N
N

N

HAL

open science

Magnetic behavior and resistivity of the domain-wall

junction GdFe 1000 A /TbFe/GdFe 500 A
S Mangin, G. Marchal, C. Bellouard, W. Wernsdorfer, B. Barbara

» To cite this version:

S Mangin, G. Marchal, C. Bellouard, W. Wernsdorfer, B. Barbara. Magnetic behavior and resistivity
of the domain-wall junction GdFe 1000 A /TbFe/GdFe 500 A . Physical Review B: Condensed Matter

and Materials Physics (1998-2015), 1998, 58 (5). hal-01624263

HAL Id: hal-01624263
https://hal.univ-lorraine.fr /hal-01624263
Submitted on 26 Oct 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.univ-lorraine.fr/hal-01624263
https://hal.archives-ouvertes.fr

PHYSICAL REVIEW B VOLUME 58, NUMBER 5 1 AUGUST 1998-I

Magnetic behavior and resistivity of the domain-wall junction GAF&1000 A)/TbFe/GdFe(500 A)
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A GdFe/TbFe/GdFe trilayer constitutes a magnetic nanostructure: the domain wall junction. With this
device, we studied the propagation of 180° domain walls from one GdFe layer to the other, through a single
planar defectthe thin TbFe layerthat acts as an artificial energy barrier. Before crossing the energy barrier,
by thermal activation, due to the applied magnetic field, the domain walls are compressed against the ThFe
layer. Nucleation, compression, and propagation phenomena of 180° domain walls are presented. The behavior
of domain walls is followed from the electrical resistivity of the sample. A parallel between the domain-wall
decompression and the exchange biasing problem in ferromagnetic/antiferromagnetic bilayers is proposed.
[S0163-182698)01629-4

I. INTRODUCTION magnetic material and the associated potential-energy bar-

. . . . rier
The propagation of magnetic domain walls in ferromag-

. fori . ils is Kk be of id In fact, the motion of the domain wall is achieved by the
hetic or ferrimagnetic materials is known to be of consider-,yjicasion of an external magnetic field that produces a

able importance for magnetic applications. Indeed, dependsagnetic pressure on the domain walThe displacement

ing on the ability of its domain walls to move, a material is jnquced by the magnetic pressure is such that the magnetic
classified among the hard or among the soft magnetigiomains orientated parallel to the field grow. As shown in
materialst Moreover, the propagation of the domain walls is the potential-energy diagram of Fig(hl, the magnetic field

of great interest for theoreticians studying the dynamics okdds a linear Zeeman contribution2MsH x to the zero-
assemblies of spins:  at high temperature, where the thermgikld potential?

activation plays an important role, or at low temperature, The second effect of the magnetic field is to reduce the
where quantum effects could ar&e.Usually, domain walls  height of the potential barrier due to the hard magnetic ma-
interact with magnetic or nonmagnetic defe@isecipitates,

grain boundaries, etc.These defects act as potential wells or Up(x) Energy barrier

as potential barriers that the domain walls have to cross to 0

1 .
travel inside the material and to reverse the magnetization. domain wall ~—=g=---1 -
However, in most of the usual macroscopic samples, the de- m* .* v / \ |AEq
fects are very complex and present a large distribution of

shape and of size, which makes the analysis very compli- (@
cated. X
In a recent paper, Gunther and Barbara proposed a device
called a domain-wall junctiolDWJ),* which can be consid- Ux) Thermal activation
ered as a model system suitable for the study of the interac- /\
tion between a 180° magnetic domain wall and a well- TN
defined potential-energy barrier. This device consists of a Hl
ferromagnetic or ferrimagnetic trilayer system, with an in- (b) quantum tunnelling
plane uniaxial anisotropy, in which a layer of hard magnetic
material separates two layers of soft magnetic material. As X
the potential energy per surface unit of the domain wall is FIG. 1. Potential barrier created by a layer of hard magnetic
simply the usual domain-wall energy=4/AK, whereK is material deposited between two layers of soft magnetic mate-
the uniaxial anisotropy constant aAdis the exchange stiff- a1, (a) under zero magnetic fieldp) with an applied magnetic
ness, the hard magnetic material, which presents the larg@ield. The black ball represents the domain waif is its mass,
anisotropy constant, acts as a potential barffég. 1(a)].  andv its velocity. AE, is the height of the potential barrier in zero
Therefore, to move from one layer of soft magnetic materiakield. When the field is applied, & 2MsH x component is added
to the second one, the domain wall has to cross the harand the height of the barrier is reduced.

Y AE®)
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terial [Fig. 1(b)]. The aim of the study of the DWJ is the
determination of the field and temperature conditions under
which the potential barrier is crossed and by which mecha-
nism: thermal activation or quantum tunneling.

In a preliminary papet we proposed a DWJ system made
of a very thin layer of amorphous Td-e55 alloy deposited
between two layers of GgFe;s ferrimagnetic amorphous
alloy.” The amorphicity of the layers generates a structural
continuity of the sample and prevents structural defects in
the form of grain boundaries, which could generate parasitic _
potentials. The structural continuity is all the better that Tb GdFe &
and Gd atoms are very simildsame size, same chemical /@0“’
behavior and form with isomorphic amorphous alloys irfdn. 1 €2 -

The large anisotropy of terbium compared to that of gado- 0 -
linium (the second-order anisotropy constinof terbium is
three orders of magnitude larger than that of gadolifijum
makes the TbFe layer a potential barrier for a domain wall £ 5 General view of the sample. The lengtiof the sample
that has to move from the first GdFe layer to the second ongs » ¢m and its width is 0.5 cm. The easy magnetization axis is

The compositions of the alloys were chosen according tong @z. The slab “Fig. 5” will be enlarged for the description of
several criteria. First of all, the alloys had to be amorphousihe magnetic configurations in Fig. 5. The electrical current flowing

Then, they had to exhibit a large magnetization density for along oy will be used to measure the resistance of the sample in the
better sensitivity in magnetic measurements. It was also pretransverse geometiigee Sec. IV.

