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Frequency-dependent dynamics of domain walls in yttrium iron garnet

C. Torres,* Ó. Alejos, J. M. Muñoz, P. Herna´ndez-Go´mez, and C. de Francisco
Departamento Electricidad y Electronica, Facultad de Ciencias, Universidad de Valladolid, 47071 Valladolid, Spain
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An analysis of the frequency-dependent dynamics of domain walls in polycrystalline yttrium iron garnet
samples is presented. This analysis has been carried out, on the one hand, considering the theoretical aspects
related to the numerical solving of the motion of a Bloch wall using harmonic fields. On the other hand, we
have measured the magnetic aftereffect phenomena by using the technique known as magnetic disaccommo-
dation. The experimental results change drastically with the measuring frequency for all the samples, showing
the presence of a relaxing process related to the electronic hopping between ferric and ferrous ions and
magnetic accommodation processes. The agreement between these results and the theoretical model analyzed
has led us to interpret these phenomena in terms of a time-dependent resonance mechanism when an induced
anisotropy relaxing process takes place.
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I. INTRODUCTION

In a preceding paper1 we dealt with the problem of the
frequency-dependent dynamics of domain walls in magn
cally ordered materials when magnetic aftereffects~MAE’s!
appear. This processes are highly undesirable from a tec
cal point of view as they mean a delayed change in mag
tization after a variation in the magnetic field; thus they re
resent an important source of magnetic losses in th
materials. However, they are very useful for basic researc
they provide important information about lattice symme
and dynamics. In fact, according to the model first propo
by Néel,2 they have their origin in the relaxation of the in
duced magnetic anisotropy due to a redistribution of m
netic dipoles into the lattice. The analysis of MAE’s is us
ally carried out by means of magnetic disaccommodat
~DA! techniques, which consist of the measurement of
time evolution of the magnetic initial permeability of
sample after demagnetization. These techniques have
widely applied to different ferromagnetic materials
magnetite,3–6 single spinel ferrites with differen
substitutions,7–12 hexagonal ferrites,13,14 and garnets.15–20 In
the case of yttrium iron garnet~YIG! these kinds of measure
ments have proven the existence of ferrous ions in the la
due to an oxygen deficient structure, confirming the sim
conclusions obtained in other kinds of experiments such
electric conductivity,21 rotational hysteresis,22 or domain-
wall mobility.23 Nevertheless, a very different behavior h
been checked in the case of YIG in relation to other kind
ferrites: the appearance of negative magnetic disaccomm
tion processes, to which we will refer as accommodat
processes. These phenomena, which are characterized
increase of the initial permeability with time, are still a
open question in the sense that none of the models prop
have provided a complete understanding of the underly
mechanisms. In a recent work20 we showed the critical de
pendence of these processes on the measuring frequenc
these reasons, in this paper we first explain the main con
sions of our theoretical model concerning the frequen
dependent dynamics of domain walls. Then we describe
method utilized for the fabrication of the samples and for
0163-1829/2002/66~2!/024410~12!/$20.00 66 0244
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DA measurements. Finally, after a complete analysis of
experimental results and their extreme dependence on
frequency, a detailed discussion of these results is car
out. The comparison between the theoretical model and
experimental results obtained from our measurements h
led us to make very important assumptions about the na
of the magnetic accommodation processes. Concretely,
have associated these processes with a resonance phe
enon whose features depend on time due to the presen
an induced anisotropy relaxation process.

II. THEORETICAL BACKGROUND

In accordance with the model proposed by Ne´el, it can be
considered that the motion of a Bloch wall under the infl
ence of an applied magnetic field, possibly time depend
is defined by the sum of different stresses. The first of th
is the stress due to the applied magnetic field. The secon
an elastic term that refers the wall to its equilibrium positio
and is associated with lattice internal stresses, dislocati
etc. Another one, proportional to the wall speed, takes
count of damping effects that prevent a free wall oscillati
after a change in its position. Finally, we must conside
stress due to the redistribution of magnetic dipoles within
lattice. Hence the dynamic equation for the Bloch wall c
be expressed as

mü1yu̇52R~u!1HW ~ t !~MW 22MW 1!1P~u,t !, ~1!

where u is the wall instantaneous position,m is the wall
inertial mass,y is the damping coefficient,2R(u) is an elas-
tic term, andMW 1 andMW 2 are the values of the magnetizatio
on each side of the wall. The redistribution stressP(u,t) is
obtained by computing the instantaneous anisotropy ene
associated with a unity surface of the wall considering
lattice symmetry and the directions of the magnetizationsMW 1

andMW 2. This stress consists of two terms,1,24 the first related
to magnetic aftereffects in the material and the second to
magnetic viscosity. However, this second term vanis
when the initial state of the material is given by a demag
tized state,1 that is, when the directions of the magnetic d
©2002 The American Physical Society10-1
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poles inside the material are equally distributed. This is p
cisely the case in our theoretical and experimental stu
which allows us to analyze in detail the magnetically induc
anisotropy relaxation and then the aftereffect phenomen
these materials. Therefore, the redistribution stress can
written as

