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Evidence for Soliton Modes in the One-Dimensional Ferromagnet CsNiF3
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Evidence for solitons moving along the ferromagnetic chains in CswiF~ has been ob-
tained by inelastic neutron scattering. As predicted by Mikeska the scattering is found
at low q, around zero energy. The soliton activation energy, Sm, is determined via
the temperature and field dependence of the intensities (m is the effective mass of the
quasiparticle soliton). At H=5 kG we find Bm/k& ——27 K in reasonable agreement with
the predicted value, as is the energy width at q=0.1.

Considerable interest has recently been focused consists of NiF, octahedra sharing common faces
on nonlinear effects in the excitation spectrum of along the c axis, well separated by Cs ions.
solids. ' ' One-dimensional (1D) model systems Hence the exchange coupling of the Ni" ions is
have been given special attention since analytic much stronger along c than along a and b. The
solutions exist to the nonlinear equations of mo- results of the different studies on CsNiF, have
tion like the sine-Gordon equation. Most well been reviewed by Steiner, Villain, and Windsor.
known are the soliton solutions. The conclusion is that the system consists of

Mikeska recently showed' that the spin dynamics ferromagnetic chains running along c with strong
of a 1D ferromagnet with easy-plane anisotropy coupling within the chains and without significant
like CsNiF, in an applied symmetry-breaking coupling between chains at temperatures above
field is also governed by the sine-Gordon equa- 3 K, T„being 2.7 K. The magnetic moments are
tion. He developed a classical continuum theory bound to the ab plane by a strong single-site
which documents the analogy between equations anisotropy. In this plane they can rotate freely.
of motion for this spin Hamiltonian and those per- It was found that the following Hamiltonian is ap-
tinent to the classical sine-Gordon system: propriate for CsNiF, at T & 3 K:
namely, the array of mechanically coupled re-
stricted pendula. In this analogy the magnetic
field corresponds to the gravitational field and with Z/k =11.8 K; A/k =9.5 K.
the exchange to the spring coupling constant. The present experiments were carried out on a

The thermodynamics of such 1D sine-Gordon cold-neutron source, triple-axis spectrometer at
systems has been discussed by several authors. ' ' the DR3 reactor at Risd. The incident energy was
A simple and appealing physical picture has fixed at 5 meV and a cooled Be filter was used to
emerged in which the solitons can be regarded as «remove higher-order contamination. The hori-
quasiparticles with a finite mass or activation en- «ntal collimators were 60', 45', 52', ggd 60I,
ergy and a thermal distribution of velocities. from reactor to detector, and pyrolytic graphite
Most of the discussions have dealt with problems crystals were used as monochromator and ana-
related to structural transitions and charge den- lyzer. The energy resolution, as measured by
sity waves, but so far only indirect experimental the full width at half-maximum of the incoherent
evidence is available to sustain the soliton pic- elastic peak from the sample, was 0.18 meV.
ture of the dynamics. The Cs"NiF, sample was a good-quality single

In this Letter we report observations via in- crystal from Crystal Tec, Grenoble, with a vol-
elastic neutron scattering of solitons moving ume of 1 cm . In order to minimize the incoher-
along the chains in CsNiF, . Our data are corn- ent scattering the sample only contained the "Ni
pared to the predictions made by Mikeska based isotope. It was mounted in a split-coil supercon-
on the well-known microscopic Hamiltonian for ducting magnet with vertical field. The horizontal
for CsNiF, . scattering plane contained the ac crystal plane.

The system we studied, CsNiF» has hexagonal The measurements were made in the (002) zone
crystal structure, P6 8/mme, with lattice con- and especially the inelastic spectrum at (0, 0, 1.9)
stants a =5 =6.21 A and c =5.2 A. The structure was studied in detail as a function of tempera-
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ture and field in the ranges 0&7'&15 K and 0&II
& 36 kG. The main contribution to the peak at
zero energy transfer comes from elastic inco-
herent scattering, and the following procedure
was used to measure and subtract this back-
ground component. %e assume that at high field
and low temperature the elastic peak is solely
due to the incoherent scattering and thus the ob-
served spectrum at 3.1 K and 30 kG, which. is
shown as the full line in the upper part of Fig. 1,
was subtracted from all the other spectra. The
resulting background-corrected spectrum is
shown in the lower part of Fig. 1 for the data pre-
sented in the upper part. This spectrum clearly
has three components: two relatively narrow
peaks at + 0.55 meV corresponding to the crea-
tion and annihilation of spin waves propagating
along the chains, and a broader quasielastic dis-
tribution whose energy width is considerably
larger than the experimental resolution. ln order
to get a quantitative description of this feature,
the observed distributions were least-squares
fitted by a calculated line profile which assumed
a Gaussian distribution for the central component
.and Lorentzian profiles for the spin-wave reso-
nances, which have been found in the previous
studies of CsNiF, .'