erable to avoid alloy compositions presenting a compensa- )

tion temperature, which could have added complications. FiGdFe layers are; =1000 A, e,=500 A, and the thickness
nally, from the data reported by Hansenal,’®we chose the ©Of the TbFe layer ranges froe=3 A to e=15A. .
compositions GghlFess and ThsFess, which exhibit close The alloys were obtained by hlg_h vacuum coevaporation
Curie temperatures and thus exchange coupling constants 8f the elements from separate crucibles. The deposition rates
the same order of magnitude. Nevertheless, the compositiof€reé monitored by quartz oscillating systems, previously

compositions of the alloys should not significantly alter theloys were subsequently checked by x-ray analysis and were
results. found within 1% of the nominal values. As the quartz oscil-

In this paper, we confirm our first d&tand show the lators are sensitive to the mass, the thicknesses of the layers

efficiency of the GdFe/TbFe/GdFe domain-wall junction. weWere deduced from the density of the amorphous alloys, in
present in detail the mechanisms of nucleation, compressioffe Same way as in Ref. 12. The substrates were glass plates
propagation, double compression, and annihilation of the do®n Which 100 A silicon buffer layers were deposited at
main walls, as deduced from the magnetization measuretS0 °C just before the cooling down of the substrates, which
ments and confirmed by resistivity measurements. The ver{€re kept at 77 K during the coevaporation process. The
demonstrative resistivity data displayed in this paper are obPressure in the chamber was maintained at*I0orr during
tained from a single-domain wall. the deposition of the alloys. The amorphicity of the alloys
We also present a diagram indicating at which temperaWas checked by electron microscopy and observation of the
ture and under which magnetic field the energy barriers geriyPical diffuse rings consistent with the interference func-
erated by very thin ThFe layeférom 3 to 9 A) are crossed tions of rare-earth transition metals and amorphous ai'i?)ys.
by the domain walls. These very small thicknesses of the The magnetization measurements were performed with a
hard magnetic layers should classify the GdFe/TbFe/GdFgonventional superconducting quantum interference device
DWJ in the regime Il-b of the classification proposed by magnetometer. Each of the curves shown in Figs. 3, 4, and 6
Gunther and Barbaraln that regime, the thickness of the Were obtained after cooling down the sample from 100 K to.
hard magnetic layer as well as the width of the transition theé measurement temperature under a 1000 Oe magnetic
region between the two materials, are smaller than the widtfeld applied along the easy axis of magnetization. With this
S of the domain wall. procedure, the magnetization was kept saturated along the
Finally, we focus on the compression of the domain wallscooling field, even after canceling the field. The magnetiza-
against the TbFe layers that precedes the crossing of tHioN curves presented below were obtained while increasing
barriers. This stage is probably typical of systems in whichthe field in the direction antiparallel to the cooling field.
the domain-wall energy of the hard magnetic layer is VeryEIectnc_aI reS|st|V|t_y measurement; were performed with a
high. A parallel between the domain-wall compression andour-point method in a magnet-equipped cryostat in the same

the exchange biasing problem is proposed. way as measurements reported in Ref. 14.
A general view of a sample is pictured in Fig. 2. The

lengthL of the sample is 2 cm and its width is 0.5 cnx i3
perpendicular to the plane of the sample and, as shown be-
low, the easy magnetization axis is along On the follow-

The data presented in this study have been collected fronmg, the slab “Fig. 5” will be enlarged for the description of
GdFe/TbFe/GdFe samples, in which the thicknesses of ththe magnetic configurations. The electrical current flowing
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II. EXPERIMENTAL PROCEDURE
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FIG. 3. Hysteresis loops of a single 1000 A GdFe layer mea-
sured at 10 K. The field is applied along the easy aM$¥ ), and
perpendicularly to the easy axid(Mg), . Hy is the saturation
field of the Stoner and Wohlfarth mod&Refs. 15 and 16

FIG. 4. Hysteresis loops collected from a GdEE00 A/
TbFe3 A)/GdF&500 A) sample at different temperatures. The first
parts(negative fieldsof the loops have been obtained after cooling
the sample under a 1000 Oe field. The second parts have been

) o collected after the application of 21000 Oe field at the measure-
along Oy will be used to measure the resistivity of the samplement temperature. H,,, is the nucleation field for the GAEED00

in the transverse geomet(gee Sec. IV. A) layer. H, is the propagation fiel@passage of the domain wall
through the potential barrigr

IIl. MAGNETIC BEHAVIOR
change constant¥sycq, Jedre: aNdJpercby a relation given
for the ferrimagnetic amorphous alloys by Haseg&vend
First of all, the presence of an uniaxial anisotropy axis inMimura et al?° Using the exchange constants published by
the plane of the sample is necessary for the creation of 1809ansen et al,'° and the interatomic distance given by
domain walls. The occurrence of such an axis is clearly dem€argill ?* the exchange stiffness constahtof the Gg,Fesg
onstrated in Fig. 3 that represents two hysteresis loops cokmorphous alloy can be estimated toxi® & erg/cm. In
lected from a single GgFe;g(1000 A) layer with, in both  order to evaluatd, we used the Nimura relation withgg
cases, the magnetic field applied in the plane of the sample= 3 andng.=2. From thesé andK values, the domain-wall
The field was applied either along the easy aki (oop) or  thickness in the GdFe samples is evaluated to about 650 A.
perpendicularly to the easy axiM( loop). Such a behavior This value has to be considered as an estimate :1%. It
is quite consistent with the classical Stoner and Wobhlfarthdepends on several parameters that are very difficult to ob-
model of uniform rotatiot> the M, hysteresis loop is rect- tain with accuracy. They are deduced from a mean-field ap-
angular, whereas thd | hysteresis loop is linear from Hy proximation and require the evaluation of the Curie tempera-
to +Hy, whereHy is the anisotropy fieldHy is at the ture of a lot of amorphous alloys. More significant will be
intercept of the linear part and of the saturation magnetizathe values determined below from the compression of the
tion (for a review, see, for example, Ref.)1&s a matter of domain wall.
fact, the evaporation of Gd and Fe from two separate cru-
cibles positioned symmetrically with respect to the substrate
leads spontaneously to the occurrence of an easy magnetiza-
tion axis in the plane of the sample. The anisotropy axis is Magnetization data collected at different temperatures
perpendicular to the vertical plane containing the souttes. from a GdFé1000 A)/TbFe3 A)/GdF&500 A) sample are
The existence of such an anisotropy axis has been observetiown in Fig. 4. When the temperature is lower than 7 K,
with different preparation procedurds. each curve exhibits two magnetization steps. The first step
Following Stoner and Wolfarth, the uniaxial anisotropy occurs at a fieldH,,;~ 18 Oe, almost independent of the tem-
constantK can be deduced from the anisotropy fielg by  perature, where the magnetization drops from the saturation
the relation K =MgH/2,'>'® where Mg is the saturation magnetizationMg to a value slightly larger than zero. The
magnetization. From very low fiel@.25 Og ac susceptibil-  second step occurs at a figt(T), where the magnetization
ity measurements, the Curie temperature of the,B#l;  falls to —Ms. In contrast toH,;, H,(T) is strongly tem-
(1000 A) sample has been found to be 325 K, which is veryperature dependent and increases when the temperature de-
close to the value given by the reference paper of Hanseoreases. Between the two steps, the magnetization exhibits a
et al 1 for this composition. From these authors, the saturaslow decrease on a kind of plateau.
tion magnetizatiorM 5 is close to 1400 emu/cinwhich has As it will be justified in the next sections from the ampli-
been checked with an accuracy of 5%. Wil close to 70  tudes of the magnetization drops and from the behavior of
Oe, the uniaxial anisotropy constant can be estimateld to the electrical resistivity, the interpretation of the two steps
=4.9 1¢ erg/cnt. In fact, the 180° domain wall is due to and of the intermediate decrease of magnetization is sketched
the competition between the exchange and the uniaxial ann Fig. 5 (part of Fig. 2. In these figures, each arrow is
isotropy energies. As a result of this competition, the thick-representative of the magnetization of a plane parallel to the
ness of the domain wall is given by=7+A/K, where the surface (§,0z) of the sample. In each plane referred by its
exchange stiffness constaht is related to the usual ex- position x, all the magnetic moments are supposed to be

