
PHYSICAL REVIEW B 1 FEBRUARY 1999-IIVOLUME 59, NUMBER 6
Longitudinal spin fluctuations of coupled integer-spin chains: Haldane triplet dynamics
in the ordered phase of CsNiCl3
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By means of high-resolution polarized neutron scattering from the spin-1 chain compound CsNiCl3, we have
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 Ni21 spins of CsNiCl3 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. @S0163-1829~98!00437-8#
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INTRODUCTION

In 1983 Haldane1 predicted that the ground states a
low-lying excitations of integer- and half-integer-sp
Heisenberg antiferromagnetic~AFM! chains are different.
For an integer-spin chain,1 the ground state is a uniqu
many-body singlet, separated by an energy gap of the o
2JS2 exp(2pS) from the band of the lowest-energy excit
tions, whereJ is the coupling between spins. Forhalf-integer
spins1 the AFM chain has low-lying excitations that exten
to zero energy. The prediction of a finite energy gap
isotropic integer-spin chains at first caused considerable
troversy, since both the extreme quantumS51/2 chain and
the classicalS→` chain are known to have gapless exci
tions. However, subsequent numerical calculations2,3 and the
solution for the exactly solvable Affleck-Kennedy-Lieb
Tasaki ~AKLT ! model2,4 have substantiated Haldane’s pr
diction. More recent work has shown that the appearanc
the Haldane gap corresponds to the breaking of a hid
symmetry of an integer-spin chain.5

Since the Haldane ground state is stable about the Hei
berg point with respect to various finite perturbations, it c
be observed in real crystals containing arrays of wea
coupled AFM spin chains over quite an appreciable rang
single-ion anisotropyD, provided the interchain exchangeJ8
is reasonably small. The first material in which evidence
the Haldane gap was found6 is CsNiCl3. Its Hamiltonian is

H52J(
i

chain

Si•Si 1112J8 (
^ i , j &

plane

Si•Sj1D(
i

~Si
z!2, ~1!

where D is the Ising-like~i.e., negative! single-ion anisot-
ropy. The interaction between spins is almost perfectly i
tropic, for the magnitude ofD/h is very small, only21
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GHz, as determined from the spin-flop field. The magnitud
of J/h and J8/h are 345 and 5.4 GHz, respectively.7–9 Be-
cause of the small but significant interchain exchange, th
dimensional~3D! long-range order develops below 4.4 K.10

Some other systems displaying a Haldane gap are NE
~Ref. 11! and Y2BaNiO5 ~Ref. 12!. In these materials no
long-range magnetic order has been found down to low
temperatures. Despite its long-range order at low temp
tures, in the paramagnetic phase CsNiCl3 displays the char-
acteristic behavior of a Haldane system.

~1! An energy gap over the whole Brillouin zone has be
observed by neutron scattering. It is now unanimously
cepted that this gap is not a trivial product of anisotropy.6,7,13

~2! The observed gap excitation is a triplet as shown
ambiguously by polarized neutron experiments.13,14

~3! The spin correlations near the 1D AFM zone cent
Q5p, in the paramagnetic phase have a length that extra
lates asT→0 to a finite value ofj55.3 steps along the spin
chain.15

~4! The magnon dispersion along the chain axis sho
periodicity 2p, which indicates that the symmetry remain
unbroken with respect to translation along the chain by o
unit. BetweenQ5p and 2p, the line width of the excitations
broadens at momenta greater than 3p/2, where the lower
bound of the two-magnon continuum is expected to cr
and lie below the one-magnon dispersion.14,16

~5! The excitations at the one-dimensional AFM zo
center~001!, although not fully resolved in unpolarized me
surements, display a large field dependence17 as expected for
a Haldane system.18