The final line profile was obtained by a one-

dimensional convolution with a Gaussian resolu-
tion function including detailed balance and other
trivial experimental factors. The full line in the
lower part of Fig. 1 is the result of such line-
shape analysis. Fits of a similar quality were
obtained for all of the observed spectra and the
resulting values for the integrated intensity and
for the half-width at half-maximum (HWHM) of
the central Gaussian component are summarized
in Fig. 2 for a fixed field of 5 kG at different
temperatures. The errors that are indicated in
this figure are those resulting from the statisti-
cal uncertainties and they do not include any es-
timates of possible systematic errors. The
dramatic increase with temperature of the cen-
tral component of the spectra is accompanied by
an almost linear drop in the spin-wave intensity
by a factor of 4 in going from 3.1 to 14 K, where-
as the spin-wave linewidth does not change sig-
nificantly and remains small compared to the ex-
perimental resolution. The spectrum at (0, 0, 1.9)
was also followed as a function of field at 9.5 K.
The results for the integrated quasielastic inten-
sity at 9.5 K is plotted in Fig. 3(b). The linewidth

,in the field scans was found to decrease slowly
to about 0.12 meV (HWHM) at 13.2 kG. Scans at
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FIG. 1. Upper: Observed inelastic spectrum at
(0, 0, 1.9) at T=9.3 K and H=5 kG (circles). The full
line is the observed profile at T = 3.1 K and 30 kG
which is assumed to be the background. Lower: Differ-
ence between the two spectra in the upper part of the
figure. The full line is the result of a least-squares
fit as described in the text.
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FIG. 2. Temperature dependence of the integrated
intensity (upper) and energy half-width at half-maximum
(lower) of the quasielastic component at H=5 kG and q
= (0, 0, 1.0). The values are derived from the least-
squares fitting procedure described in the text. The
full lines are the results predicted by Mikeska with no
adjustable parameter for the energy width and only a
scale factor for the intensity.
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different wave vectors were also performed at 5 kG and T = 9.3 K. These spectra showed a steep in-
crease in the central-component intensity for decreasing q„with the spin-wave peaks appearing only
as shoulders. No quantitative analysis was attempted on these data.

In order to discuss the experimental data, we compare the quasielastic component to the predictions
made by Mikeska for the dynamic structure factor S„,(j,~) in the context of his classical continuum
soliton theory,
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FIG, 3. SemOog plots of the integrated Quasielastic
intensity at (0, 0, 1.9) vs inverse temperature at H=5
kG and (b) vs the square root of the field at T =9.5 K.
The solid lines are calculated from the Mikeska theory.
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where P = (kBT) ' and all energies are measured
in units of ZS. The effective mass m is given by
m = (g AH/2Z)' ' and the velocity c by c =

S(4AJ )"'; S =1, g=2.4, and 4/k~=11. 8 K. In this
classical theory the renormalized value for the
anisotropy energy is used, 'A/k, =4.5 K. The
solitons considered here have an activation ener-
gy of 8m. This cross section is formally very
similar to the scattering from a dilute gas of
finite-size particles with mass Sm/c' and a ther-
mal velocity distribution. It contains no adjust-
able parameter besides a scale factor for the in-
tensity since all constants of the system are well
known. In particular, we find immediately for
fixed q and II the following properties: The soli-
ton intensity times WT is exponential in tempera-
ture with an activation energy of. 8m,' the soliton
energy width shows a square-root-dependence on
temperature with no adjustable parameter. In
addition significant soliton scattering should be
seen only for sma, ll q. This is because of the
spatial dimensions of the solitons considered
here: They are 2m solitons, meaning that within
one soliton the spin rotates over 2m in the ab
plane. The length of the soliton is determined by
1/m and reflects the competition between Zee-

(2)

! man energy and exchange energy. The creation
of such a soliton involves large spin changes
which inhibit a direct excitation of solitons in an
inelastic neutron-scattering experiment. Hence
the experiment is done on a system with thermal-
ly excited solitons, which move along the chains
with a certain velocity n, & c like a gas of nonin-
teracting particles. The scattering process is
therefore similar to the scattering of neutrons
from a real gas.

