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Theoretical approach to frequency-dependent dynamics of domain walls
in magnetically ordered materials
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A theoretical approach to frequency-dependent dynamics of domain walls in magnetically ordered materials
is presented. To carry out this approach, we solve the phenomenological equations determining the motion of
Bloch walls under the influence of a magnetic field, taking into account the effect of the relaxation of the
induced magnetic anisotropy due to a redistribution of the magnetic dipoles inside the material. We use
harmonic fields and we obtain that wall motion amplitude is a function of time that can both increase or
decrease depending on the applied field frequency. To check these conclusions, we present the experimental
results obtained via the so-called permeability disaccommodation technique in the cases of a magnetite sample
and a polycrystalline yttrium-iron-garnet sampl80163-18208)01137-(

[. INTRODUCTION elastic term, a damping term, and a stress connected with
MAE’s. We have written the corresponding wall dynamics
In this work, we present a theoretical study of frequency-equation by means of such stresses and we have solved it
dependent dynamics of domain walls in magnetically or-using harmonic fields. As an important result, we have ob-
dered materials when magnetic aftereffe®sAE’s) appear. tained that wall motion amplitude is a function of time that
By MAE is meant a delayed change in magnetization accomcan both increase or decrease depending on the applied field
panying a change in the magnetic fiéliVe exclude from frequency. Finally, we have_: verifie_d th!s behavior experi-
this definition the magnetization delays occasioned by eddjentally for a polycrystalline yttrium-iron-gametYIG)
currents and structural changes or aging of the substance2MPle by means of the so-called magnetic disaccommoda-
SnoekK explained the nature of this phenomenon by means ofon technique.
a model consisting in a ball placed on a curved concrete
surface covered with a mud layer of a finite thickness. From Il. THEORETICAL ASPECTS

a quasistatic point of view, after the ball is displaced to @ The motion of a Bloch wall under the influence of an
new position, it will sink into the layer of mud gradually, applied magnetic field, possibly time dependent, is defined
changing its equilibrium position. On the other hand, if wepy the sum of different stresses. To the applied magnetic-
forced the ball to oscillate back and forth around the mini-field stress, we must add an elastic term that refers the wall
mum position of the concrete surfa@c magnetizatiopwe  to its equilibrium position and connected with lattice internal
would find three possible situations. If the viscosity of mudstresses, dislocations, etc., another one, proportional to its
is increased at low temperatures, the ball will move on thespeed, to take account of damping effects that prevent a free
hardened surface of the mud with very low loss. In a similarwall oscillation when it changes its position, and finally, a
way, if the viscosity is decreased at high temperatures, thetress due to the redistribution of magnetic dipoles within the
ball will move through the unviscous layer of mud. At the lattice. Hence, we write the following dynamic equafidor
intermediate temperatures, the motion of the ball is mosthe Bloch wall:
severely damped, resulting in very large loss. . - - -

Néel® modified Snoek’s concept of MAE’s in certain re- mu+ou=—R(U)+H(t)(M;—M)+P(ut), (1)
spects, including detailed calculations. He introduced the, being the wall instantaneous positian, the wall inertial
idea that MAE’s have their origin in the relaxation of the mass,v the damping coefficient- R(u) an elastic term, and

induced magnetic anisotropy due to a redistribution of mag-- - o .
netic dipoles into the lattice. The induced anisotropy doeé\/Il andM, the magnetization on each side of the wall. The

not differ from the magnetocrystalline anisotropy as far ad edistribution stres®(u,t) is obtained by computing the in-

their origin is concerned but, being related to local anisot>tantaneous anisotropy energy associated to a unity surface

ropy arrangements in the lattice, it usually exhibits Iowerolf the wall conS|der.|ng.the*Iatt|ce §ymm§try and the direc-
symmetry than that of the crystal as a whbldence, MAE's  tions of the magnetizationis; andM,. This stress can be
happen to be very useful for basic research, because su¥fitten a$
studies yield information about lattice symmetry and .
dynamics? . , P(u,t)= —POU flu(t’)—u(t)Jg(t—t")dt’