The above results indicate that CsNiCl3 in its paramag-
netic phase is a quantum-disordered system located w
the Haldane phase at finite temperature, but with nonz
4235 ©1999 The American Physical Society
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values ofJ8 andD. A critical value ofJ8/J, estimated9,19 as
(D/J)2/48, is required to create the Ne´el phase. Since the ga
D renormalizes upward with temperature,9,20,21 the Néel
phase destabilizes rapidly with temperature. Moreover,
ordering in the Ne´el phase, where only half the full momen
condenses, is weak as a result of the quantum fluctuati
Bearing in mind that the Ne´el temperature is much smalle
than the energy of the gap (kTN /D;1/3), the system is see
to be close to a quantum critical point and, therefore, co
sponds to theN53, d53 phase diagram of Sachdev.22 This
quantum critical point separates the singlet Haldane ph
with subcriticalJ8/J, from the Néel phase, whose ordere
moment increases with distance from the critical point.
pointed out by Affleck and Wellman,18 the longitudinal fluc-
tuations should then be long lived and observable as pea
the neutron scattering, at least in a bipartite lattice. In a n
collinear magnetic structure such as CsNiCl3, the longitudi-
nal mode interacts with the transverse modes and gain
additional mechanism for damping. In this paper we w
show that the system is close enough to the quantum cri
point that the extra modes arising from the mixing of lon
tudinal, or amplitude, and transverse fluctuations are
strong and observable, despite this interaction. Thus
characteristic Haldane triplet dynamics persist when the
ray of spin-1 chains enters the 3D long-range-ordered st

We note that the behavior of the coupledS51 chains in
CsNiCl3 is qualitatively similar to that of theS51/2 spin
ladders, as pointed out by Normand and Rice23 for LaCuO2.5.
The strong coupling of the twoS51/2 moments essentiall
gives rise to a singlet-triplet~or Seff51! structure for the
lowest states of each ladder, similar to the HaldaneS51
chain. Again, a critical value of interladder to intraladd
coupling is required to reach the quantum critical poi
which separates the spin-liquid state from the magnetic
ordered state23,24and near which longitudinal fluctuations a
expected.

When CsNiCl3 undergoes its magnetic transition belo
TN54.4 K, the spins are antiferromagnetically ordered alo
each chain. The Ni21 moments on adjacent chains lie in th
crystallographica-c plane ~denoted as thexz plane! and
form a noncollinear structure where the spin directions
neighboring AFM chains are rotated by;120°. The ordering
is described by the wave vectorq05(1/3,1/3,1). Several ex
periments have shown features in the magnetic spect
which could not be accounted for by linear spin-wave theo
As shown by Affleck and Wellman,18 spin-wave theory does
not apply to a 3D ordered array of Haldane chains. For
array of spin-1 atoms, the linear theory predicts incorr
frequencies and gives too few spin-wave modes.

In the Affleck-Wellman~AW! theory,18 a Lagrangian is
derived from the field theory for integer-spin chains: T
excitations of a single chain are described by a triplet
bosons, whose minimum energy is equal to the Haldane
energyD and whose velocity is proportional toJ. They are
coupled together by the interchain interactionJ8. The triplet
nature of the Haldane gap is obtained by releasing the c
straint on the magnitude of the staggered spin density a
the chain. This leads to increased degrees of freedom an
new modes of magnetic excitations in the 3D ordered ph
The new modes arise from the longitudinal fluctuations
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the staggered spin density and thus are fluctuations wi
the plane, in which the ordered moment lies. Because of
120° spin structure of CsNiCl3, the longitudinal modes inter
act with those spin rotations on adjacent chains which fl
tuate in the spin plane, i.e., thexz plane. The interaction of
these modes gives rise to anxz spin dispersion with four
doubly degenerate branches of finite intensity for a gen
wave vector at zero magnetic field. Their structure factor a
field dependence differ greatly from those of thexz spin ro-
tation modes of linear spin-wave theory. By contrast, thy
excitations, which remain as noninteracting rotary mod
perpendicular to the ordered moment, follow the dispers
of spin-wave theory. The mixing of longitudinal and tran
versexz modes means that the polarization of a mode d
not by itself indicate that there are longitudinal fluctuation
it is the presence of extra modes ofxz symmetry, with par-
ticular dispersion and field dependence, that is required
proof.