P~u,t !52P0E
0

t

f @u~ t8!2u~ t !#g~ t2t8!dt8, ~2!

f (U) being a function of the difference of the instantaneo
positions of the wall at two different time instants that d
pends on the wall type.25 Then this stress refers the wall t
all of its previous positions, but is weighted by the functi
g(t). This function is strictly decreasing and is defined by

g~ t !5E
0

`p~t!

t
e2t/tdt, ~3!

p(t) being the probability of a relaxation process of tim
constantt. As can be expected, the stress due to the im
diately preceding positions is the most important in t
weighting.

At this moment, some reasonable approximations mus
made in order to simplify the solution of Eq.~1!. If we con-
sider that the wall motion stays in the zone where theR(u)
function is approximately linear and write the magnetic fie
stress as proportional to its modulus and to the satura
magnetization, we obtain

mü1yu̇52ru1gH~ t !Ms1P~u,t !. ~4!

However, the term due to the induced anisotropy rel
ation makes it difficult to solve the dynamic equation of t
wall motion. For this reason, some authors26 proposed solu-
tions by means of an attraction between the wall and so
mobile elements, which act as pinning centers, that is u
instead of theP(u,t). This study can also be carried o
taking into account that the wall displacements are also
the linear zone of thef (U) function, as in the case of th
elastic term. Thenf (U)>2 f U, f being a constant, and
therefore we can write

mü1yu̇52ru1gH~ t !Ms2 f P0Fu~ t !G~ t !

2E
0

t

u~ t8!g~ t2t8!dt8G , ~5!

where we have introduced the relaxing functionG(t) given
by

G~ t !5E
0

t

g~ t8!dt8512E
0

`

e2t/tp~t!dt, ~6!

which increases fromG(0)50 to G(`)51. In a simple
case,G(t) presents multiexponential features, but depe
on the applied model for the relaxation. In some cases, th
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are experimental relaxation results that require a descrip
by means of another kind of function as the stretch
exponential.27

In order to obtain the approximate solution of Eq.~5! we
will consider two different situations. First, when the appli
magnetic field has a very low frequencyv, it can be sup-
posed that the inertial and damping terms of Eq.~5! are
negligible, and then this is no longer a differential equatio
Depending on thevt product, different situations can tak
place. Whenvt!1, the redistribution of the magnetic d
poles is fast enough to keep the system in equilibrium.
the other hand, if the magnetic field has a frequency given
the inverse of the time constantt, that is,vt51, the wall
motion will be damped by the magnetically induced anis
ropy relaxation, although the displacements tend to rem
near the wall equilibrium position. As the frequency i
creases the redistribution effect will modulate the wall m
tion, modifying its speed. Therefore, the frequency spectr
of the wall responseu(t) spreads slightly, especially near th
field frequencyv. Finally, when the time constants of th
redistribution are greatly above the inverse of the field f
quency, that is,vt@1, the functiong(t2u) acts as a low-
pass filter in the convolution term given by*0

t u(u)g(t
2u)du, and hence this term vanishes. Taking into acco
these considerations, we can write the solution of Eq.~5! as

u~ t !.
gMs

r @11hG~ t !#
H~ t !, ~7!

where we have introduced the parameterh5 f P0 /r , which
defines the ratio between the elastic constantr and another
elastic term added by the induced anisotropy relaxation te
Whenh@1 this second term prevails. Hence, ifvt@1, the
wall mobility decreases with time and the magnetic susc
tibility x(t) will decrease too, if we take into account tha

x~ t !}
u~ t !

H~ t !
.

gMs

r @11hG~ t !#
. ~8!

This situation is the most frequently detected in this kind
experimental measurements carried out with the majority
magnetic materials, giving rise to the phenomena known
magnetic disaccommodation. Figure 1 presents the wall
quency response for a constant value ofh55, sufficiently
high to take account of the induced anisotropy relaxat
phenomena.

Now let us suppose that we apply a high-frequency m
netic field. In this case, the inertial and damping terms of E
~5! cannot be neglected. However, using the same appr
mation as in obtaining Eq.~7!, we can write Eq.~5! as1

ü12dvnu1vn
2@11hG~ t !#u5u0vn

2sinvt, ~9!

vn5A(r /m! being the wall natural resonance frequency,d
5y/2vnm the damping coefficient, andu05gMsH0 /r . This
differential equation can be solved numerically.1,24 Depend-
ing on the values ofd and v the wall amplitude can show
different dependences on time, and so it can increase
tially, pass through a maximum, and then decrease. T
anomalous behavior can be interpreted as a time-depen
0-2
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FREQUENCY-DEPENDENT DYNAMICS OF DOMAIN . . . PHYSICAL REVIEW B66, 024410 ~2002!
wall resonance. In fact, since we are considering seco
order wall dynamics, the relaxation term will increase w
time, so that the elastic term will be also increased. A
consequence, the wall resonance frequency will incre
with time as

v05vnA11hG~ t !. ~10!

