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Longitudinal spin fluctuations of coupled integer-spin chains: Haldane triplet dynamics
in the ordered phase of CsNiC}
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By means of high-resolution polarized neutron scattering from the spin-1 chain compound {sii@hve
observed at least one additional mode of spin fluctuations, not contained in spin-wave theory, in the three-
dimensional antiferromagnetically ordered phase of the material. The number of observed modes, their polar-
ization, frequency, magnetic field dependence, and intensity show that, in contrast to the doublet-spin dynamics
of conventional antiferromagnets, the?Nispins of CsNiCJ manifest triplet fluctuations where one component
is parallel to the ordered moment. The results confirm that the Ginsburg-Landau model of Affleck and Well-
man gives a realistic description of the dynamics of an ordered array of coupled integer-spin chains exhibiting
the Haldane gap. The longitudinal fluctuations exist because the system lies not too far from a quantum critical
point. [S0163-182(08)00437-9

INTRODUCTION GHz, as determined from the spin-flop field. The magnitudes
of J/h andJ’/h are 345 and 5.4 GHz, respectivély. Be-

In 1983 Haldank predicted that the ground states andcause of the small but significant interchain exchange, three-
low-lying excitations of integer- and half-integer-spin dimensional3D) long-range order develops below 4.4'K.
Heisenberg antiferromagnetidFM) chains are different. Some other systems displaying a Haldane gap are NENP,
For an integerspin chain’ the ground state is a unique (Ref. 11 and Y,BaNiO, (Ref. 12. In these materials no
many-body singlet, separated by an energy gap of the ord¢gng-range magnetic order has been found down to lowest
2)S exp(~m9 from the band of the lowest-energy excita- temperatures. Despite its long-range order at low tempera-

tions, wherel is the coupling between spins. Hualf-integer tures, in the paramagnetic phase Cshidisplays the char-
sping the AFM chain has low-lying excitations that extend acteristic behavior of a Haldane system.

FO ZEro energy. The pre.diction_ of a finite energy gap for (1) An energy gap over the whole Brillouin zone has been
isotropic integer-spin chains at first caused considerable CONspserved by neutron scattering. It is now unanimously ac-

troversy, since both the extreme quant@s 1/2 chain and . . S . 2

) . . cepted that this gap is not a trivial product of anisotrépy’

the classicab— oo chain are known to have gapless excita- (2) The observed gap excitation is a triplet as shown un-

tions. However, subsequent numerical calculafidrsd the K gap P 7
ambiguously by polarized neutron experimetits*

solution for the exactly solvable Affleck-Kennedy-Lieb- . )
y y (3) The spin correlations near the 1D AFM zone center,

Tasaki (AKLT) modef* have substantiated Haldane’s pre- > )
diction. More recent work has shown that the appearance ¢¢=7 in the paramagnetic phase have a length that extrapo-

the Haldane gap corresponds to the breaking of a hiddeldt€s ast—0 to a finite value o€ =5.3 steps along the spin
symmetry of an integer-spin chain. chain:

Since the Haldane ground state is stable about the Heisen- (4) The magnon dispersion along the chain axis shows
berg point with respect to various finite perturbations, it canperiodicity 2r, which indicates that the symmetry remains
be observed in real crystals containing arrays of weaklyunbroken with respect to translation along the chain by one
coupled AFM spin chains over guite an appreciable range ofinit. BetweerQ=1 and 2r, the line width of the excitations
single-ion anisotropyD, provided the interchain exchangé  broadens at momenta greater tham'3 where the lower
is reasonably small. The first material in which evidence forbound of the two-magnon continuum is expected to cross
the Haldane gap was fouhi CsNiCk. Its Hamiltonian is  and lie below the one-magnon disperstn®

(5) The excitations at the one-dimensional AFM zone
center(001), although not fully resolved in unpolarized mea-