In accordance with the model proposed byeNave have 0
considered that the motion of a Bloch wall under the influ-
ence of an applied magnetic field is then defined by the sum +o(u)
of different stresses: the applied magnetic field stress, an

t
1—f g(t")dt’
0

] . 2
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The first term in the sum takes account of the wall evolution A. Low-frequency motion

and is connected with magnetic aftereffects in the material. It \ynen the applied magnetic field has very low frequency,
refers the Wa_II to all of its_ previoqs pc_)sition_s, but weighted ;6 can suppose that the inertial and damping terms if&q.
by the functiong(t). This function is defined byg(t)  4re negligible. Hence, Eq5) is no longer a differential
=sp(7)/me"""d7, p(r) being the probability of a relax- equation and

ation process of time constant and it is strictly decreasing.

As can be expected, the stress due to the inmediately preced- 0=—ru+ yH(t)Mq

ing positions is the most important in the weighting. On the

other handf(U) depends on the wall tygeFor example, in — Py U()G(t)— ftu(t’)g(t—t’)dt’}. (6)
the case of a 90° wall of thicknest it was found that 0

U Uu U U The solution of this equation can be found if the wall is

fooe(U)=— EJFCOtha—ECOtV?E : (3)  characterized by a single time constant and the field is har-
monic, that isH(t) =H, sin wt, resulting in

On the other hand, the second term Rfu,t) takes into

account the magnetic viscosity. As theR(u) term in Eq.

(1), it is a stress that refers the wall to its last equilibrium

position. However, its effect vanishes for largeThe func-

tion o(u) gives the strength of this stress and depends on the ¢ (1t ) 1 . , .

initial state of the lattice. This function can be defined as ¢ © 7 Sinet’ +o coswt

o(u)=f[u(0)—u], u(0) being the wall initial position, J 7

when the material is initially in a steady state. But, if the 0 [1+n(1—e”t/n]7t7

material is in a demagnetized state, that is, when the direGynere we have introduced the parameteys yM H,/r and
tions of the magnetic dipoles inside the material are equallyn:fpolr_ The first one represents the maximum wall am-
distributed, o(u)=0. Taking up again Snoek's model, the pjitde in the absence of induced anisotropy relaxation, and
first situation corresponds to the case in which the ball woulgp,e 7 value defines the ratio between the elastic constant
be totally sunk in the mud. In the second one, the mud wouldy,g ‘another elastic term added by the induced anisotropy
be uniformly distributed over the concrete. This last casgg|axation term. Whem;> 1, this second term prevails.
allows us to study in detail the magnetic induced anisotropy Depending on the» = product, we will consider three dif-
relgxation and, then, the.aftereffect phenom_ena in these Msrent situations. First, Fig. 1 shows the wall response for a
terials. Hence, we consider the demagnetized state as thgstant frequency given by the inverse of the time constant
initial state in our study. , , 7, that is, w7=1, taking they value as a parameter. So,
To simplify the solution of Eq(1), is usually considered y¢|axation and wall motion occur at the same speed. We can
that the wall motion stays in the zone where thé&’(U)  geq that the wall motion is damped by the magnetic induced
function is approximately linear. On the other hand, thenigotropy relaxation and, also, how the wall motion and the
magnetic-field stress can pe written as proportlonal to 'tsapplied field are out of phase as value increases. In all
modulus and to the saturation magnetization, that is cases, the displacements tend to remain near the wall equi-
. librium position.
mu+vu=—ru+yH(t)Ms+P(u,t). 4 On the other hand, when <1, the redistribution of the
magnetic dipoles is fast enough to keep the system in equi-

Some autho?shavg proposed solutions to this equation byjibrium. Hence, we can propose the following approximate
means of an attraction between the wall and some mobilgesponse:

elements called pinning centers that is used instead of the
P(u,t) stress. In this work, we will consider that wall dis- u(t) H()
placements are also in the linear zone of tfe) function, u_oz H_o' ®
with the same idea that we have given above for the elastic
term, that is,f(U)=—fU, wheref is now a constant, and As the frequency increases, the redistribution effect will
o modulate the wall motion, modifying its speed. Then, the
mu+ovu=—ru+ yH(t)Mg frequency spectrum of the wall responsgt) spreads
. slightly, especially near the field frequenay On the other
u(t)G(t)—f u(t’)g(t—t’)dt’}. (5) hand, if thg time constant§ of the redistribution are greatly
0 above the inverse of the field frequency, i — 0) func-
) . . tion acts as a low-pass filter in the convolution term
Here, we have introduced the relaxing functidga(t) fgu(e)g(t—e)dﬁ and, hence, this term vanishes. In this