This prediction of additional ‘‘in-plane’’ modes distin
guishes the AW model from other contemporary theor
which attempt to save spin-wave theory: the two-magn
spin-wave theory by Ohyama and Shiba25 and the modified
spin-wave theory for triangular lattices by Plumer a
Caillé.26 In the Ohyama-Shiba calculation additional pea
like features are obtained inS(Q,v) by taking into account
the coupling of one- and two-magnon states. These feat
are strongest at~001! and seem to explain part of the expe
mental data available in 1993. However, Enderleet al.27

have pointed out that the calculated linewidth of the tw
magnon peak atH50 ~;0.2 THz! is twice as large as the
linewidth in unpolarized experiments. Moreover, Ohyam
and Shiba predict a lowerxz mode at~001! which should be
very sharp and intense, and easily observable in polar
and unpolarized experiments. This mode has not been
in either type of experiment, including a recent search in
high-sensitivity unpolarized experiment. In the calculation
Plumer and Caille´,26 there are no extraxz modes. Their cal-
culatedxzmodes at~001! do not have the same frequency
the y mode, a feature that contradicts experiments.8 Affleck
and Wellman predict well-definedxz excitations at~001!
with about the same frequency and intensity as they mode,
while the otherxz modes have vanishing intensity at~001!.
This is in perfect agreement with experimental observatio

Another important difference between the three model
that the triplet excitations of the AW model are predicted
show a much larger dependence on the magnetic field
do the excitations of the spin-wave theories. In particular,
Ohyama-Shiba model predicts only slight changes of thexz
peak frequency and a broadening with increasing fi
strength. The field dependence of the Plumer-Caille´ model is
expected to be similarly small. However, strong field effe
at 2 K were observed8,27 for the twoxz excitations at~001!.

In previous work on the ordered phase, only twoxzmodes
have been resolved in polarized measurements at~001! and
~1/3, 1/3, 1!.8 In this paper we will show, by high-resolutio
polarized neutron scattering, that at least three modes oxz
symmetry can be clearly observed at a general wave ve
and that their frequency varies rapidly in a magnetic fie
Furthermore, the field and wave-vector dependence of
modes agrees with the predictions of the AW theory. T
will prove that the modes of the 3D ordered phase are ba
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FIG. 1. Constant-Q scan obtained atQ5(0.76,0.76,20.95) withT51.6 K andB50.84 T. 23107 Monitor corresponds to about 39 min
NSF: non-spin flip channel corresponding to out-of-plane fluctuations, i.e.,y modes. SF: spin-flip channel corresponding to in-pla
fluctuations, i.e.,xzmodes. Corr. SF: the SF channel corrected for NSF feedthrough as explained in the text. The open circles, rep
the uncorrected data, are obscured by the corrected data~solid circles! wherever the correction is negligible. The vertical arrows indic
magnon frequencies predicted by the Affleck-Wellman theory, with the length scaled to expected intensity. The arrow of they mode has been
scaled down by a factor of 4 with respect to thexz modes.
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formed from the triplet modes of the single-chain Halda
gap excitation as modified by the interchain long-range
der.

EXPERIMENTAL SETUP AND PROCEDURE

The inelastic scattering experiment with polarized ne
trons was carried out at the NRU reactor, Chalk River. T
C5 triple-axis spectrometer of the DUALSPEC facility w
setup with a distance collimation of 0.67-1.2-0.85-2.0, all
degrees. Polarized neutrons were produced and analyze
the ~111! Bragg reflection of Cu2MnAl Heusler alloy single
crystals. In order to suppress fast neutron background
liquid-nitrogen-cooled sapphire filter was installed in the
actor beam. Further background suppression was achi
by installing 1-in.-thick sapphire windows~at room tempera-
ture! before and after the analyzer. A Mezei spin flipp
required to measure spin-dependent cross sections, wa
stalled in front of the analyzer.