H=202 §-§,112)' 2> S:S+DX ()% (1) surements, display a large field dependéhas expected for
' ) ' a Haldane systerif.
whereD is the Ising-like(i.e., negative single-ion anisot- The above results indicate that CsNj@h its paramag-
ropy. The interaction between spins is almost perfectly isonetic phase is a quantum-disordered system located within
tropic, for the magnitude oD/h is very small, only—1 the Haldane phase at finite temperature, but with nonzero

chain plane
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values of)’ andD. A critical value ofJ’/J, estimated®as  the staggered spin density and thus are fluctuations within
(A13)2/48, is required to create the Blephase. Since the gap the plane, in which the ordered moment lies. Because of the
A renormalizes upward with temperatdr&?! the Neel 120° spin structure of CsNiglthe longitudinal modes inter-
phase destabilizes rapidly with temperature. Moreover, th@Ct with those spin rotations on adjacent chains which fluc-
ordering in the Nel phase, where only half the full moment tuate in the spin plane, i.e., the plane. The interaction of
condenses, is weak as a result of the quantum fluctuation§!€S€ modes gives rise to az spin dispersion with four
Bearing in mind that the Ne temperature is much smaller doubly degenerate branches of finite intensity for a general
than the energy of the gai Ty /A~ 1/3), the system is seen Wave vector at zero magnetic field. Their structure factor and
to be close to a quantum critical point and, therefore, correfiéld dependence differ greatly from those of tespin ro-
sponds to th&=3, d=3 phase diagram of Sachd&/This tation modes of linear spin-wave theory. By contrast, yhe
quantum critical point separates the singlet Haldane phas&Xcitations, which remain as noninteracting rotary modes

with subcritical J’/J, from the Nel phase, whose ordered perpendicular to the ordered moment, follow the dispersion

moment increases with distance from the critical point. AsOf spin-wave theory. The mixing of longitudinal and trans-

pointed out by Affleck and Wellmatf the longitudinal fluc- versexz mod_es.means that the polanzapon_ of a mode. dogs
tuations should then be long lived and observable as peaks not by itself indicate that there are longitudinal ﬂuptuanons,

. . S : IPis the presence of extra modes>af symmetry, with par-
the'neutron scattgrlng, at least in a b|part|Fe lattice. .In aNoNgeylar dispersion and field dependence, that is required as
collinear magnetic structure such as CsNjGhe longitudi- proof.
nal mode interacts with the transverse modes and gains an g prediction of additional “in-plane” modes distin-
additional mechanism for damping. In this paper we will 5 ishes the AW model from other contemporary theories
show that the system is close enough to the quantum criticgjnich attempt to save spin-wave theory: the two-magnon
point that the extra modes arising from the mixing of longi- spin-wave theory by Ohyama and Stiband the modified
tudinal, or amplitude, and transverse fluctuations are stilpin-wave theory for triangular lattices by Plumer and
strong and observable, despite this interaction. Thus theaille?® In the Ohyama-Shiba calculation additional peak-
characteristic Haldane triplet dynamics persist when the atike features are obtained & Q,w) by taking into account
ray of spin-1 chains enters the 3D long-range-ordered statehe coupling of one- and two-magnon states. These features

We note that the behavior of the coupl8e 1 chains in  are strongest 4001) and seem to explain part of the experi-
CsNiCl is qualitatively similar to that of thes=1/2 spin  mental data available in 1993. However, Endeeleal?’
ladders, as pointed out by Normand and Rider LaCuG;s.  have pointed out that the calculated linewidth of the two-
The strong coupling of the tw8=1/2 moments essentially magnon peak atl=0 (~0.2 TH2) is twice as large as the
gives rise to a singlet-tripletor Se¢=1) structure for the linewidth in unpolarized experiments. Moreover, Ohyama
lowest states of each ladder, similar to the Hald@¥el  and Shiba predict a lowez mode at(001) which should be
chain. Again, a critical value of interladder to intraladdervery sharp and intense, and easily observable in polarized
coupling is required to reach the quantum critical point,and unpolarized experiments. This mode has not been seen
which separates the spin-liquid state from the magneticallyn either type of experiment, including a recent search in a
ordered stafé**and near which longitudinal fluctuations are high-sensitivity unpolarized experiment. In the calculation of
expected. Plumer and Caillg® there are no extraz modes. Their cal-