When calculating the temperature dependence
of the intensity of the soliton peak at fixed q = 0.1
reciprocal lattice units (r.l.u. ) and fixed field 5
kG we need to scale the intensities in order to
compare with the measured results in Fig. 2.
Fixing the scale at 14 K one finds the solid line
given in the upper part of Fig. 2. It is evident
that the experiment shows the expected increase
with temperature for T &4.0 K, whereas at the
lowest temperatures a signal remains which
does not follow the theory. The energy width of
the soliton peak can be calculated from Eq. (2)
directly without any adjustable parameters. The
solid line in the lower part of Fig. 2 is the calcu-
lation for q =0.1 r.l.u. and H =5 ko with the above-
mentioned constants. Here the agreement with
theory is very good except again at the lowest
temperatures T & 4.6 K. We do not have any ex-
planation for the scattering at low temperature,
which is also found at zero field. Since the cor-
rection procedure involves the subtraction of a
relatively large incoherent peak, we cannot ex-
clude a systematic error in all our intensity data
which could be of the order of the intensities
found at T &4.6 K. Such a systematic error would
shift the intensity-versus-temperature curve in
Fig. 2 as a whole but would not change the experi-
mental increase with temperature; hence it could
give an even better agreement between the theory
and the experi. ment. The strong q dependence
and the decreasing spin-wave intensities rule out
the possibility of a contribution of multiple spin-
wave excitations. In what follows we concentrate
on the data for 7'& 6.3 K. In order to determine
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the experimental value for the activation energy
we plot in/MT) versus 1/T as shown in Fig. 3(a)
where the solid line corresponds to the solid line
in the upper part of Fig. 2. The best straight line
through the experimental points for T & 6.3 K
yields [broken line in Fig. 3(a)]

8m,~, =27 K,

which compares well with the theoretical results,

8m, b,„=34K,

for H = 5 kG and q =0.1 r.l.u. Following Eq. (2)
we see that the II dependence of the soliton inten-
sity is also given by a nearly exponential function
for T =9.5 K, namely, I~exp(-C4). We thus
plotted in Fig. 3(b) ln(I) versus v H (H in kG).
The solid line is calculated using Eq. (2) and it
gives the value C,h,„=1.52. It is scaled to the
experiment at the lowest field. The broken line
in Fig. 3(b) is the best fit to our data and yields

The results discussed above can be summarized
as follows. We were able to describe our experi-
mental results for the soliton peak around zero
energy in the frame of the following picture. The
neutrons are scattered from a gas of noninter-
acting soliton quasiparticles which are thermally
excited. The corresponding Mikeska classical
theory describes quantitatively the results for
fixed field, II=5 kG, and different temperatures,
whereas the agreement for fixed temperature,

T =9.5 K, and different fields is only qualitative.
Especially, the intensity does not fall off with in-
creasing field as rapidly as predicted. Our meas-
ured q dependence indicates a more rapid varia-
tion than predicted theoretically. Despite the
lack of direct excitation solitons by means of in-
elastic neutron scattering our results give direct
experimental evidence that the soliton picture is
appropriate for the dynamics of the 1D ferromag-
net CsNiF, .
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ERRATA

PHASE SEPARATION OF THE ELECTRON-HOLE
DROP IN (111)-STRESSEDGe. G. Kirczenow and
K. S. Singwi [Phys. Rev. Lett. 41, 326 (1978)].

On page 328, Table I, column one, the first
value of r, was incorrectly printed as 1.7. The
correct value is 0.7.

GRAVITATIONAL RADIATION ENERGY LOSS IN
SCATTERING PROBLEMS AND THE EINSTEIN
QUADRUPOLE FORMULA. Arnold Rosenblum
[Phys. Rev. Lett. 41, 1003 (1978)].

The present address of the author was inadver-
tantly omitted. It should read as follows:

'Present address: Physics Department, Temple Uni-
versity, Philadelphia, Pa. 19122, and Physics Depart-
ment, University of Pennsylvania, Philadelphia, Pa.
19104.
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