A. In-plane anisotropy axis

B. Nucleation and propagation
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parallel to each other and oriented along the arrow represen- A
tative of the magnetization of the plane. They form an angle

VA

0(x) \{vith the direction §. Ox is the_a.xis'along which the * /J‘,\ /j\ /t\ /I' \ /.'L /j.\ /}D/ \
domain wall propagates. However, it is likely that the mag- (5 [ ﬂ"/
netic moments do not rotate in the same way along tke 0 0 A AN AAE .

oo ; <H<Hg |\ 0L OO LU y
direction in the whole sample. There are certainly parts of -
the sample in which the magnetic moments turn clockwise el e *
along &, whereas in other parts they turn anticlockwise, 8
which makes that th@ angle is in fact+ #(x) in some parts Y awE 2/‘ i
of the sample and- 6(x) in other parts. At the present time, (b) | ’\"l“\fgﬁ ,\J, ’J’\fh\’ J\/
we have no information on these parts which turn out to Hyp=H | /\\/\ / \ /\ \ /\ I\
constitute “in-plane domains” but we believe that they are R | I ¢

large enough to neglect the defects that should occur at their

boundaries. In the following, we will forget the “in-plane ﬁ—_i <——6—> -2

domains” and the only domain wall we will consider is that bk

which is parallel to the plane of the sample and that propa- (©) l A /)/I /T\ /I\/ P

gates along 8. We will describe the data as if an unique | /““ﬁﬂﬂﬁ/ ﬂﬁﬁ /‘H/

domai : : it Hnp<H<Hp gl U] U
omain wall is present in the whole sample although it is SN O i

likely that “identical” domain walls move simultaneously

and in the same wayexcept for the chirality inside each A A

“in-plane domain.” () l Pl \/4\ P

Figure 5a) represents the saturated magnetization along \]ﬂlﬁm ﬁ[*\‘/l ﬁ f

the direction of the cooling field. This saturated configuration H=gp [V U LW U

is maintained until the fieldH,; is applied in the direction 5 5

opposite to the cooling field. The drop of magnetization at - -

H,1 corresponds to the nucleation of a magnetic domain in T /‘ 7% =

the thicker GAFEL000 A) layer. The reversal of the magne- ~ (®) \,\,‘,JT,\TL\TI *D{,J%L/

tization starts from the outer surface but it is blocked by the o< H<H \w \w \w . / Yk /\ / \ ]

TbFe layer{Fig. 5b)]. The slow continuous decrease of the n2 any W A

magnetization betweemd,; and H, is attributed to the
“compression” of the domain wall against the TbFe layer
[Fig. 5(c)]. It is the result of the magnetic pressure on the

domain wall, which is blocked on its other side by the mag- H>H, / | \/ | 7 ¥ / \/ \/
netization of the TbFe layer, stuck itself by its very strong ® et et e J\/
anisotropy. The second drop of the magnetization, which oc- H>H, \ J \ J \[/ \ J \ \&/ \L/ J
curs atH,(T), corresponds to the crossing of the potential

. . . . )
barrier by the domain wall. The domain wall first reverses

the magnetization of the ThFe layer and then that of the FiG. 5. Modelized magnetization configurations in the trilay-
GdFe500 A) layer[Fig. 5d)]. H, is called the “propagation er: (a) For an applied magnetic fiell, 0<H<H,,; the magne-
field.” Beyond H,, the magnetization is completely re- tization of the sample is saturate) At H=H,, a domain wall is
versed[Fig. 5(f)]. We notice that, when the temperature is created in the thicker GdFe layer. It is stopped by the ThFe layer.
larger (7 K), the magnetization switches fromMgto —Mgs  (c) For Hy;<H<H, the domain wall is compressed against the
at a field referred all; . At this temperature, the TbFe layer TbFe layer(d) At H=H the TbFe layer magnetization is reversed
seems to be inefficient, which is consistent with the fact thatand the domain wall propagates into the thinner GdFe lagpAt

as it will be shown below, the crossing of the barrier is aH=Hp, a second domain wall is nucleated in the thinner GdFe

thermal activated process. layer. (f) BeyondH, or H, the magnetization is completely re-
versed.
C. Double compression and annihilation However, below 20 K, the “compression” stage does not

