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Experimental evidence for one-dimensional domain-wall relaxation above &'~ in the
quasi one-dimensional ferromagnet l. (CH3)4N] NiC13 has been obtained from ac suscepti-
bility measurements in the frequency range 10 Hz & v&30 MHz. The field and tempera-
ture dependence of the absorption is well explained by the interaction of Tt solitons with
the oscillating magnetic field.

PACS numbers: 75.50.Dd, 75.10.Hk, 75.60.Ch

New experimental methods to study solitary ex-
citations are highly desirable in view of the re-
cent vivid interest in nonlinear dynamics. ' Late-
ly, it has been predicted' that solitons may occur
in magnetic chains, where they correspond to
domain walls ("kinks") separating, e.g. , the spin-
up and spin-down regions in a ferromagnetic
chain, or similarly the two degenerate ordered
configurations of an antiferromagnetic chain.
That the motion of a Bloch wall in a ferromagnet-
ic chain is described by the sine-Gordon equation
was in fact already shown much earlier by Enz. '
Such solitons are thermally excited, and their
existence in experimental quasi one-dimensional
(1D) magnetic systems has already been probed by
neutron scattering, ' NMR nuclear spin-lattice
relaxation, and Mossbauer linewidth measure-
ments. '

In this note we describe an extremely simple
and direct way of coupling to solitons in a ferro-
magnetic chain, namely by their interaction with
an applied oscillating magnetic field. Experi-
mental data are presented on the frequency-de-
pendent ac susceptibility of the quasi 1D ferro-
magnet [(CH,),N]NiCl, (TMNC), which clearly
evidence 1D domain-wall relaxation in the Para
@magnetic region. Both the temperature and the
field dependences of this relaxation process are
well explained on the basis of the soliton model.

Previous susceptibility" and specific-heat'
studies on TMNC have shown that the compound is
composed of ferromagnetic chains running paral-
lel to the hexagonal c axis, with in' achain ex-
change J/k s = 1.7 K. A strong crystal-field an-
isotropy of the XYtype, D» /ks =3.4 K, forces
the magnetic moments to lie within the (basal)
plane perpendicular to c. The susceptibility y~,

shows a sharp peak at the transition temperature
T,=1.195 K, below which the chains become 3D
ordered in an antiparallel way because of the
weak interchain interaction J'/ks= —0.015 K. The
latter value is derived' from the saturation field
H, =2400 Oe at T =0.4 K. A weak Ising-type an-
isotropy, 0'/kB= 0.01 K, establishes a preferen-
tial direction within this easy plane. The value
of D' follows from the spin-flip field 0,&—- 400 Oe
at T =0.4 K.' The main source of D' is thought to
be dipolar anisotropy combined with a slight mon-
oclinic distortion occurring at high temperature.
The resulting broken symmetry within the basal
plane leads to a three-domain structure, with the
directions of the moments related by 120 rota-
tions. From the values of D and D' it follows
that for T»T, the system will behave as a 1D
XP ferromagnet, for which the correlation length
is 3 c T ', whereas for T —7, a crossover to Is-
ing behavior will occur, leading to l cc exp[2JS(S
+1)/ksT]." From the observed' temperature de-
pendence of y~ we may deduce that the crossov-
er occurs near T = 2 K.

The complex ac susceptibility, y (e) = g'(&o)
—ty" (~), of a single crystal was measured as a
function of frequency v = m/2z in the range 10 Hz-
1 MHz in two different apparatus. " (A few data
for v) 10 MHz were kindly provided by the group
of Dr. J. C. Verstelle. ) Since the absorption y"
had to be measured with great precision, the cor-
rect phase setting was checked prior to each
measurement by replacing the TMNC sample by
a paramagnetic Mn'+ salt, and adjusting the
phase in zero field. This precaution proved to be
crucial since y'»y" for T -T,. The amplitude
ho of the ac field h = h, e'~' was typically about 1
Oe. Parallel to h a constant field H, could be ap-
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plied.
Representative data for y' and X" are shown as

a function of v (at H, = 665 Oe) and of H, (at v
= 10.6 kHz) in Figs. 1 and 2, respectively, for a
number of temperatures. The applied field K =K,
+k, e' ' is within the basal plane (in which y is
isotropic because of the three-domain structure).
In Fig. 1 three different and, fortunately enough,
well-separated relaxation processes can be dis-
cerned. For v& 10 MHz, one just observes the
onset of spin-spin relaxation, to be expected in
this higher-frequency range. For v & 500 Hz, the
tail of the spin-lattice relaxation process can
clearly be seen. The latter assignment is con-
firmed by the fact that this absorption vanishes
for H, -O. (A paramagnet cannot display spin-
lattice relaxation in zero field. ) Additional data
at 4.2 K in fields up to K, = 24 kOe also indicate
that the spin-lattice relaxation at T = T, should
occur for v&1kHz.