The transients caused by this time variation will vanish
it is sufficiently slow, and, thus, it is possible to obtain
approximate solution for the wall response given by

uu~ t !u.
u0

AF12
v2

vn
2

1hG~ t !G 2

14d2
v2

vn
2

. ~11!

The evolution of the wall frequency response is shown
Fig. 2. It can be noted that the resonance peak is more
evant for increasing time values. Thus, depending on
field frequency~and, of course, of the initial damping coe
ficient!, the wall oscillation amplitude will either decreas
increase, or both with time (v1 , v3, or v2 in the figure,
respectively!.

III. EXPERIMENTAL PROCEDURE

A. Sample preparation

A set of polycrystalline samples with nominal compo
tion Y3Fe52xO12 was prepared by mixing high purity Fe2O3
and Y2O3 powders in the appropriate molar ratio. The mi
ture was ground and pressed in a cylindrical die
10000 kg/cm2. The resulting green samples, 5 mm in dia
eter and 15 mm in length, were fired at different tempe
tures and partial oxygen pressures according to the co
sponding phase diagrams.28 Finally, rapid quenching in the
furnace was performed to avoid possible vacancy annea
X-ray powder diffraction patterns of these samples show
that single-phase YIG was obtained for each composition

FIG. 1. Wall response under the action of a harmonic magn
field for different frequencies and a sufficiently high value ofh ~see
the text!.
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B. Measurement technique

Magnetic disaccommodation measurements have b
carried out with the help of a computer-aided system ba
on an automatic impedance~LCR! meter.29 During the mea-
suring process, the time variations of both the real and ima
nary components of the initial magnetic permeability w
recorded at different temperatures. The measuring coil
excited by a low amplitude ('2 Oe) sinusoidal signal with
frequency ranging from 200 Hz to 4 kHz. Samples we
demagnetized by using a low-frequency decreasing alter
ing field whose characteristics~peak amplitude, frequency
and total duration! were checked in order to obtain cohere
disaccommodation results.29

DA results are usually represented by means of the
chronal curves displaying the relative variation of permea
ity within different time windows,

DA~%!5
m~ t1 ,T!2m~ t2 ,T!

m~ t1 ,T!
3100, ~12!

where the different curves displayed have been obtaine
our case usingt152s andt254, 8, 16, 32, 64 and 128 s afte
demagnetization stage. When the time window (t22t1) is of
the same order of magnitude as the relaxation time at a
cific temperature, this curve exhibits a maximum. Isochro

ic

FIG. 2. Time evolution of the frequency wall response and
stantaneous amplitude obtained for a given high-frequency m
netic field.
0-3
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C. TORRESet al. PHYSICAL REVIEW B 66, 024410 ~2002!
curves are very useful in our study because they allow u
distinguish the various thermal relaxation processes.

IV. EXPERIMENTAL RESULTS

Figure 3 shows the permeability isochronal spectra m
sured at different frequencies for a YIG sample with nomi
composition 3Y2O315Fe2O3 sintered in CO2 at 1420 °C. It
can be noted the presence of the well-known process II,18,30

with its maximum around 125 K for a frequency of 200 H
Simultaneously, an accommodation~or negative disaccom
modation! process appears at temperatures just below
cess II, as reported only in the case of garnets sintered u
reducing conditions15,16 as in this case. However, the mo
important characteristic of these spectra is their critical
pendence on the measurement frequency, a phenom
never detected previously in similar experiments carried
with other kind of ferrites, to our knowledge. As this fre
quency is increased, two phenomena take place. First,
negative and the positive processes seem to ‘‘overlap,’
that the ratio between the amplitudes of both peaks decre
gradually~for example, they become very similar for 2 kHz!.
Second, the maxima of both processes shift to higher t
peratures, and, as consequence, the transition temperatu
which every isochronal DA spectrum passes through z
increases too. Finally, process II can hardly be detected

FIG. 3. Isochronal relaxation spectra at different measurem
frequencies for a YIG sample with nominal composition 3Y2O3

15Fe2O3 sintered in CO2 at 1420 °C.
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kHz and the accommodation peak results centered aro
125 K.

