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Abstract. The spin dynamics of the hexagonal ABX3-type quasi-one-dimensional antiferro-
magnet CsVCl3 is investigated by means of an inelastic neutron scattering technique. In good
qualitative agreement with a recent spin-wave calculation including higher-order terms, a large
scattering cross-section arising from two-magnon excitations is observed at the one-dimensional
antiferromagnetic zone centre. In addition, we measured spin-wave excitations between the
chains precisely and revealed that the spin-wave dispersion curves are modified in energy and
in intensity on account of the anticrossing between the one-magnon branches and two-magnon
continuum. These results demonstrate that anharmonic terms are important in the spin dynamics
of CsVCl3 even at low temperatures. We also measured the temperature dependence of the
magnetic excitations and found that far above the Néel temperature the two-magnon process
gives a considerable contribution to the inelastic spectrum.

1. Introduction

Quantum effects, namely, deviations from the classical linear theory, are often observed in
low-dimensional magnetic systems. In a one-dimensional (1-D)S = 1

2 Heisenberg anti-
ferromagnet (AF), for instance, in strong contrast to theδ-function-like response expected
for a classical system, the magnetic response corresponds to a spin-wave (SW) continuum,
as confirmed in experiments on CuCl2·2NC5D5 [1] and KCuF3 [2]. In addition, the lower
boundary of the magnetic excitations is renormalized by a factor ofπ/2 compared with the
classical case according to dCP’s calculation [3].

A recent experimental study on hexagonal ABX3-type quasi-1D AFs has revealed that
low-energy excitations of these compounds are not interpreted correctly by conventional
linear SW theory. Although most of the data have been discussed in connection with the
Haldane gap, which is observed in a Heisenberg AF chain with integer spins, anomalous
behaviour is also reported in half-integer spin systems [4]. In this paper, we report on
detailed inelastic neutron scattering measurements of magnetic excitations in the hexagonal
ABX 3-type quasi-1-D AF with half-integer spinsS = 3

2, CsVCl3. We experimentally
confirmed clear deviations from conventional linear SW theory for this compound and found
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that these results agree with a recent theoretical calculation by Ohyama and Shiba which
predicts large quantum corrections to linear SW theory for a quasi-1-D helimagnet [5].

CsVCl3 is a good quasi-1-D AF [6]. The magnetic ions V2+ are well approximated as
Heisenberg spins withS = 3

2 and crystallize into a simple hexagonal lattice. The magnetic
chains run along the hexagonalc-axis. The intrachain AF interactionJ is estimated to
be −115 K from the high-temperature magnetic susceptibility [7]. The interchain AF
interactionJ ′ is supposed to be about 10−3–10−4 of J and a weak easy-plane anisotropyD
exists. Thus, the spin Hamiltonian withS = 3

2 is written as

H = −2J
∑

i

Si ·Si+1 − 2J ′ ∑
〈i, j〉

Si ·Sj − D
∑

i

(Sz
i )

2 (1)

where the first sum is taken along the hexagonalc-axis and the second sum is taken in the
basal plane. BelowTN = 13.3 K, the ordered spins align antiferromagnetically along the
chain and rotate by 120◦ by going from one chain to the next owing to topological frustration.
The directions of the ordered moments are confined to the basal plane due to the easy-plane
anisotropy. To date, several inelastic neutron scattering measurements have been performed
on CsVCl3. Itoh et al measured the SW dispersion curve along the chain direction using a
pulsed neutron source and found quite a steep 1-D dispersion curve that reaches 75 meV
at the zone boundary [8]. The dispersion curve was well reproduced by the dispersion
relation for linear SW theory: ¯hω = −4J |sin(qcc)| with J = −145 K. Apparently, the
value of |J | observed in the neutron scattering measurement is larger than that obtained in
the static measurement and it indicates quantum renormalization. They also reported that
the variations of the intensities of the SW excitations with the momentum transfer along
the c-axis are well interpreted by linear SW theory. In contrast, the magnetic excitations
perpendicular to the chain axis seem to show deviations from linear SW theory [9, 10].
The low-energy magnetic excitations in CsVCl3, however, have not been investigated yet
in detail.

