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It is shown that relatively simple phenomenological considerations of the motion of thermally activated soli-
tons (kinks of various types) in the single spin chains can explain and describe qualitatively and quantitatively
the temperature and frequency behaviour of magnetic susceptibility in ac magnetic fields. The comparison of
experimental data and theoretical results allows estimate the number of solitons and “weak” places in correlation

regions of a sample.
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1. The so-called single molecular magnets [1] (SMM)
and single chain magnets [2—4] (SCM) are attracting
huge interest because of their unusual properties and
behavior under the action of magnetic field and tem-
perature. In general, these materials are composed of
ferro- or ferromagnetic chains, which are well isolated
Ising systems. Recently, the SCM was reported, in which
chains are anisotropic Heisenberg systems [5]. It is sup-
posed that at low temperatures, the magnetic behavior
of one-dimensional system is better described by such
Heisenberg model, which, in the limit of zero field H,
predicts Ising-like temperature dependence of the par-
allel susceptibility [6] xq.T o exp(A/kgT), where A
is the creation energy of domain wall in the chain [6].
The perpendicular susceptibility at low temperatures is
less dependent on that, though it also has singulari-
ties at T = 0 in connection with the change in trans-
verse H as exact solutions show [7]. The behaviour
of such SCM in alternating magnetic field is of great
interest. In such systems, slow magnetic relaxations
were predicted by Glauber [8] who described the in-
dividual dynamics of the spin unit composing a chain
and had shown that the relaxation time follows an ac-
tivation law 7(T) « exp(E/kgT). The E energy de-
scribes the barrier to reverse the magnetization direc-
tion. This approach to SCM was definitely confirmed
by the whole series of recent ac and dc measurements
for various compounds: on finely grounded polycrys-
talline sample of Mn(III)-Ni(II) heterometallic chains,
[Mn2(saltmen)2Ni(pao)-(L)2](A)2 (see Ref. [9]), and

of manganese(III) tetra(ortho-fluorophenyl)porphyrin-
tetracyanoethylene (see Ref. [10]).

In the present paper, we propose to apply the model
of classical solitons (kinks or domain walls), which was
developed earlier [11], for the description of temperature
and frequency dependences of the magnetic susceptibil-
ity of single chain magnets in alternating magnetic fields.
We show that basic features of such a magnetic response
admit the qualitative and even quantitative explanations
at the mentioned phenomenological approach.

2. The model of kinks (domain walls or solitons) [11]
was proposed for ferroelectric chiral smectics C at the
application of alternating electric field. This model ex-
plained some peculiar properties of light scattering (of
resonance type) in such compounds. The phenomeno-
logical character of this approach allows us to think that
a similar model can be applied to the description of mag-
netic systems, and especially to the explanation of a un-
usual behaviour of the single spin chain susceptibility.
In the continuum approximation for classical spins in
the one-dimensional spin chain, we can write the equa-
tion for magnetization motion in the analogous form

p _ By
—MH cos(wt) sinp—Usinpcosp+K— =v—, (1
(wt) singp peosptKo =750, (1)
where ¢ is the angle in the zy plane between the magnetic
moment M and the magnetic field H, H changes along
the y axis, Hy = H cos(wt), K is the elastic constant,
and v is the viscosity coefficient. The quantity U charac-
terises the energy of anisotropy, we shall assume that U
is positive, i.e., the preferential orientations correspond
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to values ¢ = 0 and ¢ = w. We suppose that the angle ¢
changes along the z axis (spin chain axis). Equation (1)
can describe the motion of the magnetic moment under
the action of an alternating magnetic field. We assume
that Eq.(1) can be applied to SCM at low temperatures
though the spontaneous magnetization does not exist in
the one-dimensional system. This assumption is based
on the inevitability of sufficiently large fluctuations and
big correlation regions at low temperatures even in sin-
gle spin chains.

It is convenient to introduce the variable s = z/n
and parameters

MH 1
a=d/n, n=+K/U, b:TE—, (2)

TH

where d is the distance on which the soliton can arise
and move, 7y is so called rise time during which the field
H essentially disturbs the initial orientation of magnetic
moment. We suppose that the d distance is of the order
of the correlation length ¢ characterizing fluctuations in
the paramagnetic phase without any defects. If the cor-
relation region has some defects, for example n defects
per length &, then solitons can only move on distance
d = &/n. One can find, under the mentioned assump-
tions, the exact solution of Eq.(1),

©(s,t) = arctan [sinh—1 (:I:s + %sin(wt))] . (3)