With the same procedure, hysteresis loops have been catnd atHy(T) by a full drop of the magnetization te M.
lected from the GdR&000 A)/TbFg9.5 A)/GdF€500 A)  There is instead a limited drop of the magnetization at a field
trilayer (Fig. 6). In the temperature range from 30 to 50 K, H,, close to 60 Oe. This limited drop is followed by another
the same magnetization behavior as above is observed, wiglow decrease of the magnetization, which finally ends by a
two steps atH,;~18 Oe and atHy(T). Above T=50K, more rapid decrease of the magnetization-thl 5 at a field
there is an unique step, where the magnetization switched,(T).
from Mg to —Mg as in the GdFE000 A)/TbFg3 We attribute the step occurring Ht,, to the nucleation of
A)IGdF&500 A) sample abov@ =7 K. The comparison be- a second domain wall in the thinner Gd&@0 A) layer[Fig.
tween Figs. 4 and 6 shows that the propagation field is trans(e)] and to the propagation of this new domain wall up to
lated towards the highest temperatures when the thickness tife TbFe layer. As it will be explained below, the nucleation
the TbFe layer increases. of magnetic domains and the corresponding nucleation fields
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IV. ELECTRICAL BEHAVIOR

—_—

A. The anisotropy of magnetoresistance

©
"3
T

It is now well known that the magnetic state of a material
can significantly contribute to its electrical resistivity via
several different effects. In return, the electrical resistivity
can be used to determine or confirm the magnetic structure
of a samplée?

In this section, we show how the variation of the electrical
) ) resistance of the sample with the field allowed us to ascertain

200 2150 -100 ~50 0 that the magnetic configurations sketched in Fig. 5 represent
Magnetic field (Oe) the actual magnetization processes, giving rise to the behav-
ior reported in Figs. 4 and 6. For this purpose, we took ad-

FIG. 6. Hysteresis loops from the GdE600 A/TbFE9.5  yantage of the significant anisotropy of magnetoresistance
A)IGdFg500 A) sample at different temperatures. The measureyAMR) of iron, which has been interpreted by SHiand

ments were performed after cooling down the sample under a 100 ert24 As shown by these authors, the resistivity of the tran-

Oe magnetic field. Only the first part of the cycles has been pre- ... . L
sentedH ., is the nucleation field for the GAFE00 A) layer.H, is sition metals and of their alloys depends significantly on the

the annihilation field. apgle. between the d_irection of the magnetization and the
direction of the electrical current used to measure the resis-
) . tivity. The resistivity is enhanced and equal gpwhen the
are related to the thickness of the GdFe layers. The thick&ecrrical current is parallel to the magnetic moments and, at
the Iay_er, the higher the nucleanon flel_d. After the second,q opposite, it is reduced and equaptowhen it is perpen-
nucleation, the two domain walls are simultaneously cOMyicyjar. Finally, when in an homogeneously magnetized tran-
pressed against the ThFe layer, which results in a slow desition metal sample, the angle between the magnetic mo-
crease of the magnetization with the increase of the fielqlnentS and the electrical current d5 the resistivity can be

(“double-compression stage” _ expressed ap(0)=p, +Ap cos § where Ap=p,—p, .2
Here it is important to emphasize that without the nucle- | pure iron, the order of magnitude op (—p, ) /p is about

ation delay in the thinner GdFe layad {,>H,;), we never 0.5%23

could have observed the propagation of the dqmain wall In the following, we will refer to the geometry in which

through the TbFe layer. The asymmetry of the trilayer SySy,g gjectrical current flows along the direction of the applied

tem, with two different thicknesses of the GdFe layers, iSyagnetic field(parallel or antiparall¢las parallel and to the

necessary for the device to operate. o geometry in which the electrical current and the magnetic
Finally, the last drop of the magnetization is related to thefield (always applied along the easy magnetic axisithe

reversal of the ThFe layer magnetization, which occurs Wiﬂblane of the sampjeare perpendicular as transveréae

the annihilation of the domain walls at a fiell,(T), the o arce geometry is that represented in Fig. Zhis

so-called annihi_lat.ion. fieldd, is not as w_e_II defined as the technique permits for example the determination of the co-
other characteristic fields and the transition spreads out of,.iiive field of thin films. with the occurrence of peaked

several Kelvin. It is about 80 Oe at 20 K and 180 Oe at 10 K'maxima(in the parallel geometiyor of peaked minimdin

These fields are 'relatively high and ‘we can point out they o transverse geomer?2 The occurrence of these peaks
unexpected stability of the configuration of Figebwhere oy asqes that, at the coercitive field, a maximum number of

the ThFe layer is squeezed between two domain walls. INgping are oriented rather perpendicularly to the magnetic

deed, under the pressure of two domain walls on each side @by This technique was recently used to show the aligned
it, the magnetization of the TbFe layer should switch Veryand twisted phases in GdFe multilay&tst was possible to

easily. This is no longer true if the domain walls tend 10 yetect the magnetic field at which the iron moments leave the
rotate the magnetization of the ThFe layer in opposite direCyq|q direction and exhibit a spin-flop-like transition.

tions (clockwise and anticlockwiseand as a consequence The resistance data presented in this section have been

cancel each other. A first explanation to this high stability
would be that the domain walls located on each side of tth"eCted from GdFE000 A/TbFel5 A)/GdFe500 A

. . . Samples. Golden electrodes have been deposited on the glass
TbFe layer are systematically of opposite chirality all the . : : -
“in-plane domains’). It could be due to the effect of the substrate prior the glaboratlon of_the sample. The orientation
dipolar fields of the first layer, in which domains are alreadyOf the substrate during the d_epqsﬂmn_of the sample had been
present, on the second one, in which the nucleation is taking0Sen for the easy magnetization axis to be pargiiallel
place. A second possibility would be that the shape and th§€ometry or perpendiculattransverse geomefryo the cur-
distribution of the “in-plane domains” in the two GdFe lay- rent flow d_urm_g the electrlca_l measurement. As above, the
ers are uncorrelated. There are some places where the chirdfl@gnetic field is always applied in the direction of the easy
ties of the domain walls located on each part of the ThFeXis (direction @ of Figs. 2 and § whereas the current
layer would be opposite and some places where they woulflows along the direction. The data presented in Figgay
be identical. The parts where the chiralities would be oppoand 7b) show the relative variation of the resistance in the
site would maintain strongly the magnetization of the ThFetransverse geometigee Fig. 2 The data have been normal-
along the direction of the cooling field. ized to the resistance value measured in the saturated state.