The rest of this paper is organized as follows. The linear SW approximation and results
of Ohyama and Shiba’s calculation are briefly introduced in the next section. Experimental
procedures and results are described in section 3. Our results show a considerable two-
magnon contribution to the inelastic spectra at the 1-D AF zone centre, and high-resolution
measurements for the magnetic excitations perpendicular to the chain axis clearly show
distorted SW dispersion curves that qualitatively agree with Ohyama and Shiba’s results.
The temperature evolutions of the magnetic excitations and the 1-D dispersion curves are
also reported. Section 4 is devoted to discussion, and a summary is presented in section 5.

2. Theory

Ohyama and Shiba’s theory is a simple extension of linear SW theory. In linear SW theory,
the spin Hamiltonian is expanded in powers of 1/S and the terms proportional toS are
treated. Ohyama and Shiba first made 1/S corrections to the linear theory and evaluated the
SW excitation energy and neutron scattering cross-section. First we apply linear SW theory
to CsVCl3 and then describe Ohyama and Shiba’s calculation.

In CsVCl3, the ordered moments rotate by exactly 120◦ between the chains. In this
case, the spin-wave excitation energy and neutron scattering cross-section can be obtained
analytically within the linear SW approximation [11, 12].

According to the usual procedure of linear SW theory, the spin Hamiltonian (1) is
expanded with respect to Fourier-transformed Bose operatorsaq anda+

q , as

H = H0 + H2 + H3 + H4 + · · · (2)
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whereHi is the ith-order term ofaq anda+
q . The first term is the Ńeel state energy:

H0 = (2J + 3J ′)NS2

andN is the number of spins in the crystal. Owing to the equilibrium condition of the spin
structure,H1 vanishes.

In linear SW theory, terms involving more than three raising and lowering operators,
such asH3 and H4, are neglected, and only the term proportional toS, namelyH2, is
considered.

The termH2 is

H2 = (2J + 3J ′)NS + S
∑

q

{
Aq(a

+
q aq + aqa

+
q ) − Bq(aqa−q + a+

q a+
−q)

}
(3)

where

Aq = −2J − 3J ′
(

1 + γq

2

)
− D

2

Bq = −2J cosπl − 9

2
J ′γq − D

2

γq = 1

3

{
cos 2πh + cos 2πk + cos 2π(h + k)

}
q = ha∗ + kb∗ + lc∗.

Equation (3) is readily diagonalized by Bogoliubov transformation; then we get

H2 = (2J + 3J ′)NS +
∑

q

h̄ωq

(
b+

q bq + 1

2

)
wherebq andb+

q are the annihilation and creation operators of magnons, respectively. The
SW excitation energy at the wave-vectorq is given by

h̄ωq = 2S
√

(Aq + Bq)(Aq − Bq). (4)

The neutron scattering cross-section is also given in a simple, analytic form (see equations
(6) and (7) in [13]).

The typical dispersion curves obtained parallel and perpendicular to the chain axis are
depicted in figure 1(a). There are three SW branches. The polarization of one branch is
along the hexagonalc- (z-) axis (thezz-mode) and the polarizations of the other branches are
within the hexagonalab-plane (xy-modes). Since the ordered moments are confined to the
hexagonal basal plane in CsVCl3, thezz- andxy-modes are referred to as out-of-plane and
in-plane modes, respectively. As seen in the figure, the in-plane modes and the out-of-plane
mode do not couple to each other. Since, at the scattering vectorq, onexy-mode sees the
fluctuations atq + QM and the other sees them atq − QM in the extended Brillouin zone,
whereQM is the ordered wave vector (1