Solution (3) describes the solitary kink of function ¢(s, t)
which is spreading along the z axis with velocity v, (see
Fig.1),

v, = Fnbcos(wt), 4)

i.e., at very large kink displacements +z compared with
the kink width 7. In practice, the boundary conditions
for the fluctuation region with finite length £ can oc-
cur at some defects (“weak” places) in the spin chain
where the formation of soliton nuclei can easily arise;
in such a case, the mentioned distance d = £/n can
be less than £. Figure 1 presents schematic drawings
of spin rotations in various situations: individual kinks
(Fig.1). If the time of nucleus (soliton) formation 7* is
smaller than the characteristic time of oscillating soliton
displacements, 7* < t ~ 1/b < 1/w, then we can hope
that solution (3), (4) will qualitatively describe the spin
reversal. If the time 1/b is less than the 7* time (at
very large b values), then solitons (as collective motions
of spins) cannot arise, and the corresponding response
must disappear (spins behave themselves more or less
individually).

One can write the expression for the magnetic suscep-
tibility of a sample containing the identical spin chains
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Fig.1. Various types of kinks (solitons) in SCM. (a) Ge-
neral scheme of spin rotations in the kink (soliton); (b) the
kink motion from the side of an ideal spin chain

with identical conditions for soliton spreading. Sure, it is
an ideal case, since, in reality, there is some distribution
of these chains and boundary conditions. The modelled
susceptibility of an ideal chain (without defects) takes
the form

m2 N m2. N
T o) = ety o2 v eV omp
X(T,0) = T L sin? ) = T (T,0), ()
where the function f is
27 /w . d
=¥ .2 . sin? -
f(T,w) = T / dt d/dz sin® ¢(z, t)
0 0
27
_ 1 /tanh a+ b sinX ) dX (6)
~ aT w '
0

Here X = wt, N is the Avogadro number, kg is the
Boltzmann constant, meg = g+/J(J + 1)up, up is the
Bohr magneton. For the substances studied in [10], the
factor m2zN/2nkp = 0.5emu/mol, but for substances
studied in [9], m2N/2nkp ~ 6 emu/mol, i.e., 10 times
larger as the former. In fact, Eq.(5) describes the real
part of the observed susceptibility X¢,perim-

We shall assume that all the chain intervals with ef-
fective length d can be occupied with solitons (kinks).
In the SCM sample with n proper weak places, the max-
imal magnetic response x should be proportional to nf.
Thus, it is seen from Egs. (5) and (6) that the function
X, related to correlation regions with n weak places for
solitons, has an upper limit which can be written in form
X ~ nf < 2mn/Ta. This means that simultaneously as
maximum 2n kinks can move in different places of the
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correlated regions (2 solitons from both sides), and, thus,
they can increase the discussed magnetic response.

At very small frequencies w, the b = 7-_,}1 parameter
does not depend of frequency, but must depend on field
H and temperature T drastically. For example, the M H
magnitude in Eq.(1) could be proportional to H? if we
bear in mind that M is proportional to H/T when T ap-
proaches zero. If the field change is faster, i.e., the rise
time 7g is larger than the period of field change, then the
soliton cannot appear, otherwise the b value and 74 must
depend on the frequency at w > w, if solitons appear in
a high-frequency field. It is hard problem to calculate
Tg as a complicate function of temperature, amplitude,
and frequency of the alternating field. Accordingly to
the assumption of Glauber, the appearance of kinks has
a thermo-activation character. We shall suppose that
the TI}I value is, roughly speaking, the inverse 7* time
for of nucleus formation, Tl}l ~ 1/7*, when frequency w
is less than w, ~ 1/7*, but 75" ~ (T*w)%w when w is
larger than w.. The power index a can be found exper-
imentally. At w ~w, ~ 1/7%, TI}I becomes of the order
1/7*.

So, we assume that the soliton solution has the gen-
eral form given by Eq.(3), where parameter b should
be properly selected. We can write the 7* relaxation
time, as a result of thermo-activation, in the form 7* =
70 exp(E/T), where E is the activation energy for a nu-
cleus, and, correspondingly,

where the constants E, Bty and a will be found from
computer simulations. The critical frequency w,. for the
transition to a high frequency regime can be very small
if the activation energy F is sufficiently large.