=]

gnetization M/Ms

©
1%
T
sy
)

Reduced ma,
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FIG. 7. Evolution at 60 Ka) and at 30 K(b) of the resistance of
a GdF€1000 A)/TbFg15 A)/GdF&500 A) sample with the mag-
netic field applied along the easy axis, perpendicularly to the elec-
trical current(see Fig. 2 The first partgnegative field have been
obtained after cooling down the sample under a 1000 Oe field. The
second parf(quite symmetrical about the vertical axisas been

T T T

HnZ
H H
ay *E nl
g A Y

-100 0 100
Magnetic field (Oe)

200

resistance of the sample with the resistiviy). FromC to

D, the electrical resistance decreases slowly because of the
compression of the domain wall against the TbFe layer. The
reason of the decrease of the resistance is that the compres-
sion leaves less and less spins in the direction of the electri-
cal current. At the propagation field,(T), which in the
GdFe (1000 A/TbFg15 A)/GdF€500 A) is close to 50

Oe atT =60 K, the domain wall crosses the barrier, and after
its traveling through the GdF&00 A) layer, all the magnetic
moments become aligned along the direction of the magnetic
field —0z [Fig. 5(f)]. They are again perpendicular to the
electrical curren{point E, Fig. 4(c)]. As in zero field, the
resistivity is uniformly p, and the resistance recovers its
minimal value. The cycling of the field leads to a symmetri-
cal behavior about the vertical axis of Figay.

From resistance measurements performed on a second
sample in the parallel geomettwe could not use the same
sample because the electrodes had to be placed diffexently
we found that the electrical variations were opposite and
symmetrical about the horizontal axis of Figaf There is a
drop of the resistance &t,;, a slow increase betweeth,;
andH,, and a sharp increase at the fi¢lg beyond which
the initial resistance is recovered. In this geometry, all the
magnetic moments are parallel to the electric current when
there is no domain wallthe resistance is the highgsind a
part of them are perpendicular to the electric current, when a
domain wall is present. In that sample, the compression of
the domain wall manifests by a slow increase of the resis-
tance.

C. Double nucleation and annihilation

A second set of resistance curves obtained in the trans-
verse configuration shows, at 30 [fig. 7(b)], both the

obtained after the application of a 1000 Oe field at the measuremeouble nucleation and the annihilation processes. On that

temperature. The notatidfi,,, H,, Hy,, andH, is the same as in

Figs. 4 and 6.

curve, the point&\, B, C, andD represent similar situations
as in curve 7a). FromA to B, the magnetization is uniform
along the cooling field and is perpendicular to the electrical

Because the TbFe thickness is larger in this sample thagurrent. The stef8-C corresponds to the nucleation of the

in samples presented abovEigs. 4 and & the different

domain wall in the thicker GdFe layer. Frof to D, the

magnetization processes are shifted to higher temperaturegesistance decreases slowly because the domain wall, nucle-

B. Nucleation and propagation

ated atH,;, compresses against the ThFe lajfeig. 5(c)].
However, beyond, the evolution of the resistance turns out
to be different. First of all, there is a second sizg~, which

The field dependence of the electrical resistance measur%rresponds to the nucleation of the second domain wall in

at 60 K in the transverse geometry after the cooling under ghe GdFe(500 A) layer[Fig. 5d)]. With two domain walls,
1000 Oe field is shown in Fig.(@). At point A, the electrical more magnetic moments exhibit a component along the elec-
resistance is minimum: all the magnetic moments are partric current and as a consequence, the electrical resistance is
allel to the magnetic field and thus, because of the transversgill higher. FromF to G, the resistivity decreases slowly in
geometry, the magnetization is perpendicular to the electricghe same way as betwe€hand D, which is typical of the
current. The resistivity ip, in the whole sample. FroAto  compression of domain walls: here, two domain walls are
B, the resistance is kept unchanged because the saturatesmpressed simultaneously. Finally, beydbdthe resistiv-
state is maintained. Then, when the magnetic field reachedgy decreases rapidly with the reverse of the magnetization of
Hn1, the resistance increases sharply and reaches its maxhe TbFe layer and the annihilation of the domain walls.
mum value atC. At this point, the magnetic moments lo- Again, the cycling of the field gives symetrical curves about
cated in the domain wallFig. 5(c)] are no longer perpen- the vertical axis of the figure.

dicular to the electrical current and they exhibit a parallel As at 60 K, the transverse resistivity measurements per-
component. The magnetic moments of a layer confined be&ormed on a second sample where the electrodes had been
tweenx andx+dx form a #(x) angle with the current flow placed appropriately exhibit opposite curves. The steps of
that is along §. Each layer contributes to the total electrical increase of resistivity are replaced by steps of decrease,
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which once more supports the interpretation of the data by 80

the mechanism of magnetoresistance anisotropy. H,,

bt
60 3A,\§\A ]
K 4.5A " 9
bW o)
o KS.SA n Hp i
7A
Mo

D. Resistivity of a domain wall

Beyond the qualitative aspects developed above to under-
stand the behavior of domain walls, it would be of interest to
perform a quantitative analysis of the resistivity of one do-

Magnetic field (Oe)
I
=

20 ftman = A\Kg.SAQQ.SA
main wall. It certainly requires more measurements from dif- B ' T i o5
ferent samples in parallel and transverse geometry, to see for Hy,
example if other electron scattering mechanisms are 00 0 20 30 40 50 &0
involved?®-2® However, as the AMR is undoubtedly the Temperature (K)

dominant effect, a first simple analysis of the variation of the

resistance with the domain-wall Compression can be pre- FIG. 8. Variation of the propagation fiel'dp as a function of the
sented. temperature for a selection of GAE600 A)/TbFe/GdFE00 A)

As it is well known, in a thin-film sample whose length samples. The values indicated on each curve correspond to the
(direction of the current flowis L, whose width and thick- thickness of the TbFe layers.
ness arev ande, respectively, and in which the resistivity is
a function ofx (0x is the direction perpendicular to the plane
of the samplg the resistance is given by

thicknessé, the resistance of the rest of GdFe layer whose
thickness i®e; — 6 and the GdFe layer. The resistivity of the
last two parts i, .

1 w (e dx This gives

R L Jop(x) 1 _W(e1+ez_5)+ 1
R.(6) - Lo, RDW( 9)’

If the spatial variation of the resistivity is due to the ori-
entation of the spinfAMR), which are supposed to be par- o
allel to each other in the layer comprised betwereand x

+dx, but which rotastze along thex0direction, the resistivity 1 1 [1+ ) \/Z 1”
is p(X)=p, +Ap cos 4(X). 6(x) is the angle between the = —
dirg((:tizjn polf thepspinseér?d tée) electrical gurrent. The resis- Ri(9) RO €1t € ol
tance of the sample can be expressed by with py>p, , R (6) is an increasing function ob. The
nucleation of a domain wall produces a positive step of re-
1 w1l fe dx sistance, its disappearance a negative step and the domain-
R Lp, fo wall compression, a slow decrease of the resistance.