The corresponding isochronal relaxation spectra obtai
for YIG samples sintered in the same conditions but with
slight defect or excess of iron oxide in their initial compos
tion are represented in Figs. 4 and 5 respectively. The be
ior detected is very similar to the above analysis, so that
small modifications achieved do not produce relevant va
tions in the disaccommodation curves. It can be mentio
that the accommodation peak is slightly weaker for t
sample with a defect of iron in its nominal compositio
Finally, a similar experiment was carried out but, in this ca
changing the sintering conditions of the samples. First
have fired a sample in an atmosphere given by a fixed m
ture of air and helium in the appropriate ratio so that a l
reducing atmosphere than CO2 is obtained~in particular with
a partial oxygen pressure of 1022 atm). The results are dis
played in Fig. 6, and show a very similar behavior to th
obtained using CO2 as sintering atmosphere. It can be not
that the DA process II, as well as the accommodation p
cesses, occurs on the contrary to the air sinter
atmosphere.15,18,31 Second, we increased the sintering te
perature up to 1450 °C. The corresponding relaxation i
chronal curves can be examined in Fig. 7. In this case, p
cess II and the accommodation peak are again detec

nt

FIG. 4. Isochronal relaxation spectra at different measurem
frequencies for a YIG sample with a nominal composition 3Y2O3

14.9Fe2O3 sintered in CO2 at 1420 °C.
0-4
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FREQUENCY-DEPENDENT DYNAMICS OF DOMAIN . . . PHYSICAL REVIEW B66, 024410 ~2002!
showing the same dependence on the increasing mea
ment frequency. However, it can be noted that a DA proc
appears at temperatures around 187 K. As opposed to
cess II, the features of this peak do not depend on the m
surement frequency. A reduction of its amplitude can be o
detected at the highest frequencies, which is due to the w
ening of the signal-to-noise ratio in the measurement eq
ment.

On the other hand, in Fig. 8 we plot the thermal evoluti
of the relative initial magnetic permeability~at different val-
ues of the frequency! measured 2 and 128 s after the dema
netization stage in order to confirm the existence of relax
processes. In addition, we display not only the real par
the permeability, as is typical, but also the imaginary pa
The aim of this strategy is related to the theoretical id
exposed in Sec. II. In fact, if a resonance phenomenon ta
place, this imaginary part, associated with the magn
losses of the material, must change significantly.

The results obtained in this way for the YIG sample w
stoichiometric composition are presented in Fig. 8. It can
observed that the real part of the permeability@Fig. 8~a!#
increases with temperature showing two local maxima t
shift to greater temperatures as the measurement frequen
increased. Thus, the first of them, much more relevant
located at 125 K for 200 Hz and around 165 K for 4 kH
while the second moves from 200 to 235 K for the sa

FIG. 5. Isochronal relaxation spectra at different measurem
frequencies for a YIG sample with a nominal composition 3Y2O3

15.1Fe2O3 sintered in CO2 at 1420 °C.
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frequency range. However, there is an essential differe
between them that consists of a marked variation of the
maximum with the measuring time that does not occur in
second maximum. This phenomenon is especially p
nounced for the lowest frequencies and is considered to
due to a relaxing process. Indeed, the corresponding isoc
nal curves~Fig. 3! show this process~called process II! at the
same temperatures for each frequency.

Figures 8~b!–8~e! display the thermal evolution of the
imaginary part of the magnetic permeability of this sample
different measurement frequencies. The presence of
maxima can again be detected. These maxima shift to hig
temperatures with increasing frequencies. However, two
portant conclusions result noticeable. First, these maxima
cur at temperatures slightly lower~around 15 K! than their
equivalents in the real part. Second, the behavior of bot
very different if the time passed from the demagnetizat
stage is considered. Thus the temperature and intensit
this first peak depend radically on this time, in contrast to
second that does not vary significantly with it. When t
measuring frequency is increased the magnetic losses o
material are greater, thus avoiding the detection of these p
nomena so clearly.

A similar study was developed for the rest of the samp
sintered in our laboratory. Thus we have confirmed that
small variations in the initial composition of the sampl

nt
FIG. 6. Isochronal relaxation spectra with different measu

ment frequencies for a YIG sample with a nominal composit
3Y2O315Fe2O3 sintered at 1420 °C in an atmosphere of a
helium with a partial oxygen pressure of 1022 atm.
0-5
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C. TORRESet al. PHYSICAL REVIEW B 66, 024410 ~2002!
around the stoichiometric YIG give rise again to very simi
results~Figs. 9 and 10!. In other words, both parts, real an
imaginary, of the initial permeability show the two maxim
previously mentioned at similar temperatures, where the
of them varies strongly with the measuring time. Final
similar results have been obtained by changing the sinte
conditions of the samples, as can be seen in Fig. 11~a sample
sintered in an atmosphere with a partial oxygen pressur
1022 atm) and Fig. 12~a sample sintered at 1450 °C).
must be mentioned that, in this last case, the peak loc
near 200 K slightly decreases its amplitude with the mea
ing time @Fig. 12~a!#, which is due to the relaxing proces
already detected in the magnetic disaccommodation spe
~Fig. 7!. It is noteworthy that the samples analyzed in pre
ous works,15,18,30which did not show any magnetic accom
modation process, presented a very different beha
through these kind of representations. For example, the t
mal evolution of both components of the initial permeabil
for a YIG sample sintered in air at 1420 °C is displayed
Fig. 13. In this case neither the real nor imaginary cur
show any local maxima over the entire temperature ra
tested. It can be pointed out that both curves present a s
decrease with time~see the curves att152 s. and t2
5128 s in the figure! at temperatures below 150 K, which
due to the relaxing phenomena detected in the magnetic
accommodation spectra displayed in those works.