3, 1
3, 1), the former and the latter are referred as

xy+- andxy−-modes, respectively.
In Ohyama and Shiba’s theory, higher-order terms which are neglected in the linear

approximation,H3 and H4 in equation (2), are taken into consideration. For collinear
spin structures,H3 vanishes, andH4, which represents interactions between spin waves,
only weakly affects SW spectra as a renormalization. However, for non-collinear spin
structures, such as helical or canted spin structures,H3 does not vanish and the second-order
perturbation ofH3 gives rise to noticeable effects on the excitation spectra [5, 14]. The origin
of this quantum correction is the same as that which appeared in tetramethylammonium
manganese chloride (TMMC) under a magnetic field [15]; both the cross-terms between
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Figure 1. (a) Dispersion curves for the ABX3-type Heisenberg AF with a planar anisotropy
within the linear SW approximation. (b) An illustration of Ohyama and Shiba’s calculation.
Substantial two-magnon scattering appears over the entire reciprocal-lattice space. In addition,
repulsion between the two-magnon band and the SW branches distorts the SW branches
downward, as indicated by the arrows. (c) The in-plane component of the calculated dynamical
structure factorSxx(Q, ω) at Q = (0, 0, 1). The data are quoted from [5]. (d) The in-plane
component of the calculated dynamical structure factorSxx(Q, ω) at Q = (0.5, 0.5, 1). The
data are quoted from [5].

conventional transverse fluctuations (one-magnon) and longitudinal fluctuations (two-
magnon) arising from the non-collinear arrangement of the ordered spins, namelyH3, and
the divergence of the density of states due to one dimensionality enhance the two-magnon
process [14].

The results of Ohyama and Shiba’s calculations are summarized pictorially in figure 1(b)
for the sake of comparison with the linear SW calculation, figure 1(a). The in-plane
components of the calculated dynamical structure factorSxx(Q, ω) at Q = (0, 0, 1) and
(0.5, 0.5, 1) are also shown in figures 1(c) and 1(d) as functions of the excitation energy.
The important differences between the linear theory and their calculations are the following
two points.

(A) Throughout the whole reciprocal-lattice space, especially at the 1-D AF zone centre
Q = (η, η, 1), a band-like cross-section due to two-magnon processes exists in addition to
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conventional SW (one-magnon) excitations atT = 0 K. These two-magnon scatterings are
seen in figures 1(c) and 1(d) as broad peaks at aroundE = 0.6 arbitrary units. WhenS
is sufficiently small or the one dimensionality is good enough, the intensities of the two-
magnon scatterings can be of comparable magnitude to the one-magnon scattering, as shown
in figure 1(c).

(B) Due to the one-magnon–two-magnon interactions, SW spectra are modified in
both excitation energy and scattering intensity, particularly at the 1-D AF zone centre
Q = (η, η, 1). The interacting terms also give rise to a finite lifetime for SW excitations;
hence certain SW peaks show a finite linewidth atT = 0 K.

3. Experimental results

Inelastic neutron scattering experiments were performed on the ISSP triple-axis spectro-
meters PONTA and HER installed at the research reactor JRR-3M at the Japan Atomic
Energy Research Institute (JAERI), Tokai. Most of the data from PONTA were taken with
the final energy fixed at 14.7 meV and with the two sets of collimations 15′–20′–40′–40′

and 40′–40′–40′–40′. The fixed final energy 30.5 meV and the collimation 40′–40′–40′–40′

were used to measure the magnetic excitations along the chain direction. For the high-
resolution measurements made on HER, cold neutrons with fixed initial energy 6.35 meV and
the collimation beyond the monochromator 40′–80′–80′ were employed. A vertically bent
pyrolytic graphite monochromator and analyser were used in all cases. To reduce higher-
order contaminations a pyrolytic graphite filter was used on PONTA. A cylinder-shaped
single crystal, the volume of which is about 1.5 cm3, was placed in an ILL-type orange
cryostat with the [110] and [001] axes in the scattering plane so as to make measurements
in the (ηηζ ) plane. Closed-cycle4He refrigerators were also used for the measurements of
the Q-dependence along the chain direction and the temperature dependence.