The single-crystal specimen was oriented with its~hhl!
plane in the scattering plane of the spectrometer. A vert
magnetic field of 0.84 T produced a single magnetic dom
with the spins ordered in the horizontal plane of the sp
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trometer. Spin fluctuations within this plane arexz modes
wherex̂ and ẑ are vectors along the crystallographica andc
axes of the selected magnetic domain. Spin fluctuations
of the plane arey modes whereŷ is a vector perpendicular to
x̂ and ẑ ~i.e., x̂, ŷ, and ẑ is a Cartesian system!. Since the
applied field and, hence, the neutron polarization were al
ŷ, the xz modes appeared as spin-flip~SF! scattering, while
the y modes gave rise to non-spin-flip~NSF! scattering. The
polarized neutron experiment therefore allowed us to una
biguously distinguish the two types of orthogonal fluctu
tions.

Constant-Q scans were carried out with a fixed final ne
tron energyEf of 2.5 THz. The relatively lowEf was needed
to achieve high-energy resolution. However, it presente
special problem in tuning the Mezei flipper~i.e., adjusting
the currents to precisely rotate neutron spins byp!, since no
neutron filter was available at 2.5 THz to remove high
order neutrons that would have been rotated less. This p
lem was overcome by tuning the flipper at magnetic Bra
reflections of CsNiCl3 which were free from higher-orde
contamination. We chose to tune the flipper at the magn
Bragg reflection~1/3, 1/3,21! since no magnetic Bragg sca
tering existed at~2/3, 2/3,22!, while the nuclear reflection
FIG. 2. Constant-Q scan obtained atQ5(0.76,0.76,20.95) withT51.6 K, same as for Fig. 1, but at a higher fieldB51.79 T.
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FIG. 3. Constant-Q scan obtained atQ5(0.79,0.79,20.95) withT51.6 K, same as for Fig. 1, atB50.84 T.
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~1, 1, 23! was systematically absent. The flipper was th
tuned at each value of applied field and subseque
checked at several other magnetic Bragg reflections.
procedure typically gave a flipping ratio greater than 23
~1/3, 1/3,21!, which was more than adequate to perform t
experiment. It also allowed us to verify that the sample
mained in the single-domain state during temperature
field cycles.

The wave vectors were chosen so as to match the s
trometer resolution function to the velocity of the spin ex
tations along the chain direction. Because of their high
locity alongc* , it was easy to achieve and fine-tune focusi
by choosing wave vectors~hhl! with l slightly different from
21, almost independent of the value of the low-veloc
componenth. The results are nonetheless typical of the d
persion along the basal plane direction, the direction tha
most sensitive to the interchain coupling. In this highly f
cused configuration the measured inelastic peaks were
sharp. We considered possible spurions of sev
types: ~1! higher-order Bragg scattering at polarizer a
analyzer, and incoherent elastic scattering at the sam
(nki- i -mkf), ~2! higher-order Bragg scattering at the pola
izer, Bragg scattering at the sample, and incoherent ela
scattering at the analyzer (nki-b- i ), and~3! incoherent elas-
tic scattering at the polarizer, Bragg scattering at the sam
and higher-order Bragg scattering at the analyzer (i -b-nkf).
The closest spurions of the typenki- i -mkf would be then
56, m57 spurion at 0.903 THz and then57, m58 spurion
s
ly
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d
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-
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le,

at 0.765 THz, both outside the region of interest. The o
spurions of the typenki-b- i or i -b-nkf coming into question
are those withn54 on nuclear Bragg peaks which wou
appear unpolarized. Phonons would not appear in the s
flip channel. These tests confirm that the peaks are ind
magnetic. This was further substantiated by observing
the peak frequencies and intensities varied with magn
field.