3. For computer calculations, we shall write the func-
tion @ - f in the form

a- f(T,w) =

27
1 BT(] a E .
= T/tanh [a+ (T) - w” - exp (T) s1nX] dX,
0

(8)
where parameters a, E, B, and a are chosen numeri-
cally. The values of coefficient a were: 1, 2, 3, and 10.
We tried different values of a to show the role of this
coefficient: 0.1, 0.2, 0.5, and 1. We assume that criti-
cal frequency w, is small, and the interval of frequencies
v = w/2m was v > 2/m Hz, we have taken 4 values of v:
2, 20, 200, and 2000Hz. Constant Brg ~ 1076, the E
energy is equal to 110K to describe the experiment [10],
and we tried also the value E = 60K to show the drastic

difference in the results. Temperatures T(K) change in
the interval 5 < T < 20.

The results of numerical calculations are shown on
Fig.2, where the values of dimensionless magnitude
af(T,w) are presented. Fig.2a shows that f has some
very characteristic features: the maximum fpax(w) =
= f(To,w) at T = Ty ~ 10K, the rapid decrease at
temperatures below T, and the smooth decrease above
To. The Ty value can be considered as the “blocking”
temperature [9]. The curves for different w values are,
sure, very close to each other if the coefficient a is small
(~ 0.1) (Fig.2b,c). At sufficiently high temperatures, all
the curves af(T,w) turn to one universal curve (~ 1/T)
for different frequencies. The presence of this multiplier
T in b does not effect strongly on f, only slightly in-
creasing f. Fig.2a shows the effect of the increase in a.
It is seen that curves for different frequencies are more
separated, but soon turn to one universal curve at high
temperatures. Fig.2c shows the effect of the increase of
the parameter a (a5 = 10): maximum fmax(w) becomes
larger and sharper, with more rapid descending below
Tg.

Fig.2a shows the af(T,w) curves for = 1 and
a = 3, which are the best in our computer modelling.
The values of fmax(w), the shapes of curves, the val-
ues of frax(w), and the temperature separation of this
curves near Tg(w) are very similar to the experimen-
tal ones [10]. The same qualitative features are valid
for the experimental curves [9]. Figure 2b demonstrates
that the decrease in activation energy E (here, E = 60K)
drastically changes the character of the discussed depen-
dences f(T,w): the curves becomes very smooth with
small fmax(w), and these maxima are shifted far to high
temperatures that contradicts to the experiments [9, 10].
Figure 2d presents the ac susceptibility curves in phys-
ical units to compare with experimental data [10].

We can compare the results of [9] and [10] using the
relation

X ~ (mZgN/2mkp)(n/a) fmax(@) ~ Xexperim-  (9)

Since in [10], Xiyperim = 3.5, (M2 N/27kg) ~ 0.5, we
can conclude from Eq. (9) that, in this case, the maxi-
mum 2n ~ 40+ 50 solitons can spread simultaneously in
the correlation regions of the studied sample, if a = 3,
fmax(10) ~ 0.9. Accordingly to [9], Xeyxperim =~ 50,
m2qN/2nkg ~ 6, and we take the same values a = 3,
and fmax(10) = 0.9, i.e., approximately 60 solitons are
moving simultaneously in this case. We conclude too
that kinks are sufficiently wide in the considered sub-
stances (their width 7 is only 2-3 times less than length
d), and the number of “weak” places n in correlation re-
gions is of 20+ 30. The found effective activation energy
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Fig.2. Results of numerical calculations of the ac susceptibility at various values of the main parameters (see the text), the
af values in free units. (a) as =1, a3 =3, E = 110K; (b) a1 = 0.1, a1 =1, E = 60K; (c) a1 = 0.1, a5 = 10, E = 110K;

(d) the ac susceptibility in physical units

E =~ 110K is close to the experimental one found for the
dc susceptibility xg4. [10].

4. We have shown that relatively simple phenom-
enological considerations of the motion of thermally ac-
tivated solitons (kinks of various types) in the single
spin chains can explain and describe qualitatively and
quantitatively the temperature and frequency behav-
iour of magnetic susceptibility in ac magnetic fields.
The obtained equations describe well the shapes of
2007
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the ac magnetic susceptibility curves, as functions
of temperature and frequency, with the characteristic
rapid decrease at temperature below its blocking value,
this blocking value and maximum in the susceptibil-
ity, the shift of blocking temperature to higher val-
ues at the increase in frequency, the universal curve
at high temperatures and any frequency. The com-
parison of experimental data and theoretical results al-
lows estimate the number of solitons and “weak” places
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in correlation regions of a sample, and the ratio of
the distance between neighbouring weak places to the
width of soliton. The magnetization reversal may be
strongly influenced by the external magnetic field re-
sulting in the abrupt increase in the number of soli-
tons.
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