FIG. 7. Isochronal relaxation spectra at different measurem
frequencies for a YIG sample with a nominal composition 3Y2O3

15Fe2O3 sintered in CO2 at 1450 °C.
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V. DISCUSSION

The following discussion requires a previous revision
the characteristics of YIG’s and, concretely, of the spec
lattice positions. The unit cell of this ferrimagnetic garnet
composed of eight formula units forming a complex cub
lattice constituted by altogether 160 ions. In this crystal th
are three groups of trivalent metal ions distributed
fourfold-coordinated tetrahedrald sites, sixfold-coordinated
octahedrala sites, and eightfold-coordinated dodecahedrac
sites.32 In the special case of YIG, thesec sites are occupied
by Y31 ions, which are diamagnetic, while the magnetic m
ments ofa site ions are oriented antiparallel to those of thed
positions. In consequence, the magnetic moment per form
unit (5mB) is given by the surplus of tetrahedral Fe31 ions.

nt

FIG. 8. Relative initial magnetic permeability measured 2 a
128 s after demagnetization at different measurement frequen
for a YIG sample with a nominal composition 3Y2O315Fe2O3

sintered in CO2 at 1420 °C@~a! real part;~b!–~f! imaginary part#.
0-6
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FREQUENCY-DEPENDENT DYNAMICS OF DOMAIN . . . PHYSICAL REVIEW B66, 024410 ~2002!
It has been assumed that this occupancy of the three su
tices by three-valent metal ions may be the origin of the gr
insulator behavior of these ferrites. Moreover, due to th
zero-orbital ground states,1S0 (Y31) and 6S5/2 (Fe31),
these ions are characterized by a very reduced anisotropy
thus exhibit only weak interactions with other sources
anisotropy in the crystal. Therefore, the mere occurrence
magnetic aftereffect phenomena in our samples, as the m
netic disaccommodation spectra show, is a clear indicatio
a certain nonstoichiometry in the compound. According
phase diagrams,28 when preparing high temperature sinter
YIG, a slightly oxygen deficient structure appears. In ord
to maintain charge neutrality in the lattice, this oxygen defi
is compensated for by a corresponding valency chang

FIG. 9. Relative initial magnetic permeability measured 2 a
128 s after demagnetization at different measurement frequen
for a YIG sample with a nominal composition 3Y2O314.9Fe2O3

sintered in CO2 at 1420 °C@~a! real part;~b!–~f! imaginary part#.
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Fe31 into Fe21 ions. Taking into account their relative
sizes, these ferrous ions are expected to occupy preferen
the wider octahedral sites, although occasionally minor c
tents of Fe21 ions have been also found on tetrahedral po
tions. In any case, the assumption of coincident presenc
Fe31 and Fe21 ions in our samples enables electron e
change between differently valent Fe ions according to33

Fe311e2⇔Fe21. ~13!

This local electron hopping implies a corresponding tra
port of local anisotropy onto the site of the ferrous io
which, due to its initial 5D4 state, retains a certain orbita

d
ies

FIG. 10. Relative initial magnetic permeability measured 2 a
128 s after demagnetization at different measurement frequen
for a YIG sample with a nominal composition 3Y2O315.1Fe2O3

sintered in CO2 at 1420 °C@~a! real part;~b!–~e! imaginary part#.
0-7
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C. TORRESet al. PHYSICAL REVIEW B 66, 024410 ~2002!
momentum in the lattice. Therefore, this valence excha
must be considered as the basic process for magnetic r
ations in undoped YIG.