We first present the major features of the magnetic excitations at the 1-D AF zone centre
at T = 1.6 K. Constant-Q scans were measured at several scattering vectorsQ = (η, η, 1)

using thermal neutrons on PONTA. Typical inelastic profiles are shown in figure 2. The most
prominent result was obtained atQ = (0, 0, 1). As shown in figure 1(a), atQ = (0, 0, 1)

linear SW theory predicts one out-of-plane mode and two degenerate in-plane modes. Since
neutron magnetic scattering only ‘sees’ fluctuations perpendicular to the scattering vector,
the out-of-plane mode—which is the fluctuations along thec-axis—cannot be observed at
Q = (0, 0, 1); within the linear SW approximation only one SW peak should be observed.
As seen in figure 2(a), however, atQ = (0, 0, 1) a broad peak at around 6 meV is observed in
addition to a sharp peak at 2.6 meV. The lower peak can be attributed to the two degenerate
xy-polarized SW branches. AtQ = (0, 0, 3), a position equivalent to(0, 0, 1), the intensity
of the broad peak is reduced almost in proportion to the square of the magnetic form factor of
V2+ ions [16]. Hence the broad peak is of magnetic origin. The solid line in figure 2(a) was
obtained from a least-squares fit in which we took into account the instrumental resolution
and SW dispersion; a sharp peak and a broad one are considered. The contribution of the
sharp peak is depicted by the broken line and the line shape is limited by the instrumental
resolution. The asymmetric line shape is due to the steep 1-D dispersion. From this fit, the
integrated intensity of the broad peak is estimated to be about five times larger than that
of the sharp peak. This broad peak changes its line shape to a much broader one when
going along the [110] direction. A constant-Q scan atQ = (−0.5, −0.5, 1) is shown in
figure 2(b). Three almost degenerate SW branches are expected atQ = (−0.5, −0.5, 1).
We show a single sharp peak convoluted with a resolution function by the broken line. The
shaded area thus shows additional intensity and it is extremely broad.
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Figure 2. Typical inelastic profiles in CsVCl3 measured at three different values ofQ. (a) At
Q = (0, 0, 1). The solid line corresponds to two peaks convoluted with the instrumental
resolution function. In addition to a sharp one-magnon peak at 2.6 meV, depicted by the
broken line, a large, broad peak of the two-magnon band at around 6 meV is observed. (b) At
Q = (−0.5, −0.5, 1). The broken line represents a single sharp peak convoluted with the
instrumental resolution. The extra intensity indicated as the shaded area is expected to be the
two-magnon scattering. (c) AtQ = (−1, −1, 1). The solid line is the total intensity and broken
line represents the contribution of in-plane fluctuations. The out-of-plane mode is observed.

Here we should recall that a broad two-magnon continuum is expected alongQ =
(η, η, 1) from Ohyama and Shiba’s calculation. Although the parameters used for the
calculation are different from those for CsVCl3, a qualitative comparison between the theory
and experiments is possible. ForQ = (0, 0, 1), because figure 2(a) displays an in-plane
component of the scattering cross-section and figure 1(c) shows the in-plane component of
the dynamical structure factor, the two figures can be compared directly with each other,
and one can see that the experimentally observed inelastic profiles closely resemble the
calculated inelastic spectrum. ForQ = (0.5, 0.5, 1), the theory predicts an extremely
broad two-magnon continuum (figure 1(d)). This feature also seems to agree with the
observation. Such an accordance between the experiment and theory strongly suggests
that the broad scattering originates from a non-linear effect, i.e., it can be attributed as
two-magnon scattering.

In figure 2(c), the inelastic spectrum atQ = (−1, −1, 1) is shown. AtQ = (−1, −1, 1),
another position equivalent to(0, 0, 1), the out-of-plane mode can be seen in addition to
the excitations with in-plane fluctuations observed atQ = (0, 0, 1); three peaks, i.e., two
SW peaks and a broad peak, should be observed. Since it is difficult to divide the data into
three peaks directly by a least-squares fit, we first estimated the contribution of in-plane
fluctuations using the data measured atQ = (0, 0, 1) and it is shown by the broken line in
the figure. The absorption, instrumental resolution, magnetic form factor and polarization
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are taken into account. Then we fitted the rest of the intensity with a single peak. The solid
line in the figure is the total intensity. It can be seen that the out-of-plane mode exists at
Q = (−1, −1, 1), as expected.