1+ % coS (x)]

V. DISCUSSION

Let us now define a “single domain-wall sample.” It is a

: : . : In this section, we first present and discuss the thermal
hypothetical sample in which a domain wall spreads from a ' e .
surface of the samplex0) to the other onex=e= ). In dependence of the propagation fi¢ld(T) on the thickness

such a sample, the spins located on the first surface, at of the ThFe layer. In the second part, we focus on the nucle-

=0, are parallel to the field direction. Those in contact withatlon fieldsHy; andHy, and propose an estimate of these

the second surface at=¢6 are oriented antiparallel to the quantities. For this purpose, we use a very simple model
field. Betweerx=0 andx=4, we can assume that, as in a derived from those which have been proposed to evaluate the

. . : . . DT exchange bias field in ferromagnet-antiferromagnet bilayers.
first approximate in domain walfS, the rotation varies lin- h hat i - h biased | 4
early withx. Therefore, in the longitudinal geometry where We show t at,hl_rf] Ol;rhsysr:em, as _|n|exc ange biase hay?]r'ed
the electrical current is parallel to the fielé(x) = wx/ 5. At structures, a shift of the hysteresis loop appears. In the thir

the opposite, in the transverse geometry where the electricglart’ we present an analysis of the compression and double-
bp ’ 9 y ompression stages of the magnetization curves and evaluate

cur;\esn; Irsegelipsggguslir'gobtgti f'gg;ﬁgg:;ﬁ;gztlr 6b iion clhe thickness of the compressed domain wall as a function of
us Use | g ' Istribut he applied magnetic field.

the spins spreads with an equal weight in all the directions o
the space, the resistance of a “single domain-wall sample”

of thicknesss is given by the same expression: A. Thermal dependence of the propagation field
The propagation fieldsi ,(T) deduced from a set of dif-
ROW( 5) = p.L \/ 1+ Ap_ Lpipy ferent GAFE1000 A)/TbFe/GdFé€500 A) samples whose
wéo pL wé TbFe thicknesses were between 3 and 9.5 A are plotted in

Fig. 8. As it can be seen, the propagation fields are restricted
If the sample is a GdFe/TbFe/GdFe trilayer wheree;  to the range~20—60 Oe. The reason is now obvious: the
ande, and in which a domain wall of thicknesshas devel- propagation fields can only be determined beyond the first
oped[see Fig. ¥c)], the total resistancB, () in the trans- nucleation fieldH,,; and belowH,,, the field at which the
verse geometry can be considered as the result of three rpropagation is bypassed by the nucleation of a domain wall
sistances in parallel: the resistance of the domain wall ofn the thinner GdFe layer.
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FIG. 9. Evolution ofH,;, the nucleation field in the GdFe), FIG. 10. Decompression of the domain wall in a GARBH0
as a function ofe, and of H,,, the nucleation field in the A)/TbFe4.5 A)/GdFe&500 A) sample. The minor cycle has been
GdFeg,), as a function ok, . obtained after reversing the field at poiAtin the compression

stage.

At a given temperaturd, the field to be applied for the
crossing of the barrier increases with the thickness of the At this stage, we propose a parallel between the problem
TbFe layer. On the other hand, under a given magnetic fielddf nucleation in the GdFe layer with formation of domain
a larger temperature is required for the crossing of a thickewall against the TbFe layer and the exchange biasing prob-
TbFe layer. From these observations, we can conclude th&m, which is currently a subject of great inter&st? The
the height of the barrier increases with the TbFe thicknesexchange biasing occurs in ferromagnetic-antiferromagnetic
and that the crossing of the barrier is a thermally activatedilayers where the reversal of the magnetization of the fer-

phenomenon. romagnetic layer is accompanied by the occurrence of an
interface energy. The exchange biasing fighdt is actually
B. Nucleation of the domain walls and exchange close to our nucleation fieldis the result of the balance
biasing problem between the Zeeman energy and the interface energy. It is

. i usually given byHgg=Aa/2M e, wheree is the thickness
From a lot of samples prepared with different thicknessegs o ferromagneEt?c layer ansda is the interface energy.

€, &, ande, we have observed that the nucleation fieldthg rejation assumes that the reversal of the magnetic mo-
Hn, depends actually only on the thicknesssof the layer in - ents of the ferromagnetic layer is complete and that the
which the nucleation occurs. Likewise, the nucleation fieldiyierface energy is rather localized in the antiferromagnetic
Hy, depends mainly oe;. It is important to note thatl,,  |ayer, for example with the formation of a domain wall in-
andH, are independent of the ThFe layer thicknelds;s  side that laye?® In our system, where the soft antiferromag-
and Hp, increase where, and e,, respectively, decrease nejc |ayer is replaced by a very hard ferromagnetic layer, the
and, as a matter of fackin;(e,) andHny(e) follow about  jnterface energyro is simply the domain wall energy that

the same curveFig. 9. Such a behavior can be easily un- is |ocalized inside the soft magnetic material. The difference
derstood if we consider that, in both cases, a domain wall i$enyeen the expressions Hif-5 andH,; stands in the sub-
created against the TbFe layer whose magnetization is at firgtittion of e by (e— 8/2). The substraction o/2 is due to
kept unchangedFig. S(b)]. the space occupied by the domain wall inside the GUE@0