Concerning the octahedral positions, it must
remembered34 that the oxygen anions are trigonally dispos
around these sites, so that their symmetry axis coincides
one of the@111# axes~Fig. 14!. This trigonal field splits the
free-ion level into a singlet and two doublets.21,33,35Depend-
ing on the trigonal field orientation,33 the ground state will be
characterized either by a singlet or a doublet. Moreov
these levels are split into 2S11 sublevels due to the ex
change interaction. Finally, for an ion such as Fe21 charac-
terized by a not quenched angular momentum (LÞ0), the
doublet is further split due to the spin-orbit coupling. The
fore, there are at least four inequivalent types of octahe

FIG. 11. Relative initial magnetic permeability measured 2 a
128 s after demagnetization at different measurement frequen
for a YIG sample with a nominal composition 3Y2O315Fe2O3

sintered at 1420 °C in an atmosphere of air/helium with a par
oxygen pressure of 1022 atm@~a! real part;~b!–~f! imaginary part#.
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positions for the ferrous ion in YIG, each of them having
symmetry axis located at the different@111# axes. In conclu-
sion, it is evident that the distribution of the ferrous ions
the equilibrium state in octahedral positions will depend
the spontaneous magnetization. Thus, after a change o
direction, as happens during the demagnetization stag
rearrangement of these ions takes place through the elec
exchange between Fe21 and Fe31 ions in order to minimize
the free enthalpy of the system. These transitions lead
characteristic immobilization of the domain walls whic
gives rise to the experimentally observable magnetic afte
fects, i.e., the process found around 130 K, known as proc
II. Besides this anisotropy, due to the trigonal field, one m
also consider the fact that the cubic symmetry is not per

d
ies

l

FIG. 12. Relative initial magnetic permeability measured 2 a
128 s after demagnetization at different measurement frequen
for a YIG sample with a nominal composition 3Y2O315Fe2O3

sintered in CO2 at 1450 °C@~a! real part;~b!–~f! imaginary part#.
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FREQUENCY-DEPENDENT DYNAMICS OF DOMAIN . . . PHYSICAL REVIEW B66, 024410 ~2002!
at octahedral positions. Thus the octahedra formed by
oxygen anions around a cation in ana site are elongated
along the@111# direction, undergoing a trigonal distortion
As a consequence, two energetically inequivalent octahe
positions can be associated with each of the@111# axes just
by a rotation about these directions through opposite an
of 28.6°.

At this point, it seems reasonable to suppose that the h
ping mechanism between Fe31 and Fe21 in octahedral posi-
tions ~process II! cannot be related to a simple exponent
process. That is to say, for a given octahedral site there

FIG. 13. Relative initial magnetic permeability measured 2 a
128 s after demagnetization at 1 kHz for a YIG sample with
nominal composition 3Y2O315Fe2O3 sintered in air atmosphere a
1420 °C.

FIG. 14. One-eight unit cell showing the trigonal disposition
the oxygen ions around one of the four@111# symmetry axes. The
center site has been duplicated at the right to show the octah
configuration~Ref. 21!.
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different configurations for the electronic hopping leading
a spread of the energy spectrum, as previously propose
other authors.21,22 In fact, in order to fit our isochronal spec
tra it has been necessary to apply an algorithm develope
our group30,31 based on the use of an activation energy d
tribution p(Q), since they cannot be satisfactorily analyz
through a discrete sum of single Debye processes. For
ample in Fig. 15 we plot the experimental disaccommodat
spectrum measured at 200 Hz, together with the mathem
cal fitting, for a YIG sample sintered at 1420 °C in an atm
sphere with a partial oxygen pressure of 1022 atm. The re-
sults in this way obtained are very similar for all the samp
prepared, and show a quite narrow distribution of energ
with values centered around 0.32 eV. Comparable value
these activation energies have been found by other aut
not only in analogous measurements of magne
disaccommodation18,36 but also in other kinds of measure
ments such as conductivity,21,37 variation of tand,38 domain-
wall mobility,23 complex initial permeability,39,40or magnetic
loss factor.41

On the other hand, we have detected another DA proc
around 187 K when the sintering temperature is increased
to 1450 °C~Fig. 7!. Concerning this peak, we must conside
as pointed out above, that sintering conditions are the ca
of an oxygen-deficient crystalline structure. As a con
quence, one must assume the presence of oxygen vaca
in the lattice, enhanced by lower partial oxygen pressu
and higher sintering temperatures. These vacancies beha
positive centers in the lattice, and thus may trap electro
Therefore, they may appear as neutral (VO, with two trapped
electrons!, singly positively charged (VO

d , with one trapped
electron! and doubly positively charged (VO

dd , with no
trapped electrons! in relation to the neutral lattice. The neu
tral and single charged vacancies may be ionized and ac
donors so that, taking into account the presence of ferr
ions in the samples, the oxygen vacancies may be descr

d

ral

FIG. 15. Experimental DA spectrum~dots! and theoretical fit-
ting ~full lines! for the YIG sample sintered at 1420 °C in an atm
sphere of air/helium with a partial oxygen pressure of 1022 atm.
The inset shows the activation energy spectra obtained by the
ting.
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C. TORRESet al. PHYSICAL REVIEW B 66, 024410 ~2002!
in the form of donor complexes42 as

@nFe31* VO#⇔@~n21!Fe31*Fe21* VO
d#, ~14!