Figure 3. Typical inelastic spectra for CsVCl3 measured on HER at 1.6 K. Solid lines
indicate least-squares fits, taking into account the instrumental resolution function and spin-
wave dispersion.

To determine the SW dispersion curves perpendicular to the chain axis in detail, we used
cold neutrons on HER. In figure 3, several constant-Q scans are shown. The solid lines
are least-squares fits in which the instrumental resolution function and SW dispersion are
considered. Again, the asymmetric line shape is due to the steep 1-D dispersion. A finite
linewidth is necessary to get a reasonably good fit, and a constant linewidth of 0.2 meV
(FWHM) was used for all of the excitations shown in figure 3. Since the small resolution
volume facilitates discriminating each excitation, all of the three SW branches that are
expected in CsVCl3 were clearly observed. The excitation energies of the SW peaks were
extracted from the fits and are summarized in figure 4. All points except those on thezz-
branch atQ = (0, 0, 1) are obtained from the cold-neutron experiments. The solid lines are
guides to the eye and the broken lines are dispersion curves calculated from linear SW theory,
whereJ = −145 K [8], J ′ = −0.08 K† and D = −0.045 K are used. The polarization
of the SW branches was identified by comparing the intensities at equivalent positions for
several reciprocal-lattice points, making use of the fact that the neutron magnetic scattering
intensity depends on the relative directions of the scattering vector and the polarization of

† A conventional way to estimate the interchain couplingJ ′ is to fit interchain dispersion curves within the linear
SW approximation. For CsVCl3, however, since the dispersion curves deviate from those expected from linear
SW theory, as observed, it is impossible to extract exactJ ′ from a fit in principle. We choseJ ′ = −0.08 K so as
to fit the gapless branch nearQ = ( 1

3 , 1
3 , 1), because lower-energy excitations are expected to be less affected by

two-magnon processes; hence we stress that this value is only a lower bound for|J ′|.
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Figure 4. Observed SW dispersion curves of CsVCl3 at 1.6 K. Full lines are only guides to the
eye. Note that thexy+-branch has minima atQ = (0, 0, 1) and( 1

3 , 1
3 , 1) in contrast to the SW

dispersion curve calculated within the linear SW approximation (broken lines).

the fluctuations. For instance, as seen in figures 3(c) and 3(d), an excitation peak at 2.5 meV
is weaker than the other two peaks atQ = (−0.22, −0.22, 1), but stronger then those at
Q = (0.78, 0.78, 1). This indicates that the excitation mode at 2.5 meV is accompanied with
zz-fluctuations (the out-of-plane mode). The crucial difference between the experimental
results and SW dispersion curves deduced from linear SW theory is that the SW branch
designated asxy+ in figure 4 shows minima in energy atQ = (0, 0, 1) and ( 1

3, 1
3, 1)—

that is, at the zone centre. This result is in good accordance with Ohyama and Shiba’s
theory. As described in section 2, they predicted that due to anticrossing between one-
and two-magnon excitations, one-magnon branches are strongly renormalized, especially at
the zone centre (figure 1(b)). Therefore our results definitely illustrate that considerable
two-magnon–one-magnon interactions do exist in CsVCl3.

The magnetic excitations along the 1-D direction were measured in the constant-E mode
at energy transfers of 20, 30 and 35 meV atT = 5.1 K. In figure 5, a typical result is
shown. The solid line in the figure is a least-squares fit in which the instrumental resolution
and dispersion curves of the excitations are taken into account. This fit to the classical 1-D
AF dispersion curve ¯hω = −4J |sin(πζ )| gives the intrachain interactionJ = −149± 2 K,
which is in agreement with the value obtained by Itohet al (J = −145± 1 K) [8]. The
dependence of the integrated intensity on the momentum transfer along the chain axis also
follows well the expectations of linear SW theory. The line shape of all three scans was
well reproduced by a Lorentzian of linewidth about 6 meV (FWHM). All of the results
obtained at these large energy transfers essentially agree with a recent study made using a
pulsed neutron source [8].