_ For the nucleation process, two energies have to be corg) |ayer (instead of inside the antiferromagnetic layer in the
sidered: (i) the Zeeman energy angi) the domain-wall ferromagnetic/antiferromagnetic bilaygrs

energy. ConsideffFig. 5) the trilayer system submitted to the Here, likewise in the exchange biasing problem, the do-
field H antiparallel to the cooling field, before the nucleation yain wall acts as an elastic spring compressed by the mag-
[Fig. S@] and after the nucleation of the domain Wefig.  netic pressure. When the magnetic field is lowered, the mag-
5(c)]. The occurrence of the domain wall lowers the Zeemametic pressure is reduced and the energy stored in the domain
energy because of the complete reversal of the magnetizatiQy)| is large enough to reverse the magnetization of the layer
in the thickness¢; — 6) and because of the semireversal of i the direction of the cooling field, even before the field
the magnetic moments of the domain wall. The variation ofretyrns to zero. As a consequence, in both cases, the hyster-
Zeeman energy per surface uniti2MsH (e;—6/2). On  ggis loop is shifted. Figure 10 shows the decompression ef-
the other hand, the occurrence of the domain wall increasggct which occurs in a GdR£000 A)/TbFg4.5 A)/GdF&500

the energy byy=4JAK. As a consequence, a critical field A) sample, when the field is reversed from poitlocated
larger thany/2M (e, — 6) is required for the nucleation of a pefore the propagation field. It appears as a minor cycle be-
domain. Withe;=1000 A, 5=700 A, M=1400emu and cause only the magnetization of the GAE@00 A) is con-
y=0.35 erg/c, we findH,; =28 Oe. The estimated value cerned. During this cycle, the magnetization of the G886

is of the right order of magnitude, even if this relation rep- A) |ayer is unchanged.

resents a first approximate. It has to be improved to take into
account the fact that the shape of the domain wall is modified
by the field and that and § themselves depend on the mag-
netic field. However it clearly shows that the critical field We focus now on the compression of the domain walls
H,i (i=1,2) increases wheg, decreases. against the TbFe layer. The thickness of the domain walls

C. Thickness and compression of the domain walls
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800 . at 10 K, between 70 and 180 Oe in Fig. 6. If we assume that
< 700 the two domain walls are identical on each side of the TbhFe
2 600 layer, their thicknesses are related to the magnetization by
2 500/ S(H)=M(H)[(e;+e,)+(e;—e,)]/2Mg. The values de-
[5) . . . .
= duced from experimental data, by using this relation, are
= 400 reported in Fig. 11. They are quite in agreement with the
2 300 values deduced from a single compression.
'S 200 Finally, the experimental widtl#(H) has been compared
E 100 | with the wall thicknesses deduced from the simulation of a
= 0 ‘ ‘ ‘ linear chain of spingcontinuous line in Fig. 11 in which
2200 -150 -100 -50 0 each spin is submitted to an external fiéld to an uniaxial
Magnetic field (Oe) anisotropyK and interacts with its neighbors via an ex-

FIG. 11. Evoluti f the thick  the domain walk change constanA. In this simulation, the last spin of the
-+ Evoution ot the thickness of the domain Walks & o 4in \as fixed antiparallel to the external field and the other

functlor) of the applied magnetlc.fleld. Symbols are u§ed to plot dat%nes were free. An agreement between experimental
determined from the experimental magnetization measure-

ments: Circles: GdR&000 A/TbFe9.5 A)/GdFe500 A) at 5 K ‘i"';‘talgngd th/e S'm“r'f‘“r?r.’ leads to s value r‘]’f haboult
for 20 Oe<H<60 Oe in the compression domain. Triangles: X erg/cm, which is quite consistent with the value

GdF41000 AVTbFE9.5 A)/GdF€200 A) at 5 K for 20 Oe< dedulcoed from the exchange constants given by Hansen
H<140 Oe in the compression domain. Squares: Gtyao et al
A)TbFe9.5 A)/GdFe500 A) at 5 K for 70 Oe<H <200 Oe in the

double compression-domain. The continuous line corresponds to a
simulation of a linear chain of spins witH,=70 Oe andA=17

10" # erg/cm. With the GAFé1000 A)/TbFe/GdFé500 A) trilayer sys-

and their compression are shown by the amplitudes of thE™: _this paper reports on the elabpration of the domain-wall
magnetization steps that occur ldf, and H,, and by the Junction as suggested in a theoretical paper by Gunther and
slow decrease of the magnetization in the “compression”Barbara- We first studled_ the conditions in which a domain
stage betweehl,; andH ,(T) or in the double-compression wall could be nuclegted in one qf the Gd'Fe layers and pro-
stage betweeH , andH . The first important point to con- P0osed an asymmetrical device with two different GdFe layer
sider for the evaluation of the thickness of the domain wall isthicknesses. This disymmetry leads to two different nucle-
the amplitudeAM of the magnetization step at the nucle- ation fieldsH,; and Hp, in the two GdF€1000 A and
ation fieldH,; . Indeed, the reversal of the magnetization of GdF&500 A) layers, and leaves the 20-60 Oe magnetic-field
the whole GdFeg,) layer atH,; (without formation of do- range available to study the propagation of the domain wall
main wal), would produce a reduced magnetization stepnucleated in the GdF&000 A). On the other hand, we
AM/2Mg=e;/e;+e,. After the step, the magnetization showed that, when the propagation figid is “virtually”
should be stabilizedup to H,,) on a plateau at a reduced larger than 60 Oe, two domain walls were nucleated on each
magnetization M/Mg=(e,—e;)/(e;te,). With e,  side of the TbFe layer and the propagation was bypassed.
=1000 A ande,=500 A, the magnetization plateau should The occurrence of the two domain walls has been estab-
be atM/Mgs=—0.33. But, as seen in Figs. 4 and 6, thelished on one hand by the amplitude of the magnetization
magnetization step which occurs &t,; is significantly  steps that occur at the nucleations, and on the other hand by
smaller. The missing part of amplitude of the step is due tahe anisotropy of magnetoresistance that is related to the
the occurrence of the domain wall and to the fact that, inamount of magnetic moments along the directions parallel
average, the variation of the magnetization of the spins inand perpendicular to the electrical current. From the magne-
volved in the domain wall i g instead of Mg. The am-  tization data, we could determine the variation of the width
plitude of the step becomesM/2M s=(e;— 8)/(2/e;+ey) of the domain walls as a function of the field in the compres-
and, betweerH,; andH, the width of the domain wall is sion as well as in the double-compression stage.
then related to the magnetizatidd (H) by the relation Then, we established that the height of the energy barrier
S(H)=M(H)[(e;te,)+(e;—ey)]/Mg. Therefore, the fact due to the presence of the TbFe layer in GdFe/TbFe/GdFe
that in each sample whesg=1000 A ande,=500A, M is increases with the ThFe thickness and that the crossing of the
equal to 0 aH =35 Oe, which means that for this fie®’l35  barrier was thermally activated. The height and the shape of
Oe) is equal to 500 A. The thickness of the domain wall isthe potential barrier as a function of the TbFe thickness and
largely independent of the TbFe thickness and of the temef the applied magnetic field is still to determine quantita-
perature. tively. This is currently performed by relaxation measure-
Thus, from the field dependence Bf(H) in the “com-  ments of the magnetization. On the other hand, it has been
pression” stage and by using the above relation, we havehown that at very low temperatures, a crossing of the barrier
deduced the field dependence 6fH). In Fig. 11, we by the tunnel effect was possibié.
present the results obtained from the GdBO0 An important problem is the way the domain wall propa-
A)IToFg9.5 A)/GdF&500 A) sample. gates through the TbFe layer. In fact, we suggest that, re-
Let us now come to the simultaneous compression of thgarding Gunther and Barbara’s analysisur system consti-
two domain walls represented in Figieh which occurs be- tutes an unconventional domain-wall junction because of the
tweenH,, andH,. Such a double compression explains thesperimagnetic structure of the TbFe amorphous alloy and of
slow decrease of the magnetization, as it occurs, for examplé#he large random anisotropy of terbium in this amor-