@nFe31* VO
d#⇔@~n21!Fe31*Fe21* VO

dd#, ~15!

where the notation show that the electron moves in the
ordination sphere ofn iron ions surrounding the oxygen va
cancy. Then the migration of these vacancies was propo
as a source of disaccommodation in YIG,18,43,44 due to the
variety of reactions involving the trapped electrons and
resulting interactions with the magnetic moments of the
tice. Therefore, the process found at higher temperatures
be related to this type of mechanism enhanced when
sintering temperature is increased. Moreover, this migra
would be expected to be more complicated than a sim
exponential process if we consider that these relaxa
mechanisms are induced by donor complexes. The fitting
the isochronal curves for this DA process through our al
rithm results in an energy distribution near 0.52 eV, ve
similar to the values proposed by the authors mentioned

Nevertheless, the dynamics of the domain walls in th
samples seems to be not only caused by the relaxation
cesses analyzed, as can be deduced from the experim
results obtained. In fact, all of the samples show a nega
disaccommodation process or accommodation process in
temperature range tested. There are several reasons to
lyze and understand the underlying mechanisms respon
for these phenomena.16,18However, the hypothesis suggest
~heating of the samples, dependences with the demagnet
field, anomalous reduction of the anisotropy due to a tem
ral decrease of the Fe21 ion content etc.! cannot satisfacto-
rily justify the diverse experimental features of these acco
modation processes. In our point of view, two important fa
must be obtained from the experimental results. First, th
phenomena have only been detected in this type of fe
sintered in reducing atmospheres, but never in others suc
spinel and hexagonal ferrites. Second, these experimenta
sults show an extreme dependence on the measuremen
quency where the accommodation processes appear, but
a dependence is not found where these processes ar
considerable. Therefore, it seems reasonable to relate
mechanisms to a certain characteristic property of th
samples that is a function of the measurement frequency

For these reasons, let us now consider the theore
ideas of Sec. II relating to the dynamics of the domain wa
According to this theory, for values of the measuring fr
quency considerably higher than the inverse of the time c
stant of the relaxation process, the rearrangement of the
fects is too slow to follow the domain-wall motion. Then,
this rearrangement takes place, the wall damping diminis
Finally, when this process has ended, the defects will sta
their equilibrium positions, giving rise to an additional ela
tic stress over the domain wall. Therefore, taking into
count a second-order wall dynamics, this stress will be
creased at each time instant due to the induced anisot
relaxation term. Hence the wall resonance frequency will
increased as a consequence in the same way, as show
Fig. 2, according to Eq.~10!. Thus the temporal evolution o
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the wall oscillation amplitude will depend on the measuri
frequency, and then a maximum after the demagnetiza
stage may appear. This behavior must be confirmed with
help of the measurement of a related macroscopic ma
tude, that is to say, by means of the initial permeability ev
lution. To this end, in Figs. 16 and 17 we plot the initi
permeability curves obtained with either the measuring f
quency or the temperature as a parameter, respectively. T
representations, which can be obtained in the same way
the rest of the samples, are coherent with the ideas exp
above since they show a very similar behavior. Thus,
measuring frequencies lower than the wall resonance,
only phenomenon detected is the diminution of the perm
ability due to the induced anisotropy relaxing mechanism

FIG. 16. Temporal evolution of the initial permeability me
sured at 122 K and different frequencies for the stoichiometric Y
sintered at 1420 °C in CO2.

FIG. 17. Temporal evolution of the initial permeability me
sured at 1 kHz and different temperatures for the stoichiome
YIG sintered at 1420 °C in CO2.
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FREQUENCY-DEPENDENT DYNAMICS OF DOMAIN . . . PHYSICAL REVIEW B66, 024410 ~2002!
When that frequency is increased both processes, mag
disaccommodation and time-dependent wall resonance,
place, giving rise to the isochronal spectra constructed. Th
inferences are more clearly shown in Fig. 18, in this case
the YIG sample sintered at 1420 °C with a partial oxyg
pressure of 1022 atm. At 200 Hz one can observe the pe
corresponding to process II while the accommodation p
cess is hardly noted. As this frequency is increased we
proach that of the wall resonance. When this process is n
worthy it produces a temporal increment followed by
additional decrease of the permeability that concludes in
apparent shift of the disaccommodation peak, which, ob
ously, does not involve a real increment of the activati
energy of the process.

It is important to point out that other authors40,45,46pro-
posed similar ideas in their studies of the wall mobility
polycrystalline YIG samples. In fact, the dependence of
wall damping on the measuring frequency due to the pr
ence of defects in the lattice was proven in all these wo
For high enough frequencies the diffusion of these defect
too slow to follow the wall motion, resulting in an increas
of the restoring force over the wall and thus in an increase
the wall energy associated with the relaxation process. M

FIG. 18. Comparison between the disaccommodation and
commodation processes with increasing measurement frequen
In order to obtain a clearer representation, the maximum valu
the disaccommodation peak has been normalized for all of the
quencies.
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over, the activation energy obtained for this process~0.27
eV! in one of these works40 is very close to that confirmed in
this paper for process II.