When CsNiC} undergoes its magnetic transition below culatedxz modes at001) do not have the same frequency as
Tn=4.4 K, the spins are antiferromagnetically ordered alonghe y mode, a feature that contradicts experimé&msfleck
each chain. The NI moments on adjacent chains lie in the and Wellman predict well-definedz excitations at(001)
crystallographica-c plane (denoted as thexz plang and  with about the same frequency and intensity asytmeode,
form a noncollinear structure where the spin directions ofwhile the otherxz modes have vanishing intensity @01).
neighboring AFM chains are rotated byl20°. The ordering This is in perfect agreement with experimental observation.
is described by the wave vectqg=(1/3,1/3,1). Several ex- Another important difference between the three models is
periments have shown features in the magnetic spectruithat the triplet excitations of the AW model are predicted to
which could not be accounted for by linear spin-wave theoryshow a much larger dependence on the magnetic field than
As shown by Affleck and Wellmatf, spin-wave theory does do the excitations of the spin-wave theories. In particular, the
not apply to a 3D ordered array of Haldane chains. For at©Dhyama-Shiba model predicts only slight changes ofxthe
array of spin-1 atoms, the linear theory predicts incorrecpeak frequency and a broadening with increasing field
frequencies and gives too few spin-wave modes. strength. The field dependence of the Plumer-Cailtelel is

In the Affleck-Wellman(AW) theory:® a Lagrangian is expected to be similarly small. However, strong field effects
derived from the field theory for integer-spin chains: Theat 2 K were observéd’ for the twoxz excitations ai001).
excitations of a single chain are described by a triplet of In previous work on the ordered phase, only tezanodes
bosons, whose minimum energy is equal to the Haldane gapave been resolved in polarized measurement8G) and
energyA and whose velocity is proportional tb They are  (1/3, 1/3, .2 In this paper we will show, by high-resolution
coupled together by the interchain interactiin The triplet  polarized neutron scattering, that at least three mode of
nature of the Haldane gap is obtained by releasing the corsymmetry can be clearly observed at a general wave vector
straint on the magnitude of the staggered spin density alongnd that their frequency varies rapidly in a magnetic field.
the chain. This leads to increased degrees of freedom and Eurthermore, the field and wave-vector dependence of the
new modes of magnetic excitations in the 3D ordered phasenodes agrees with the predictions of the AW theory. This
The new modes arise from the longitudinal fluctuations ofwill prove that the modes of the 3D ordered phase are bands
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FIG. 1. Constan® scan obtained @)= (0.76,0.76--0.95) withT=1.6 K andB=0.84 T. 2<10’ Monitor corresponds to about 39 min.
NSF: non-spin flip channel corresponding to out-of-plane fluctuations,yi.mpdes. SF: spin-flip channel corresponding to in-plane
fluctuations, i.e.xzmodes. Corr. SF: the SF channel corrected for NSF feedthrough as explained in the text. The open circles, representing
the uncorrected data, are obscured by the corrected(sialid circles wherever the correction is negligible. The vertical arrows indicate
magnon frequencies predicted by the Affleck-Wellman theory, with the length scaled to expected intensity. The arrgunof&as been
scaled down by a factor of 4 with respect to ttemodes.