RESULTS AND DISCUSSION

Constant-Q scans obtained atT51.6 K at several wave
vectors (h, h, 20.95) and two different magnetic field
strengths~0.84 and 1.79 T! are displayed in Figs. 1–6. Fig
ures 7 and 8 show scans at a wave vector with a slig
different c* component Q5(0.765, 0.765,20.97). A
Gaussian fit to the incoherent elastic peak and to the pe
due to several magnetic excitations is shown. There i
single peak in the NSF channel, which corresponds to o
of-planey fluctuations. Its extremely small width compare
to the width of the incoherent elastic scattering peak atte
to the finely tuned focusing achieved by selecting thec*
component ofQ. The high-energy tail of the inelastic peak
also a result of the focusing geometry. Three Gaussians
required to fit the finite energy peaks observed in the
scattering channel which arise fromxz fluctuations. Most of
the fitted peaks correspond to a resolved spin excitation
dominant intensity, and the fitted widths of such peaks
FIG. 4. Constant-Q scan obtained atQ5(0.79,0.79,20.95) withT51.6 K, same as for Fig. 1, atB51.79 T.
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FIG. 5. Constant-Q scan obtained atQ5(0.82,0.82,20.95) withT51.6 K, same as for Fig. 1, atB51.79 T.
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comparable to the fitted widths of the single-modey peaks.
This remains true even if a second peak of much wea
intensity lies within the resolution range. Some of the pea
such as the highest-frequency SF peak Fig. 4, have a la
fitted width because they are composed of more than
spin excitation. The presence of such a broadened peak
been used as evidence for the existence of at least one
excitation, which is the most conservative approach wh
counting the number ofxz modes. Because they peak is
much stronger than thexz peaks, there is a small but signifi
cant feedthrough of the NSF intensity into the SF chann
Using the flipping ratios measured at neighboring magn
Bragg peaks, the NSF feedthrough could be calculated
subtracted from the measured SF intensities. The intens
thus corrected are shown together with raw data on the ri
hand-side panel of the figures. Note that for the wave vec
Q5(0.76, 0.76,20.95) ~Fig. 1! and Q5(0.79, 0.79,
20.95) ~Fig. 3! the xz modes do not coincide with they
mode, neither in the raw data nor in the corrected data. T
gives us assurance that thexz peaks are real and not caus
by the strong NSF peak or correction. Moreover, at le
three xz peaks are seen to exist atQ5(0.76, 0.76,20.95)
andQ5(0.79, 0.79,20.95), whereas spin-wave theory pr
dicts only twoxz modes strong enough to be observed~see
Fig. 2 of Morraet al.,7 which is a sufficiently good descrip
tion of spin-wave theory for almost isotropic CsNiCl3!. Thus,
given that some of the peaks may represent unresolved m
er
s,
er
e
as
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nons, there isat least one extra mode in the in-planexz
fluctuations. Although the width of the three peaks is ob
ously different, all three are much sharper than the additio
two-magnon features of Ohyama and Shiba.25

Figures 1 and 2, 3 and 4, 7 and 8 display pairs of spe
measured at the sameQ and temperature, but different mag
netic fields B50.84 T ~Figs. 1, 3, and 7! and B51.79 T
~Figs. 2, 4, and 8!. There is no visible shift of they-mode
frequency with the field. We still require three Gaussians
the finite-energyxz peaks at the higher field strength, b
they are now found to be at different frequencies: the lo
est and middle peaks shift down, while the upper mode sh
significantly up in frequency. Hence all threexz peaks re-
spond to the field, confirming that they are real magne
excitations. Neither thexz magnons of linear theory no
those of the two special spin-wave models25,26 would show
measurable frequency shifts for field changes as small a
our experiment. Moreover, these theories predict the fi
dependence of thexz modes to besmaller than that of they
mode.25,26Affleck and Wellman, on the other hand, predict
larger field dependence for thexzmodes. The observation o
xz magnons withlarger field dependence than they magnon
gives strong support to the AW model.

For a detailed comparison between experiment and A
theory,18 we have recalculated the expected magnon frequ
cies and intensities at exactly the wave vectors~i.e., with the
c* component520.95 and 20.97, respectively! and the
FIG. 6. Constant-Q scan obtained atQ5(0.85,0.85,20.95) withT51.6 K, same as for Fig. 1, atB51.79 T.
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FIG. 7. Constant-Q scan obtained atQ5(0.765,0.765,20.97) withT51.6 K, same as for Fig. 1, atB50.84 T.
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fields we chose for the measurements. The calculation~see
the Appendix!, involving diagonalizing a matrix given
by Affleck and Wellman, was performed with the same p
rameters used previously to explain the zero-field disp
sion: J/h5345 GHz, J8/h55.4 GHz, and D/h
5214 GHz, whereD is the Haldane excitation gap o
a single chain. The moment is related to the spin byg'