On the other hand, the relaxation process ob-
served in the intermediate range, 500 Hz& v & 5
MHz, displays a quite novel behavior as a func-
tion of K, and T, and is ascribed to sollton mo-
tions. In fact, this frequency range corresponds
quite well with those met in previous experiments

on domain-wall relaxation, ""the important dif-
ference being that those experiments dealt with
SD ordered ferromagnetic materials, whereas
here we are seeing domain-wall relaxation inside
1D correlated chain segments in the paramagnet-
ic phase. Since y" x0 for H, -O (cf. Fig. 2), this
absorption cannot be a spin-lattice process. How-
ever, it agrees with the soliton model, since the
presence of D' makes possible the excitation of
solitons even when H, =O. For T-T„y"(H=0)
increases at first, but vanishes rapidly below T,
in agreement with the fact that the establishment
of 3D magnetic order will gradually block the
soliton motions. We recall that the ordering be-
tween the chains is antiferromagnetic, so that the
1D ferromagnetic domains cannot combine to
form 3D ones below T,.

As long as D' is the predominant factor that
breaks the symmetry in the basal (XY) plane,
the solitons may correspond to rotations over an
angle m or 2n of the spins (cf. the inset in Fig. 1).
However, if H, becomes sufficiently strong to
align the moments, the g solitons will be sup-
pressed. This explains the strong field depen-
dence of y" in Fig. 2, because only p solitons
will be effective for the relaxation process, as
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FIG. 1. Dependence on frequency & (log scale) of the
real part p' (linear scale) and the imaginary part p"
(log scale) of the ac susceptibility of TMNC. Inset
shows the Tt and 2T( solitons occurring in the Ising-type
ferromagnetic chain.

FIG. 2. Field dependence of the absorption g" at &

=10.6 kHz for different temperatures (the curve for &
=1.10 K reaches a maximum value g" = 0.35 emu/mole
at Hp 250 Oe) . Inset I illustrates the relaxation pro-
cess, whereas inset II denotes the antiferromagnetic
phase diagram deduced from the maxima in the g'. vs
H isotherms.
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is immediately obvious by considering that the
field H in the inset in Fig. 1 may only yield a dis-
placement of the p kink, whereas the 2p kink will
not move (only its width will vary with H) T. he
relaxation may also be visualized as shown in in-
set I in Fig. 2. If h is at some angle with the spin
direction in the easy plane, it will cause an oscil-
lation of the (correlated ferromagnetic) moments
around this axis. In the absence of relaxation
the magnetization M will move in phase w'ith h in
betmeen say a and b, or equivalently a' and b'.
That is, if h points to the left, the in-phase posi-
tion corresponds to a or a'. A passing p soliton
will reverse M (e.g. , from a to 5'), resulting in
the phase angle y and thus in an absorption X"
o sincp. On the other hand, a passing 2p soliton
will leave M eventually in its original position.

In inset I in Fig. 2 the direction of h is perpen-
dicular to the easy axis, leading to maximum
phase angle y. However, as mentioned above,
for H, - 0 a three-domain structure is formed,
with the easy axes of different domains at angles
of 120'. Therefore, for H p«H, f the majority of
the moments will be at some small angle with H„
and only for H p=H, &

mill the spins be all nearly
perpendicular to H p and the relaxation be a maxi-
mum. In Fig. 2 the g" maxima are found at 300-
500 Oe, which is indeed close to the value of H „
= 400 Oe. For larger fields H„ the moments mill
become aligned so that X"-0 by the suppression
of the g solitons. For T &T, andH, -0 the or-
dered region is entered and the solitons become
immobile. The magnetic phase diagra~, deduced
from the observed anomalies in y' as a function
of Hp is given in inset II in Fig. 2 and at 1~ 10 K
(cf. Fig. 2) the maximum in X' is found at H, = 130
Oe only. We mention that for 1 kHz & v & 1 MHz
the field dependence of y" remains qualitatively
quite similar, and also that the domain relaxa-
tion process is not observed with H ll c axis, in
agreement with the above-outlined soliton relaxa-
tion model.