formed from the triplet modes of the single-chain Haldanetrometer. Spin fluctuations within this plane axe modes
gap excitation as modified by the interchain long-range orwherex andz are vectors along the crystallograplki@andc
der. axes of the selected magnetic domain. Spin fluctuations out
of the plane argg modes wherg is a vector perpendicular to
EXPERIMENTAL SETUP AND PROCEDURE X an.di (i.e., X, ¥, andz is a Cartesian systemSince the
applied field and, hence, the neutron polarization were along
The inelastic scattering experiment with polarized neu-y, the xz modes appeared as spin-flifP scattering, while
trons was carried out at the NRU reactor, Chalk River. Thehey modes gave rise to non-spin-fliplSF) scattering. The
C5 triple-axis spectrometer of the DUALSPEC facility was polarized neutron experiment therefore allowed us to unam-
setup with a distance collimation of 0.67-1.2-0.85-2.0, all inbiguously distinguish the two types of orthogonal fluctua-
degrees. Polarized neutrons were produced and analyzed tigns.
the (111) Bragg reflection of CsMnAl Heusler alloy single ConstantQ scans were carried out with a fixed final neu-
crystals. In order to suppress fast neutron background, &on energyE; of 2.5 THz. The relatively lovE; was needed
liquid-nitrogen-cooled sapphire filter was installed in the re-to achieve high-energy resolution. However, it presented a
actor beam. Further background suppression was achievesppecial problem in tuning the Mezei flippére., adjusting
by installing 1-in.-thick sapphire window&t room tempera- the currents to precisely rotate neutron spinsmysince no
ture) before and after the analyzer. A Mezei spin flipper,neutron filter was available at 2.5 THz to remove higher-
required to measure spin-dependent cross sections, was iorder neutrons that would have been rotated less. This prob-
stalled in front of the analyzer. lem was overcome by tuning the flipper at magnetic Bragg
The single-crystal specimen was oriented with (i) reflections of CsNiGl which were free from higher-order
plane in the scattering plane of the spectrometer. A verticatontamination. We chose to tune the flipper at the magnetic
magnetic field of 0.84 T produced a single magnetic domairBragg reflectior(1/3, 1/3,—1) since no magnetic Bragg scat-
with the spins ordered in the horizontal plane of the spectering existed at2/3, 2/3,—2), while the nuclear reflection
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FIG. 2. ConstanQ scan obtained a@=(0.76,0.76;-0.95) withT=1.6 K, same as for Fig. 1, but at a higher fi@d=1.79 T.
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FIG. 3. Constan® scan obtained &= (0.79,0.79-0.95) withT=1.6 K, same as for Fig. 1, #=0.84T.

(1, 1, —3) was systematically absent. The flipper was thusat 0.765 THz, both outside the region of interest. The only
tuned at each value of applied field and subsequentlgpurions of the typak;-b-i ori-b-nk; coming into question
checked at several other magnetic Bragg reflections. Theare those withn=4 on nuclear Bragg peaks which would
procedure typically gave a flipping ratio greater than 23 atppear unpolarized. Phonons would not appear in the spin-
(1/3, 1/3,—1), which was more than adequate to perform theflip channel. These tests confirm that the peaks are indeed
experiment. It also allowed us to verify that the sample re-magnetic. This was further substantiated by observing that
mained in the single-domain state during temperature anthe peak frequencies and intensities varied with magnetic
field cycles. field.
The wave vectors were chosen so as to match the spec-
trometer resolution function to the velocity of the spin exci-
tations along the chain direction. Because of their high ve-
locity alongc*, it was easy to achieve and fine-tune focusing ConstantQ scans obtained af=1.6 K at several wave
by choosing wave vectoihl) with | slightly different from  vectors f, h, —0.95) and two different magnetic field
—1, almost independent of the value of the low-velocity strengthg0.84 and 1.79 Tare displayed in Figs. 1-6. Fig-
componenth. The results are nonetheless typical of the dis-ures 7 and 8 show scans at a wave vector with a slightly
persion along the basal plane direction, the direction that iglifferent c¢* component Q=(0.765, 0.765,-0.97). A
most sensitive to the interchain coupling. In this highly fo- Gaussian fit to the incoherent elastic peak and to the peaks
cused configuration the measured inelastic peaks were vetjue to several magnetic excitations is shown. There is a
sharp. We considered possible spurions of severadingle peak in the NSF channel, which corresponds to out-
types: (1) higher-order Bragg scattering at polarizer andof-planey fluctuations. Its extremely small width compared
analyzer, and incoherent elastic scattering at the sampl® the width of the incoherent elastic scattering peak attests
(nki-i-mks), (2) higher-order Bragg scattering at the polar-to the finely tuned focusing achieved by selecting tfe
izer, Bragg scattering at the sample, and incoherent elast@omponent of). The high-energy tail of the inelastic peak is
scattering at the analyzenk;-b-i), and(3) incoherent elas- also a result of the focusing geometry. Three Gaussians are
tic scattering at the polarizer, Bragg scattering at the sampleequired to fit the finite energy peaks observed in the SF
and higher-order Bragg scattering at the analyzdn-(k;). scattering channel which arise froxa fluctuations. Most of
The closest spurions of the typek;-i-mk; would be then  the fitted peaks correspond to a resolved spin excitation of
=6, m=7 spurion at 0.903 THz and the=7, m=8 spurion  dominant intensity, and the fitted widths of such peaks are