52.28, as known from susceptibility and electron-spin re
nance~ESR! experiments.28 The experimental and theoret
cal results are depicted in two ways: in Figs. 1–8 the c
culated mode frequencies are shown by vertical arro
whose length is scaled to expected intensities, and the
quencies and intensities, respectively, are plotted as a f
tion of wave vector~h, h, 20.95! in Figs. 9 and 10. Note
that, e.g.,h50.24 is equivalent to the experimental wa
vector ~0.76, 0.76,20.95! in Figs. 1 and 2. The circles in
Fig. 9 show the positions of Gaussian peaks fitted to a s
The eight predictedxz branches which are split from th
original four by the magnetic field are numbered in order
increasing energy at the ordering vector.

It is clear that there is a very good agreement for
y-mode frequency~see Figs. 1–8 and 9!. The fact that the
frequency does not shift with field is expected from A
theory and, indeed, from all other theories proposed
CsNiCl3. This is no surprise, since the longitudinal fluctu
tions of the staggered spin density do not mix into they
mode for zero Ising anisotropy, which is a good approxim
tion for CsNiCl3. At a first glance one might be surprise
-
r-
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l-
s
e-
c-

n.

f

e
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-

that the peak intensity of they mode above background in
creases by as much as;30% with the field~cf. Figs. 1 and 3
with 2 and 4, respectively!. However, the integrated intensit
decreasesby about 10%, indicating that the peak intens
increase is an artifact caused by a slight change in the fo
ing geometry. Moreover, at the close-by wave vectorQ
5(0.765 0.76520.97) ~Figs. 7 and 8! the peak intensity of
they mode decreases with the field. Because of this sens
ity to slight changes in the focusing geometry, we do not u
our data for comparison of absolute intensities between
ferent wave vectors or magnetic fields. However, a comp
son of relative intensities in the same scan remains still r
sonable.

We will now compare calculated and measuredxzmodes.
Given the possibility that some of thexz modes may not be
observable due to the finite lifetime of longitudin
fluctuations,18 the qualitative overall agreement for thexz
modes is surprisingly good~see Fig. 9!. At both field values,
the wave-vector dependence of the frequencies is reprod
by the calculation. Moreover, the field dependence of
observed modes is in perfect agreement with the calcula
frequencies. In the following, we discuss the spectra in
tail, starting from the experimental wave vector~h, h,
20.95! with the highesth. At h50.24, corresponding to
~0.76, 0.76,20.95! in the experiment~Figs. 1 and 2!, we
observe at both field values the three modes with the st
gest calculated intensity, modes 2, 3, and 4. According to
intensity calculation, mode 6 should be observed as well.
FIG. 8. Constant-Q scan obtained atQ5(0.765,0.765,20.97) withT51.6 K, same as for Fig. 1, atB51.79 T.
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FIG. 9. Magnon branches predicted by the Affleck-Wellman theory for wave vectors~h, h, 20.95! and in an applied fieldB. The single
y mode is labeled ‘‘y,’’ while the xzmodes are numbered~1–8! in ascending order of the frequencies at the ordering vector. Positions o
Gaussians fitted to constant-Q data are circles, solid symbols forxz ~SF! modes and open symbols fory ~NSF!.
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other modes have much less predicted intensity, in ag
ment with the observation. Ath50.21 ~see Figs. 3 and 4!,
we observe again modes 2, 3, and 4, but not 6. The inten
of mode 6 should now be comparable to or higher than
of modes 2 and 4. Two other modes with significant p
dicted intensity are missing in the experiment: At 0.84
the calculation predicts mode 5 with an intensity compara
to that of mode 2: at 1.79 T, mode 7 gains a strength co
parable to mode 4. Other modes carry too small intensity
be observed in agreement with the experiment. Ath50.18
~Fig. 5!, we have data only at 1.79 T. We still observe mod
2, 3, and 4, but now also mode 5. However, modes 6 an
which are predicted to be considerably stronger than mod
and 5, are not observed. Ath50.15, forB51.79 T, the ob-
served peaks are rather broad and correspond to the u
solved excitations of modes 2 and 3, and 5, 6, and 7. The
a faint feature at the position of mode 1 which correspond
a weak mode in the calculation. The spectra ath50.235
with c* of 20.97~Figs. 7 and 8! are very similar to those a
h50.24, withc* of 20.95, and confirm that our conclusion
do not depend on a special choice of the smallc* compo-
nent.