The strong temperature dependence of y" can
be qualitatively explained as follows. One may
expect y" ~n, /, where n, is the soliton density.
In the Ising region below 2 K one has l ~ exp[2JS(S
+ 1)/kBT]. For the ferromagnetic chain with clas-
sical spins and Ising-type anisotropy it follows
from Mikeska's work' that n, = (2D'/mJ)"'(E, /
k~T)'" exp(-E, /k, T), where E, = S'(16DJ)"' is
the soliton rest energy. For TMNC (S= 1) one
calculates E, /k~ =0.5 K. This falls short of the
experimental' Ising crossover temperature T'
=- 2 K, although at first thought the two should be

nearly the same. However, quantitative agree-
ment should not be expected, e.g. , since both
Mikeska's expression for E„as well as the argu-
ment'~ leading to kBT' ~ S(DJ)'~, is based upon
the model of simple uniaxial Ising anisotropy,
whereas experimentally one has an orthorhombic
anisotropy with ~D /D'~ » l. In that case a large
enhancement of the experimental T' with respect
to the above expression is to be expected. " Fur-
ther enhancement will result from the weak but
finite interchain couplings. " Lastly, we remark
that Mikeska's theory applies to classical spins
in the continuum approximation, whereas in
TMNC one has quantum mechanical spins on dis-
crete lattice sites.

Although quantitative agreement will thus be
poor, the above argument predicts y" ~ exp(- 6/
k, T), with a 6 of a few degrees Kelvin. Indeed
the temperature dependences of the y" maxima
in Figs. 1 and 2 can be fit by an exponential with
an energy of about 6+ 3 K, i.e. , of the right order
of magnitude. Furthermore, with increasing &
the wall displacements due to hpe' ' will become
small compared to l, explaining mhy y" is nearly
independent of temperature for 100 kHz& v&1
MHz in Fig. 1.

We end by invoking the celebrated model for
domain-wall motion already used by Kittel and
Gait, "in which the moving wall is treated math-
ematically as a point mass in classical mechan-
ics, performing a linear motion under the influ-
ence of a time-varying driving force:

Although originally meant to describe the motion
along an axis (z) of a planar wall in a SD ferro-
magnet, application to our present problem ap-
pears obvious. We recall' that the soliton may
indeed be viewed as a moving particle of a cer-
tain mass ~. The effect of external and damping
forces appears to have also been considered al-
ready. ' Although the frictional and pinning forces
Pi and nz experienced by a, magnetic soliton in
its motion along the chain may be introduced in
a pure phenomenological sense, we consider as
likely sources the presence of the intexchain in-
teractions, which, even in the paramagnetic re-
gion, will hamper the free motions of the solitons.
Lattice defects and impurities will also play a
role, the more so if some degree of correlation
between the soliton motions in adjacent chains
would be established through the interchain inter-
actions. In this respect we note that the exchange
field associated with the interchain interactions
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amounts to 1200 Oe at T = 0 K, whereas hp = 1 Oe.
If then Eq. (1) is accepted, the desired relaxa-

tion behavior will be obtained in the limit p
»~a, in which case the susceptibility is given
by the Debije formula"'":

x/xo= (x' —tx")/xo= (1+~ ~ ) —'4~~(1+~ & ) '

where the relaxation time r = p/a, and X, =4M'/
ed with d the average distance between the walls.
Experimentally, ""deviations from this behav-
ior are observed in that the y" vs' curves are
often flattened, which is then ascribed to a dis-
tribution of relaxation times. We likewise ob-
serve such flattening with increasing T and Hp.
Only for T = T, and H, = 500 Oe does the X"(w)
curve approximate the Debije form. Since there
will certainly be a distribution in the lengths of
the correlated chain segments, and since these
correlated 1D regions will be randomly distrib-
uted in adjacent chains, it follows that the effec-
tive intexchain interactions will not be uniform
along the chain. If the latter are indeed respon-
sible for the ag and pi terms this will lead to a
distribution in ~, and the broadening will be en-
hanced if l is decreased, e.g. , by increasing T.

Values for the parameters ~, P, and n may be
estimated as follows. For ~ one has the formu-
la"'' m = (2wy'6) ', where y =1.8&10'Oe ' s
is the gyromagnetic ratio and the domain-wall
width 6 = a, (J/D')'" = 4& 10 ' cm, leading to ~
= lx 10 ' Oe' s' cm '. The formula for the'soli-
ton density n, in the above leads to the estimate
d = 10 ' cm at T = 1.3 K. Assuming that the 1D
correlated regions contain about 10%%uo of the spins,
the value I= 10 G is obtained for the magnetiza-
tion. We may then estimate a from X, =4M'/nd
by taking X, = X'(v = 1 kHz) —X' (v = 1 MHz) = 0.5
cm'/mole, obtaining a = lx 10"Oe G cm '. From
v =P/n and the average relaxation time of v = 3
x 10 ' s, we find p = 3&& 10' Oe G s cm '. One
easily verifies that the condition for relaxation p'

»~a is certainly fulfilled.
We would like to thank N. A. H. Verhaar for
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