RESULTS AND DISCUSSION

FIG. 4. Constan® scan obtained a&®=(0.79,0.79-0.95) withT=1.6 K, same as for Fig. 1, #=1.79 T.
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FIG. 5. Constan® scan obtained a®=(0.82,0.82;-0.95) withT=1.6 K, same as for Fig. 1, &=1.79 T.

comparable to the fitted widths of the single-madpeaks. nons, there isat leastone extra mode in the in-planez
This remains true even if a second peak of much weakefluctuations. Although the width of the three peaks is obvi-
intensity lies within the resolution range. Some of the peakspusly different, all three are much sharper than the additional
such as the highest-frequency SF peak Fig. 4, have a largewo-magnon features of Ohyama and Shiba.

fitted width because they are composed of more than one Figures 1 and 2, 3 and 4, 7 and 8 display pairs of spectra
spin excitation. The presence of such a broadened peak haseasured at the san@@and temperature, but different mag-
been used as evidence for the existence of at least one spietic fieldsB=0.84T (Figs. 1, 3, and Y and B=1.79T
excitation, which is the most conservative approach wherFigs. 2, 4, and 8 There is no visible shift of thg-mode
counting the number okz modes. Because thg peak is  frequency with the field. We still require three Gaussians for
much stronger than thez peaks, there is a small but signifi- the finite-energyxz peaks at the higher field strength, but
cant feedthrough of the NSF intensity into the SF channelthey are now found to be at different frequencies: the low-
Using the flipping ratios measured at neighboring magneti@st and middle peaks shift down, while the upper mode shifts
Bragg peaks, the NSF feedthrough could be calculated ansignificantly up in frequency. Hence all thre@ peaks re-
subtracted from the measured SF intensities. The intensitiespond to the field, confirming that they are real magnetic
thus corrected are shown together with raw data on the rightexcitations. Neither thexz magnons of linear theory nor
hand-side panel of the figures. Note that for the wave vectorghose of the two special spin-wave modef® would show
Q=(0.76,0.76,-0.95) (Fig. 1) and Q=(0.79,0.79, measurable frequency shifts for field changes as small as in
—0.95) (Fig. 3) the xz modes do not coincide with the  our experiment. Moreover, these theories predict the field
mode, neither in the raw data nor in the corrected data. Thidependence of thez modes to besmallerthan that of they
gives us assurance that tkepeaks are real and not caused mode®>?® Affleck and Wellman, on the other hand, predict a
by the strong NSF peak or correction. Moreover, at leastarger field dependence for tixg modes. The observation of
three xz peaks are seen to exist @=(0.76,0.76,-0.95)  xzmagnons witHarger field dependence than tlyemagnon
andQ=(0.79, 0.79,-0.95), whereas spin-wave theory pre- gives strong support to the AW model.

dicts only twoxz modes strong enough to be obserysde For a detailed comparison between experiment and AW
Fig. 2 of Morraet al,” which is a sufficiently good descrip- theory® we have recalculated the expected magnon frequen-

tion of spin-wave theory for almost isotropic CsNiLCIThus,

cies and intensities at exactly the wave vectaes, with the
given that some of the peaks may represent unresolved mag* component—0.95 and —0.97, respectively and the

FIG. 6. Constan® scan obtained &)= (0.85,0.85;-0.95) withT=1.6 K, same as for Fig. 1, #=1.79 T.
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FIG. 7. Constan® scan obtained a)=(0.765,0.765;0.97) withT=1.6 K, same as for Fig. 1, &=0.84T.