The temperature dependences of the magnetic excitations were measured mainly at
Q = (0, 0, 1) on PONTA using thermal neutrons. As shown in figure 6, somewhat below
TN the one-magnon peak at 2.6 meV observed atT = 1.6 K is already heavily overdamped
and seems to contribute to the low-energy (E 6 2 meV) scattering, while the two-magnon
peak remains unchanged. AtT = 40 K, nearly 3TN, the two-magnon peak still persists
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Figure 5. A constant-E scan measured at the energy transfer 30 meV. The solid line is a
least-squares fit.

Figure 6. The temperature evolution of the magnetic excitations in CsVCl3 at Q = (0, 0, 1).
The solid lines are only guides to the eye. The broad peak of the two-magnon continuum does
not broaden out atT = 40 K (3TN) and can be observed even atT = 80 K.

with almost the same shape as atT = 1.6 K, and quasi-elastic scattering (below 1 meV)
appears. As the temperature is increased, the two-magnon peak slowly loses intensity with
its peak position moving towards the higher energy, and the quasi-elastic scattering increases
further. At T = 150 K, the two-magnon peak could not be observed in the energy region
for which we made measurements. The temperature evolution of the magnetic excitations
for other momentum transfer vectors at the 1-D AF zone centre seems to show very similar
behaviour. In these coarse-resolution measurements, atT = 20 K the inelastic profiles are
similar to those in the ordered phase, and broadened low-temperature SW excitations can
be observed. AboveT = 40 K, at Q = (−0.2, −0.2, 1), the magnetic excitations seem to
be almost the same as those atQ = (0, 0, 1) and only broad two-magnon scattering was
observed.
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4. Discussion

As we have seen in the previous section, Ohyama and Shiba’s calculation explains well
the noticeable features of the magnetic excitations in CsVCl3. In this section, we further
compare our results with their calculation in terms of the linewidth and intensity of the SW
excitations. Then later we discuss the temperature dependence of the magnetic excitations
at the 1-D AF zone centre.

Owing to interaction terms connecting one- and two-magnon excitations, conventional
SW excitations have finite lifetimes even atT = 0 K and, consequently, show finite
linewidth. Indeed, as mentioned in the previous section, if one assumed a narrow enough
linewidth for each SW peak, fitting curves would deviate systematically from the observed
data. Since it is hard to extract a precise value of the linewidth directly from a least-squares
fit because of the rather poor statistics, we used the constant linewidth of 0.2 meV (FWHM)
for every SW peak except for thezz-branch atQ = (−1, −1, 1) and obtained reasonably
good fits. Thermal fluctuations may give rise to finite lifetimes for SW excitations. We
measured the peak intensity of the magnetic Bragg reflection( 1

3
1
31) and found it almost

constant belowT = 4 K; thus it is thought that thermal fluctuations are negligible at
the measured temperature 1.6 K. Accordingly, the observed linewidth can be attributed
to a quantum origin, and supports Ohyama and Shiba’s results. For thezz-branch at
Q = (−1, −1, 1), we required a broader linewidth of 0.6 meV (FWHM) to fit the data.
Ohyama and Shiba expected a relatively broad linewidth for this peak; thus this is also
consistent.

For the magnetic excitations at high energy transfers, we found a linewidth of about
6 meV. Itoh et al also observed almost the same linewidth and pointed out that this
linewidth is clearly larger than the expectation from the classical theory [8]. The two-
magnon continuum might contribute to it. Along the 1-D dispersion curve, as shown in
figure 1(b), the two-magnon band is expected to have a dispersion curve parallel to the
conventional SW branches [17]. In CsVCl3, the scattering cross-section of the two-magnon
process is expected to be quite a lot weaker than that of SW excitations at high-energy
transfers; thus a tail due to a two-magnon continuum might be observed on the high-energy
side of the SW excitations. High-resolution measurements are required to clarify this point.