The above discussion can be summarized as follo
The most serious discrepancies concerningxz modes are not
e-

ity
at
-
,
le
-

to

s
7,
4

re-
is

to

s:

observing mode 6 at any wave vector and not observ
modes 5 and 7 at some wave vectors. If we now look at
longitudinal contribution to the eigenvectors~see Table I!,
we find a very plausible explanation: The eigenvectors
modes 5, 6, and 7 are predominantly longitudinal for
values ofh with longitudinal components between 68% a
100%, while modes 2, 3, and 4 are predominantly transve
their longitudinal components ranging between 0 and 3
~see Table I!. Therefore a finite lifetime should be expecte
for modes 5, 6, and 7, which makes them more difficult
detect than a sharp excitation of comparable intensity. In
sense, the direct observation of mode 5, forB51.79 T ath
50.15 andh50.18, is the cleanest model-free evidence t
longitudinal modes exist in the three-dimensionally orde
phase of this, and presumably other, Haldane systems.

CONCLUSION

Our high-resolution polarized-neutron-scattering expe
ment on CsNiCl3 has revealedat leastone additional excita-
tion branch, which is not contained in spin-wave theory. T
direct observation, as well as the polarization, frequency,
magnetic field dependence of the observed excitations, i
excellent agreement with the predictions of the Afflec
FIG. 10. Calculated intensities of the magnon branches shown in Fig. 9.
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Wellman model. There is even reasonable qualitative ag
ment of observed and calculated intensities with an ind
tion that modes with a large contribution from longitudin
fluctuations have a finite lifetime and hence are harde
observe. Our results cannot be explained by the two-mag

TABLE I. Contribution of the longitudinal component of th
eigenvectors,uf̃Lu2, for the different modes shown in Figs. 1–6,
and 10~in %!.

Mode
B50.84 T B51.79 T

h50.21 0.24 0.15 0.18 0.21 0.24

1 11 6 27 22 16 11
2 0 0 2 0 2 4
3 24 30 3 19 27 32
4 10 22 31 7 1 13
5 100 98 100 97 92 88
6 85 91 68 72 76 80
7 92 80 64 87 100 93
8 73 67 92 75 68 64
,

al

v.

.

P.

a,

n

e-
-

o
on

spin-wave theory25 or by another modified spin-wave theor
for triangular lattices.26 Our experiment shows that, even
the three-dimensionally long-range-ordered antiferrom
netic phase, strong longitudinal quantum fluctuations e
parallel to the ordered moments. They are the signature
the triplet excitations from the Haldane ground state o
single chain. Hence CsNiCl3 is an example of a quasi-one
dimensional system close to the quantum critical point.
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APPENDIX

The equation which has been used to determine the fi
dependentxz frequencies and intensities is Eq.~4.17! in Ref.
18:
S 2E214J8Sn~32 f !1@np~12z!#2

2 i ~2gmBHE14)J8Sn f̃ !

2 i ~2gmBHE14)J8Sn f̃ !

2E214J8Sn~32 f !1@np~12z!#21DL
212~gmBH !2D S f̃1

f̃L
D 50,
red

c-
where E is the frequency,S51, n54JS, DL
2524J8Sn

22D2, D is the Haldane gap of a single chain as beforef
52 cos(2ph)1cos(4ph), f̃ 52 sin(2ph)2sin(4ph), and Q
5(hhz). f̃1 and f̃L are the transverse and longitudin
component of the eigenvector with respect to the stagge
spin density. The eigenvectors are normalized withuf̃1u2

1uf̃Lu251. S(q,v) has been calculated from the eigenve
tors in analogy to Eq.~2.45! in Ref. 18.
ys.
-

d

n,

.

.

n.
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