fields we chose for the measurements. The calculgger that the peak intensity of thg mode above background in-
the Appendiy, involving diagonalizing a matrix given creases by as much as30% with the field(cf. Figs. 1 and 3
by Affleck and Wellman, was performed with the same pa-with 2 and 4, respectivelyHowever, the integrated intensity
rameters used previously to explain the zero-field disperdecreasedy about 10%, indicating that the peak intensity
sion: J/h=345GHz, J'/h=5.4 GHz, and A/h increase is an artifact caused by a slight change in the focus-
=214 GHz, whereA is the Haldane excitation gap of ing geometry. Moreover, at the close-by wave veo@r
a single chain. The moment is related to the spinggy = =(0.765 0.765-0.97) (Figs. 7 and 8the peak intensity of
=2.28, as known from susceptibility and electron-spin resothey mode decreases with the field. Because of this sensitiv-
nance(ESR experiment£® The experimental and theoreti- ity to slight changes in the focusing geometry, we do not use
cal results are depicted in two ways: in Figs. 1-8 the cal-our data for comparison of absolute intensities between dif-
culated mode frequencies are shown by vertical arrows$erent wave vectors or magnetic fields. However, a compari-
whose length is scaled to expected intensities, and the freson of relative intensities in the same scan remains still rea-
guencies and intensities, respectively, are plotted as a funsonable.
tion of wave vector(#, 7, —0.99 in Figs. 9 and 10. Note We will now compare calculated and measuxreanodes.
that, e.g.,7=0.24 is equivalent to the experimental wave Given the possibility that some of the modes may not be
vector (0.76, 0.76,—0.99 in Figs. 1 and 2. The circles in observable due to the finite lifetime of longitudinal
Fig. 9 show the positions of Gaussian peaks fitted to a scarfluctuations'® the qualitative overall agreement for thxe
The eight predictedkz branches which are split from the modes is surprisingly googee Fig. 9. At both field values,
original four by the magnetic field are numbered in order ofthe wave-vector dependence of the frequencies is reproduced
increasing energy at the ordering vector. by the calculation. Moreover, the field dependence of the
It is clear that there is a very good agreement for theobserved modes is in perfect agreement with the calculated
y-mode frequencysee Figs. 1-8 and)9The fact that the frequencies. In the following, we discuss the spectra in de-
frequency does not shift with field is expected from AW tail, starting from the experimental wave vectén, 7,
theory and, indeed, from all other theories proposed for-0.95 with the highests. At =0.24, corresponding to
CsNiCk. This is no surprise, since the longitudinal fluctua- (0.76, 0.76,—0.95 in the experimen{Figs. 1 and 2 we
tions of the staggered spin density do not mix into the observe at both field values the three modes with the stron-
mode for zero Ising anisotropy, which is a good approxima-gest calculated intensity, modes 2, 3, and 4. According to the
tion for CsNICL. At a first glance one might be surprised intensity calculation, mode 6 should be observed as well. All
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FIG. 9. Magnon branches predicted by the Affleck-Wellman theory for wave veepors —0.95 and in an applied fiel@. The single
y mode is labeled ¥,” while the xzmodes are numberdd—8) in ascending order of the frequencies at the ordering vector. Positions of the
Gaussians fitted to consta@t-data are circles, solid symbols faz (SPH modes and open symbols fpr(NSP.