=[o9(t")dt' =1—fge”""p(7)d7. This function increases ihird case, an approximate solution of E€) is given by
from G(0)=0 to G(«)=1. In a simple case(t) presents

multiexponential features, but it depends on the applied My

model for the relaxation. In some cases, a description of this u(t)= WH(U' 9
relaxation in terms of the so-called stretched exponéhtial g

has been found useful to describe some experimental resulidence, ifw =1, the wall mobility decreases with time. Fig-
of magnetic aftereffects in magnetite samples. ure 2 presents the wall frequency response for a constant

e—t/7(1+ n)

U(t):Uo[1+ n(l_e_t/T)]1/1+77

dt’, (7)

~ P,
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FIG. 1. Wall response under the action of a harmonic magnetic 0.00 0.25 0.50 0.75
field with a frequency given by the time constant inverse. Plots Time (/)

correspond to differeny values(see text
FIG. 2. Wall response under the action of a harmonic magnetic
alue, sufficiently high to take account of the induced anisot{i€ld. For a givery value, plots correspond to different frequencies.
ropy relaxation phenomena. We can see that both approxy-ve compare the exact solutions with the corresponding approxi-
mate responses, EG8) and(9), are in good agreement with Mate solutions in the casesr<1 (@) andw7<1 (d) and (e).
the exact solutions.
as shown in Fig. 4. The transients caused by this change will
_ _ vanish if it is sufficiently slow. The wall response is thus
B. High-frequency motion approximated by
Using the same approximation, as in obtaining &4} we
can rewrite Eq.(5) for a high-frequency magnetic field Uo

H(t)=Hg sinwt as u(t)= sin[wt—¢(1)],
w2 2 w?
1- —+9G(1)| +48°—

W W

U+26wu+ 021+ 7G(t)Ju=Ugw? sin wt,  (10)
(12
being w,=\r/m the wall natural resonance frequency and

6=1/2w,v/m the damping coefficient. This differential where

equation can be solved numerically. Figure 3 presents the

results obtained for two illustrative cases. In the first one, we )
find that the wall amplitude increases with time. In the sec- 25w—
ond one, we can see how the amplitude increases initially tan ¢(t)= n
with time, passes through a maximum and then decreases.
This behavior can be interpreted as a time-dependent wall 1- EJF nG(t)

resonance frequency. If we consider second-order wall dy- n

namics, the relaxation term will increase with time, modify- ) . o .

ing the elastic term and increasing in the same way as the ransients will vanish if, for a give value, we have
wall resonance frequency, that is

; 13

Sun> - 110<b=1, (143

wo=wpV1+ 7G(t), (11 m
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—J82—= L i
(6=V& = 1wy> Tm otherwise, (14D FIG. 5. Time evolution of the frequency wall response and in-

stantaneous amplitude obtained for a given magnetic-field fre-
where 7, represents the lowest relaxation time constant.  quency.
Dumping effects are found to decrease with time. Figure 5
presents the evolution of the wall frequency response. Dethese displacements are reversible, we define a magnetic sus-
pending on the field frequency, the wall amplitude will either ceptibility as a real magnitude that varies with time in the

decrease, increase, or both with time. form x(t)=|x'(t)—jx"(t)|, where
w2
ll. EXPERIMENTAL RESULTS 1-—+7G(1)
According to our theory, in a demagnetized sample of a x (V=xo 5 il 2 > (15
magnetic ordered material under the influence of an applied 1— w_+ G(1) +452w_
magnetic field, the motion amplitude of Bloch walls varies 277 2
with time depending on the field frequency. We have verified " A
this behavior experimentally. We have evaluated wall mobil-and
ity by measuring reversible magnetic permeability. As a first
approximation, the magnetization in the material can be con- 25£
sidered as proportional to domain-wall displacements. If o
x"(t)=Xxo 2 2 7 (16)
3] 1- —+7G(t)| +468°—;
wn (,()n
™ e
i A similar behavior is obtained for the magnetic permeability.
2 Hence, a useful technique for studying aftereffect phenom-
. i ena in magnetic materials consists in the measurement of the
3 . time evolution of the magnetic initial permeability of a
1 sample after demagnetization. This technique is termed as
] permeability disaccommodatidiDA).
T In our case, magnetic DA measurements have been car-
] ried out with the help of a computer aided system based on
0 — T T T T the use of an automaticCR bridge that records the imped-
0 2 4 6 ance of a coil wound around the specimen, i.e., we record the