VI. CONCLUSION
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phous alloy:®> We believe that aH,, under the pressure of An important feature of this system is the occurrence of a
the domain wall and because of the low temperature, th&ind of “exchange biasing field” referred to here as nucle-
magnetization of the TbFe layer “switches” between two ation field. It seems clear that a parallel between the ex-
states. This is related to the shape of the hysteresis loops ohange biasing and the domain-wall junction problems has to
the bulk TbFe amorphous alloy. In such systems with &e made.

strong random anisotropy, the loops are pretty square and are Finally, our system can be fruitfully considered for the
interpreted by the collective spin flop of spins along the localstudy of the magnetoresistivity of the domain walls that is
easy axis. In a recent simulation, Saslow and K8showed currently a field of intense interest. In our study, we used the
that half of the spin flips occured at the vicinity of the coer-anisotropy of magnetoresistance to get information on the
citive field. This means that the GdFe/TbFe/GdFe systenmagnetic configuration of the sample. We are currently
could be analyzed in a different way and that an extendedtudying the resistivity in detail to quantify the anisotropy of
classification of the domain-wall junctions has to be consid+esistivity and determine if other fundamental magnetoresis-
ered. tivity mechanisms are involved and could be shown.

1D. Jiles, Introduction to Magnetism and Magnetic Materig/St. 184, Ono, M. Ishida, M. Fujinaga, H. Shishido, and H. Inaba, J.

Edmundsbury, Great Britain, 1991 Appl. Phys.74, 5124(1993.
2p. C. E. Stamp, Phys. Rev. Le6, 2802(1997). 19R. Hasegawa, J. Appl. Phy45, 3109(1989.
3E. M. Chudnovsky, O. Iglesias, and P. C. E. Stamp, Phys. Rev. B0y Mimura, N. Imamura, T. Kobayashi, A. Okada, and Y.
46, 5392(1992. Kushiro, J. Appl. Phys49, 1208(1978.
4L. Gunther and B. Barbara, Phys. Rev4B, 3926(1994. 21G. S. Cargill, AIP Conf. Procl8, 631 (1974
5 , . , .
G. Tatara and H. Fukuyama, Phys. Rev. Lég, 772(1994. 22| A. Campbell and A. Fert, iferromagnetic materialsedited
6s. Mangin, C. Bellouard, G. Marchal, and B. Barbara, J. Magn
) ) 2 ’ : 1 * by E. P. Wohlfarth(North-Holland, Amsterdam, 1982Vol. 3.
Magn. Mater.165 13 (1997). 233 Smit, PhysicdAmsterdar 16, 612 (1951,

’G. S. Cargill, Solid State Phy80, 227 (1975.

8R. J. Elliott, Magnetic Properties of Rare Earth MetalBlenum,
London, 1972

%K. Moorjani and J. M. D. CoeyMetallic GlassegElsevier, New
York, 1984.

0p_ Hansen, C. Clausen, G. Much, M. Rosenkranz, and K. Witter,
J. Appl. Phys66, 756 (1989.

24A. Fert, These Etat Orsay-France, 1970.
25M. Vaezzadeh, Thee UniversiteNancy, France, 1993.
28M. Viret, D. Vignoles, D. Cole, W. Allen, D. S. Daniel, and J. F.
Gregg, Phys. Rev. B3, 8464(1996.
27J. F. Gregg, W. Allen, K. Ounadjela, M. Viret, M. Hehn, S. M.
Thomson, and J. M. D. Coey, Phys. Rev. L&f, 1580(1996.

¢, Dufour and G. Marchal, Rev. Sci. InstruB, 2984(1997). ?°G. Tatara and H. Fukayama, Phys. Rev. L8, 3773(1997).
12pp Mangin, G. Marchal, C. Mourey, and Chr. Janot, Phys. Rev °A. Herpin, Theorie du magntisme Bibliothgue des Sciences et
B 21, 3047(1980. techniques Nuchires (Presses Universitaires de France, Paris,
13R. W. Cochrane, R. W. Harris, and M. J. Zuckermann, Phys. Rep 1968.
1, 1 (1978. %N. C. Koon, Phys. Rev. Letf78, 4865(1997.
14\, Vaezzadeh, B. George, and G. Marchal, Phys. Re\60B  >'R. Jungblutt, R. Coehroorn, M. T. Johnson, J. aan de Stegge, and
6113(19949. A. Reinders, J. Appl. Phys’5, 6659(1994).
15e_ C. Stoner and E. P. Wohlfarth, IEEE Trans. May®G-27,  32D. Mauri, H. C. Siegmann, P. S. Bagus, and E. Kay, J. Appl.
3475(1991. Phys.62, 3047 (1987.

16M. S. Cohen, irHandbook of Thin Film Technologgdited by L. 33A. P. Malozemoff, J. Appl. Phys3, 3874(1988.
Maissel and R. GlangMcGraw-Hill, New York, 1983, Chap.  34S. Mangin, G. Marchal, W. Wernsdorfer, A. Sulpice, K. Hassel-
17. bach, D. Mailly, and B. Barbara, Europhys. L&#8, 675(1997.

'7s. Mangin, C. Bellouard, G. Marchal, and B. Barbara, J. Magn.35yy. M. Saslow and N. C. Koon, Phys. Rev.4®, 3386(1994.
Magn. Mater.165 161(1997).