other modes have much less predicted intensity, in agreesbserving mode 6 at any wave vector and not observing
ment with the observation. Ay=0.21 (see Figs. 3 and)4 modes 5 and 7 at some wave vectors. If we now look at the
we observe again modes 2, 3, and 4, but not 6. The intensitpngitudinal contribution to the eigenvectofsee Table ),
of mode 6 should now be comparable to or higher than thaive find a very plausible explanation: The eigenvectors of
of modes 2 and 4. Two other modes with significant pre-modes 5, 6, and 7 are predominantly longitudinal for all
dicted intensity are missing in the experiment: At 0.84 T,values ofn with longitudinal components between 68% and
the calculation predicts mode 5 with an intensity comparablel00%, while modes 2, 3, and 4 are predominantly transverse,
to that of mode 2: at 1.79 T, mode 7 gains a strength comtheir longitudinal components ranging between 0 and 32%
parable to mode 4. Other modes carry too small intensity tdsee Table)l Therefore a finite lifetime should be expected
be observed in agreement with the experiment7At0.18  for modes 5, 6, and 7, which makes them more difficult to
(Fig. 5), we have data only at 1.79 T. We still observe modegletect than a sharp excitation of comparable intensity. In this
2, 3, and 4, but now also mode 5. However, modes 6 and &ense, the direct observation of mode 5,Be¢+1.79 T aty
which are predicted to be considerably stronger than modes # 0.15 and»=0.18, is the cleanest model-free evidence that
and 5, are not observed. At=0.15, forB=1.79 T, the ob- longitudinal modes exist in the three-dimensionally ordered
served peaks are rather broad and correspond to the unnghase of this, and presumably other, Haldane systems.
solved excitations of modes 2 and 3, and 5, 6, and 7. There is
a faint feature at the position of mode 1 which corresponds to
a weak mode in the calculation. The spectranat0.235 CONCLUSION
with c* of —0.97(Figs. 7 and Bare very similar to those at Our high-resolution polarized-neutron-scattering experi-
7= 0.24, withc* of —0.95, and confirm that our conclusions ment on CsNiCJ has revealedt leastone additional excita-
do not depend on a special choice of the snadlicompo-  tion branch, which is not contained in spin-wave theory. This
nent. direct observation, as well as the polarization, frequency, and
The above discussion can be summarized as followsmagnetic field dependence of the observed excitations, is in
The most serious discrepancies concerningnodes are not excellent agreement with the predictions of the Affleck-

B = 0.847 B =1.79T
———
20} v T
L L7 3.
L5 ]
c L <
=1 | =]
o | o
= =
S s
1.0
2k 2
‘B 7]
[ =
[ [
€ . b=
— 0.5 =

0.0

FIG. 10. Calculated intensities of the magnon branches shown in Fig. 9.
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TABLE I. Contribution of the longitudinal component of the spin-wave theor¥ or by another modified spin-wave theory
eigenvectors|, |2, for the different modes shown in Figs. 1-6, 9 for triangular lattice$® Our experiment shows that, even in

and 10(in %). the three-dimensionally long-range-ordered antiferromag-

netic phase, strong longitudinal quantum fluctuations exist
B=0.84T B=179T parallel to the ordered moments. They are the signatures of

Mode 7=021 024 015 018 021 0.24 the triplet excitations from the Haldane ground state of a

1 1 6 27 29 16 11 Z!ngle c_:ha|r:. Hetnce Cllegtlstﬁn exan:ple Of'ta qluas!—?ne—

5 o 0 5 o 5 4 imensional system close to the quantum critical point.
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Wellman model. There is even reasonable qualitative agree- APPENDIX

ment of observed and calculated intensities with an indica-
tion that modes with a large contribution from longitudinal ~ The equation which has been used to determine the field-
fluctuations have a finite lifetime and hence are harder talependenkzfrequencies and intensities is E¢4.17) in Ref.
observe. Our results cannot be explained by the two-magnoh8:

~E2+43'Su(3— 1 )+ [vr(1-OT? —i(2gugHE+4v3'SuT ) 4,
—i(2gugHE+4v3J'Svf ) —E2+43'Sv(3—f ) +[vm(1- )12+ A2+ 2(gusH)?/\ o)

where E is the frequency,S=1, v=4JS, A?=24)'Sy  component of the eigenvector with respect to the staggered
—2A%, Ais the Haldane gap of a single chain as befdre, spin density. The eigenvectors are normalized with|?

=2 cos(2ry)+cos(4ry), f=2sin(2ry)—sin(4my), and Q  +|$ |2=1. S(q,w) has been calculated from the eigenvec-
=(nnl). ¢, and ¢, are the transverse and longitudinal tors in analogy to Eq(2.45 in Ref. 18.

1F. D. M. Haldane, Phys. Let83A, 464(1983; Phys. Rev. Lett. 1°R. H. Clark and W. G. Moulton, Phys. Rev.B 788(1972; W.