Because this compound has a large absorption cross-section for neutrons, the integrated
intensities of the SW peaks at different crystal orientations (i.e. differentQ) cannot be
unambiguously related. Hence, here we compare the experimental results with the theory
only qualitatively. According to Ohyama and Shiba, notable deviations from linear SW
theory are observed as weakxy-branches at aroundQ = (0, 0, 1) and a strongxy+-branch
at aroundQ = ( 1

3, 1
3, 1) (figure 4 in [5]). The experimental results seem to have a similar

tendency. After performing corrections for the absorption and magnetic form factor [16],
we normalized the observed intensities of the SW excitations on thezz-branch. Although
there are still ambiguities, it is safe to say that the observed intensity of thexy-branches
at Q = (0, 0, 1) is considerably (about three times) weaker than expected from linear SW
theory. The intensity of thexy+-branch at aroundQ = ( 1

3, 1
3, 1) also appears to be stronger

than that calculated from linear SW theory. On the whole, we may conclude that the
magnetic excitations of CsVCl3 agree well with Ohyama and Shiba’s calculation as regards
intensity also.

Near and aboveTN, we observed the two-magnon peak at the 1-D AF zone centre as
shown in figure 6. NearTN, the one-magnon excitation observed at the lowest temperature
is damped because of the lack of long-range order, while the two-magnon peak remains
almost unchanged. It is usually expected that two-magnon excitations are also damped
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when the one-magnon excitations that compose the two-magnon excitations are damped;
thus this seems to imply that the two-magnon excitations exist in spite of the disappearance
of the original one-magnon excitations. In addition, the mostly inelastic spectrum at the 1-D
AF zone centre far aboveTN seems even to be inconsistent with the conventional view of
magnetic excitations in the 1-D short-range-ordered phase. Usually, magnetic excitations in
the 1-D short-range-ordered region exhibit well-defined SW excitations at wavelengths less
than the correlation range, but show quasi-elastic scattering being governed by a diffusion
process near the 1-D AF zone centre (for smallqc). Out-of-plane modes at the 1-D AF
zone centre may exist aboveTN in a planar system if the anisotropy gapS2

√
4JD exceeds

the ambient temperaturekBT [15], but only in-plane fluctuations contribute to the broad
peak observed atQ = (0, 0, 1); thus this is not the case. As a result, our data indicate that
long-wavelength 1-D fluctuations in CsVCl3 consist of a finite-energy component as well
as a quasi-elastic component. It is emphasized that the same phenomena were observed for
other ABX3-type AFs with half-integer spins, CsMnBr3 and CsMnI3. In CsMnBr3, at low
temperatures a broad two-magnon peak atQ = (0, 0, 1) gives only a very weak scattering
intensity, but this grows with increasing temperature and considerable intensity remains
up to about 3TN [13, 18]. AboveTN, CsMnI3 also shows a broad peak at the 1-D AF
zone centre [18]. Therefore the observed finite-energy excitations at smallqc seem to be
common in hexagonal ABX3-type AFs with half-integer spins. We thus propose that these
finite-energy excitations at the 1-D AF zone centre aboveTN originate from the two-magnon
process enhanced by a helical arrangement of the spins. We believe that, though there is
no well-defined one-magnon excitation atqc = 0 due to the finite correlation length, the
remaining short-range order among the chains may be enough to cause the local helical
arrangement to be retained and to enhance the two-magnon process.

5. Summary

The magnetic excitations in CsVCl3 were measured by means of inelastic neutron scattering.
Large contributions of the two-magnon process were observed at the 1-D AF zone centre
Q = (η, η, 1) together with the conventional SW excitations. The detailed measurements
alongQ = (η, η, 1) showed for the first time precise SW dispersion curves perpendicular
to the chain axis in this compound, and revealed that the observed SW dispersion is
considerably distorted compared with the expectation from the linear SW theory. These
results are in good qualitative agreement with the SW theory including higher-order non-
linear terms and provide strong experimental evidence that the multi-magnon process
plays an important role in the spin dynamics in CsVCl3 at low temperatures. In the
one-dimensionally short-range-ordered region, the two-magnon peak was observed at the
1-D AF zone centre. It seems that the non-linear process is indispensable for a full
understanding of the spin dynamics in ABX3-type antiferromagnets with half-integer spins
at high temperatures.
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