value Z=jwlLy(n'—ju"), o being the measurement fre-
quency and., the empty coil inductance. During the mea-
FIG. 4. Time evolution of the wall resonance frequency. suring process, the time variation of the initial magnetic per-

Time (/1)
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FIG. 6. Normalized magnetic permeability vs time for a poly-  FIG. 8. Normalized magnetic permeability vs time for a poly-

crystalline magnetite sample at different temperaturesasure-  crystalline YIG sample at different frequenciéemperature: 250
ment frequency: 4 KHz K).

meability after sample demagnetization is recorded while Less well known are the mechanisms that give rise to DA
scanning temperature. As noted, demagnetization is very inprocesses in yttrium-iron garnet¥lG). Figure 7 shows the
portant here, because it affects DA results. In our experiisothermal permeability curves obtained at a measurement
ments, samples are demagnetized by using a low-frequendgequency of 10 KHz for a polycrystalline YIG sample with
alternating field decreasing in amplitude, as was suggesteakygen vacancie¥ We observe that permeability decreases
by Neel? the maximum amplitude and the duration of this with time at high temperatures, but increases for low tem-
signal have been chosen to obtain coherent DA results. Thigeratures. Between these bounding cases we find that the
experimental apparatus is described in detail in Ref. 10. permeability both increases and decreases. On the other
A great number of DA experiments have been carried ouhand, Fig. 8 presents the DA study in frequency for a tem-
with a broad range of ferromagnetic and ferrimagnetic mateperature of 250 K. We see, in a way similar to that obtained
rials. The results of such experiments are particularly welfor temperature, that high measurement frequencies
known in the case of magnetite. In this material, a strong
temperature-dependent DA is observed at room temperature 2
with time constants of the order of minutes. Its origin has
been traditionally attributed to the formation of an induced
anisotropy due to thermally activated jumps of octahedral 0
ferrous ions into octahedral spinel lattice vacancies, thus giv-
ing rise to a reorientation of the local symmetry aXi&ig-
ure 6 presents, for a measurement frequency of 4 KHz, the
isothermal DA results obtained for a polycrystalline magne-
tite sample with cation vacancies. We can see in all cases
that permeability decreases with time. No frequency depen-
dence was found.
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FIG. 7. Normalized magnetic permeability vs time for a poly-

crystalline YIG sample at different temperatufeseasurement fre- FIG. 9. Isochronal DA spectra for a YIG sample obtained at
quency: 10 KHx different measurement frequencies.
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give rise to an increasing permeability with time and lowvated phenomena because such representations differentiate

measurement frequencies behave oppositely. the various thermal relaxation processes that are present in a
Both dependences, temperature and frequency, are show@laxing systerﬁ. Here, we are interested in the effect of

in Fig. 9 in an alternative way. In this figure, we plot the frequency and temperature on DA. When permeability de-

isochronal spectra obtained for the YIG sample at frequencreases with time for a given temperature, we have at this

cies from 1 to 100 KHz. From isothermal curves, the iso-teémperature a positive isochronal DA spectrum. Conversely,

chronal relaxation spectra are constructed in the form negative isochronal DA spectra will represent a permeability
increasing with time. Hence, there must be a certain tempera-

" pu(ty, T)— u(ty,T) ture for which every isochronal DA spectrum passes through

7(%)= T % 100, (17)  zero. From Fig. 9, this temperature increases with the mea-

surement frequency. The frequency-dependent damping and
wheret;=2 s andt,=4, 8, 16, 32, 64, and 128 s. Iso- stiffness observed in the domain walls of Y(Bef. 13 will
chronal plots are very useful in the study of thermally acti-be considered in a forthcoming paper.
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