne-center energy of &#0.2meV and 5.6 0.2meV, for
double-axis mode. The solid lines are the fitted curves with the suneSVCk and CsVBg, respectively. In the interpretation of the
of a Lorentzian correlation function convoluted with the instrumen-dispersion relation in the 3D ordered staig, should repre-
tal resolution and a sloping background. sentD.?® However, the presently obtaind#}, does not cor-

400}
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respond toD, because the parametdis J', andD) in the  The scaling byl suggests that the observed spin dynamics is
Hamiltonian describing the spin-wave excitations in the 3Dof a 1D origin, again. On the other hand, we found thér)
ordered state were reported to be determined from the spinis proportional toT at any T. A classical system exhibits
wave excitations from CsVglat T=1.6 K much belowTy . ordering atT =0 K, and dynamical scaling can be applied to
At the magnetic zone center, the excitation having muchhe phase transition. The linear relation betwéeand « as
lower energy than the presently observed finite energy wawell as theg-independent’ is consistent with the scaling. At
used for the determination, and the spin-wave excitations dfigh temperature$>J, we can conclude the linear relation
the 3D origin were reported to disappear at temperatures nebetweenl (T) and «(T) with their linearT dependence. We
to and aboveTy .?* From the present determination of the also found that the sufi(T) + E,(T) is independent of, as
S(qg,w) at low temperatures, we found that all of the param-shown in Fig. 11. Classical theory has predictedTiuepen-
eters describing the energy scaleSfg, ) at low tempera- dence ofl" andE; through«(T) at low T as follows:T"(T)
tures can be scaled by the intrachain exchange congtant =2SJk(T)a and E;(T)=4SJ1—«(T)a/2].° Thus, the
within the experimental errors, as listed in Table I. This sug-sum of the two quantities should be independent due to
gests thaB(q,w) can be described byonly, and it is there- the cancellation ok(T). The present result &>J in Fig.
fore indicated that the observed spin dynamics is caused byl also shows the validity of the relatidit is noted that the
the one dimensionality of the present systems. A recent nusonstant sum relation is shown evenTat.J). Moreover,
merical calculation for ar5=3/2 system at low tempera- assuming the-independent” in the analysis, the fit to the
tures has predicted an excitation continuum with an energpbserved inelastic spectrum was very successful. Although a
spread up to the energy transfers-ad at the magnetic zone direct measurement df (q) at around the magnetic zone
center’* We observed that the magnetic excitations spreadenter is necessary for thoroughly understanding the behav-
up to the energies of around 10 meXJ) at the magnetic ior at high temperatures, we conclude that the spin dynamics
zone center, as shown in Figs. 4 and 6. The observed energy high temperature3>J, is well described by classical
spread corresponds to that of the numerically predicted exctheory for a 1D Heisenberg antiferromagnetic system. How-
tation continuum. The numerical calculation has also showmver, at low temperatureb<J, there is no linear relation
the gapless strong excitation at the magnetic zone centebbetweenl(T) and «(T). The observed finite energy widths
which is a single spin-wave mode observable onlyTat atlow T are notl'(T) constructing the scaling witk(T) in
=0 K. In the present experiments at the finite temperaturegerms of classical theory, and the finite width indicates some
the single spin-wave mode was not observed at the zoniuctuations surviving even at loW. A possible reason for
center. The lower boundary of the energy spread of the exthe finite energy width is the existence of an excitation con-
citation continuum should b&w=0 meV, and therefore the tinuum, as mentioned above. Therefore, we observed the
present result does not contradict the dynamical propertgrossover from the quantum state at Igwto the classical
predicted by current theory: half-integer spin systems exhibistate at highrl in the S=3/2 systems.
gapless excitatioh,and the finiteE, does not mean the en-
ergy gap. It is natural that the observed finite energy width
[T (half width)~0.3J] at larger energy transfers should be
interpreted as being the excitation continuum extending from We demonstrated the spin dynamics $=3/2, 1D
the zone center, since the observed energy spread is on thzisenberg antiferromagnets, Cs\Y@hd CsVBg, using in-
same order as the predicted continuum spread at the zomrgastic neutron scattering. Measurements of the dynamical
center. In order to elucidate especially the origin of the finitescattering functiorS(q,») were performed on the chopper
zone-center energy and the minimumIilfg) observed at spectrometers installed at the pulsed spallation neutron
present, further development of theories describing th&ource, and the magnetic correlations were measured on the
present systems is desired. crystal analyzer spectrometer at the pulsed spallation neutron
The measured temperature dependence of the inversgurce as well as on the triple-axis spectrometer with the
magnetic correlation lengtftaken on PRISMAis in good  double-axis mode at the steady-state neutron source. The ex-
agreement with classical theoryk(T)=T/(2J%a),'! as periments were performed at temperatures above the 3D or-
shown in Fig. 14, ands(T) can be extrapolated to vanish at dering temperatur&y in order to discuss the 1D properties
T=0K. This result is consistent with current theory Bt in the present systems. We, first, described the dynamical
=0 K: half-integer spin systems show power-law decay inscattering function at low temperatures. The dispersion rela-
the spin correlation and integer spin systems show exponeiion of the magnetic excitations at low temperatures was well
tially decaying correlation$.Correlations with power-law fitted to that of an antiferromagnet with an finite zone-center
decay represent a sort of a long-range ordering, and therenergy. From the obtained parameter describing the disper-
fore, k=0 atT=0 K in terms of«.*? The presently obtained sion relation, using the renormalization constant obtained
linear T dependence ok at the observed range is also from the quantum Monte Carlo method, the exchange con-
consistent with the result from the numerical study forSan stant was determined to be 118 K and 99-3 K for
=3/2 systent? CsVCkL and CsVBg, respectively, and these values agreed
Concerning the temperature dependence of the spin dwwell with those taken in bulk-susceptibility measurements.
namics, we found the following properties in the energyThe observed structure factor was well described by that cal-
widths of the magnetic excitatior(&ig. 10: I'(T) can be culated from the parameters describing the dispersion rela-
scaled byJ, at temperatures>J, I'(T) is proportional toT,  tion. The energy widthd" were independent of at large
as predicted by classical theory, andTatJ, I" decreases energy transfers, howevdr(q) exhibits the minimum at the
with decreasingl and becomes finite at low temperatures. magnetic zone center. The parameters describing the energy