50, 1153(1983. B. Yelon and D. E. Coxibid. 7, 2024(1973.
2|. Affleck, J. Phys.: Condens. Mattér 3047(1989 (review) and 1L, P. Regnault, I. Zalyzniak, J. P. Renard, and C. Vettier, Phys.
references therein. Rev. B50, 9174(1994 and references therein; S. Ma, C. Bro-
3M. Takahashi, Phys. Rev. Let2, 2313(1989. holm, and D. H. Reich, Phys. Rev. Le®9, 3571(1992.
41. Affleck, T. Kennedy, E. H. Lieb, and H. Tasaki, Phys. Rev. 12G, Xu, J. F. DiTusa, T. Ito, K. Oka, H. Takagi, C. Broholm, and
Lett. 59, 799(1987; Commun. Math. Physl15 477 (1988. G. Aeppli, Phys. Rev. B54, R6827 (1996 and references
5G. Ganez-Santos, Phys. Rev. LeB3, 790 (1989; M. den Nijs therein; J. Darriet and L. P. Regnault, Solid State Comn8én.
and K. Rommelse, Phys. Rev.4), 4709(1989; S. M. Girvin 409 (1993.

and D. P. Arovas, Phys. ScF27, 156 (1989; H. Tasaki, Phys. 13M. Steiner, K. Kakurai, J. K. Kjems, D. Petitgrand, and R. Pynn,
Rev. Lett.66, 798 (199)); Y. Hatsugai and M. Kohmoto, Phys. J. Appl. Phys61, 3953(1987.
Rev. B44, 11 789(199)); T. Kennedy and H. Tasakibid. 45, 147, Tun, W. J. L. Buyers, R. L. Armstrong, E. D. Hallman, and D.

304 (1992; M. Oshikawa, J. Phys.: Condens. Mattr7469 P. Arovas, J. Phys(Parig, Collog. 49, Suppl. 12, C8-1431

(1992. (1988.
SW. J. L. Buyers, R. M. Morra, R. L. Armstrong, M. J. Hogan, P. 1°K. Kakurai, Physica BL80&181, 153(1992.

Gerlach, and K. Hirakawa, Phys. Rev. L&i6, 371(1986. 167 Tun, W. J. L. Buyers, R. L. Armstrong, K. Hirakawa, and B.
’R. M. Morra, W. J. L. Buyers, R. L. Armstrong, and K. Hirakawa, Briat, Phys. Rev. B12, 4677(1990.

Phys. Rev. B38, 543(1988. 7M. Enderle, K. Kakurai, M. Steiner, and H. Weinfurter, J. Magn.
8K. Kakurai, M. Steiner, R. Pynn, and J. K. Kjems, J. Phys.: Con- Magn. Mater.104-107, 809 (1992.

dens. Matter, 715 (1991). 18, Affleck and G. F. Wellman, Phys. Rev. 46, 8934(1992.

9. Affleck, Phys. Rev. Lett62, 474(1989; 65, 24771E) (1990; 19T, Sakai and M. Takahashi, Phys. Rev4B 4537(1990.
65, 2835E) (1990. 20\, J. L. Buyers, Z. Tun, A. Harrison, J. A. Rayne, and R. M.



PRB 59 LONGITUDINAL SPIN FLUCTUATIONS OF COUPLBD. .. 4243

Nicklow, Physica B180&181, 222 (1992. 24\, Troyer, M. E. Zhitomirsky, and K. Ueda, Phys. Rev.35,
2H. Kohler and R. Schilling, J. Phys.: Condens. Mat#er7899 R6117(1997.
(1992. 25T, Ohyama and H. Shiba, J. Phys. Soc. %#).3277(1993; 63,

223, sachdev, iDynamical Properties of Unconventional Mag- 3454 (1994).
netic Systemsv/ol. 349 of NATO Advanced Study Institute, Se- 26\, L. Plumer and A. CaillePhys. Rev. Lett68, 1042(1992.
ries E: Applied Sciencesdited by A. Skjeltorp and D. Sher- 2T\, Enderle, K. Kakurai, K. N. Clausen, M. Steiner, T. Inami, and
rington (Kluwer Academic, Dordrecht, 1998 H. Tanaka, Physica B13&214, 158 (1995.

23B. Normand and T. M. Rice, Phys. Rev.35, 8760(1997). 28N. Achiwa, J. Phys. Soc. Jp@7, 561 (1969.