Finally, it must be assumed, as we previously stated,
if a resonance phenomenon takes place then the imagi
component of the permeability, related to the magnetic los
of the material, must show an abrupt variation with time
that temperature zone. In this way, the initial permeabi
curves~Figs. 8–12! exhibit the presence of a peak inm9 at a
temperature dependent on the frequency but in any c
higher than 100 K. This peak varies strongly with time a
appears at temperatures always close to the correspon
relaxation process detected inm8. For these reasons, accor
ing to our theory, an accommodation process must be n
at these temperatures, as it can be observed in the isoch
spectra. However, the peak ofm9 around 200 K does no
cause any accommodation process, because no aniso
relaxation process is found close to it; thus it hardly depe
on the time passed since the demagnetization of the sam
It must be mentioned that other authors41 also found a peak
in m9 that shifts to lower frequencies for decreasing tempe
tures, in this case related to a relaxation process throug
electronic diffusion characterized by an activation energy
0.38 eV, again comparable to the values proposed in
work.

VI. CONCLUSIONS

In this work we have studied the dynamics of the dom
walls by means of the analysis of the magnetic aftereff
processes in polycrystalline YIG samples. For this purp
we have measured the well-known magnetic disaccommo
tion showing the presence of the relaxation process relate
the electronic hopping between ferric and ferrous ions
octahedral positions of the lattice~process II!. At the same
time, magnetic accommodation processes have been det
in all samples at temperatures immediately lower than p
cess II. These phenomena have been described throu
theoretical model which studies the dynamics of the dom
walls as a function of the measuring frequency. According
this theory the origin of the accommodation process is as
ciated with a time-dependent resonance mechanism du
the existence of an induced anisotropy relaxation proc
Finally, we have successfully confirmed the correlation
tween our diverse experimental results and the theore
analysis.
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and J.I. Iñiguez, J. Phys. IVC1, 289 ~1997!.

17C. Torres, R. Orejudo, C. de Francisco, J.M. Mun˜oz, P. Herna´n-
dez, O. Alejos, and L. Lo´pez-Dı́az, Phys. Status Solidi A169,
145 ~1998!.

18L. Torres, F. Walz, J. In˜iguez, and H. Kronmu¨ller, Phys. Status
Solidi A 159, 485 ~1997!.

19F. Walz, L. Torres, J. In˜iguez, and H. Kronmu¨ller, Phys. Status
Solidi A 180, 507 ~2000!.

20C. Torres, C. de Francisco, J.M. Mun˜oz, P. Herna´ndez-Go´mez, O.
Alejos, P.G. Bercoff, H.R. Bertorello, and J.I. In˜iguez, Physica B
~to be published!.

21R.P. Hunt, J. Appl. Phys.38, 2826~1967!.
22A. Broese van Groenou, J.L. Page, and R.F. Pearson, J. P

Chem. Solids Suppl.28, 1017~1967!.
23U. Enz and H. van der Heide, J. Appl. Phys.39, 435 ~1968!.
24O. Alejos, Ph.D. dissertation, University of Valladolid, 1997.
25S. Krupicka and K. Za´veta,Anisotropy, Induced Anisotropy an
02441
.

ys.

Related Phenomena~Wiley, New York, 1975!.
26G.H.J. Wantenaar, G.V. Wilson, D.H. Chaplin, and S.J. Campb

J. Magn. Magn. Mater.89, 13 ~1990!.
27K.L. Ngai, Comments Solid State Phys.9, 141 ~1980!.
28H.J. Van Hook, J. Am. Ceram. Soc.45, 162 ~1962!.
29C. de Francisco, J. In˜iguez, J.M. Mun˜oz, and J. Ayala, IEEE

Trans. Magn.23, 1866~1987!.
30C. Torres, Ph.D. dissertation, University of Valladolid, 2001.
31C. Torres, O. Alejos, C. de Francisco, J.M. Mun˜oz, and P.

Hernández-Go´mez, Appl. Phys. A: Mater. Sci. Process.~to be
published!.

32G. Winkler,Vieweg Tracts in Pure and Applied Physics: Magne
Garnets~Vieweg & Sohn, Braunschweig, 1981!, Vol. 5.

33F. Walz, J.H.V.J. Brabers, L. Torres, and H. Kronmu¨ller, Phys.
Status Solidi B228, 717 ~2001!.

34S. Geller and M.A. Gilleo, J. Phys. Chem. Solids3, 30 ~1957!.
35R.P. Hunt, J. Appl. Phys.37, 1330~1966!.
36L. Torres, M. Zazo, J.I. In˜iguez, C. de Francisco, and J.M. Mu
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