V. CONCLUSIONS
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scale inS(q,w) at low temperatures, i.e., the zone-boundaryfor an S=3/2 system. The scaling by suggests that the
energy, the zone-center energy, the energy width at the cogpserved spin dynamics is of a 1D origin, again. We con-
stant region, and the energy width at the magnetic zone cerq,de that the spin dynamics at high temperatdfes), is

ter, were found to be scaled by the exchange constint \ye| described by classical theory. However, at low tempera-
This suggests that the observed spin dynamics is caused Ryres T<J, the observed finite energy widths at low tem-
the one-d|menS|onaI|§y of t_he present systems. The enerWeratures are ndt(T) constructing the scaling witk(T) in
spread of the magnetic excitations at the zone center as Wellyms of classical theory, and, the finite width indicates some
as the finite energy widths at the larger energy transfer suggyantum fluctuations. Therefore, we demonstrated the cross-

gest the existence of the excitation continuum. We also ingyer from the quantum state at low temperatures to the clas-
vestigated the temperature dependence of the spin dynamic§eg| state at high temperaturesSa 3/2 systems.
and found the following properties in the energy wid{h$

of the magnetic excitationd’(T) can be scaled by, at
temperature§ >J, I'(T) is proportional toT, as predicted
by classical theory, and at<J, I" decreases with decreasing  This work was performed under the UK-Japan Collabora-
T and becomes finite at low temperatures. On the other hantipn Program on Neutron Scattering and a Grant-in-Aid for
we found that<(T) is proportional tol at anyT, as predicted Scientific Research. Both were supported by the Japanese
by classical theory as well as recent numerical calculationMinistry of Education, Science, Sports and Culture.
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