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Abstract

The results of experimental investigations of magnetic properties of multilayer(Gd/Si/Co/Si)n films in low magnetic fields
are represented. The spin-glass-like behavior of magnetization is found. The role of biquadratic exchange coupling in
of magnetic state of system is discussed.
 2003 Elsevier Science B.V. All rights reserved.
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The use in multilayer magnetic films active laye
of different chemical elements and manners of sta
ing of the components allows directionally to co
trol the magnetic properties of constructed mater
and very widens the diversity of observed effects [
In multilayer films, where the layers of 3d- and 4
elements are combined, the materials are used
very different magnetic properties. Apart from a d
play of individual properties of layer material, the b
havior of the whole system depends on the inter
tion at the interfaces. Modification of interfaces,
means of selection of technological regimes or
troducing another interlaying material (for instanc
semiconductor), influences on the exchange inte
tions and (or) magnetic anisotropy. In this plane
(Gd/Si/Co/Si)n magnetic films are interesting th
the compensation point of magnetization is found w
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the temperature changing and it is typical for the b
ferrimagnet alloys. This effect is observed both in
films without silicon interlayer [2,3] and with it [4]
Only the compensation temperature(Tcomp) of mag-
netization depends on the thickness of silicon in
layer. Also in these films the peculiarity in the temp
ature dependence of magnetization is experimen
found that is explained by magnetic field influence
the interlaying interaction [5]. The effects of magne
field on the interlaying interaction and the tempe
ture dependence of the exchange parameters are
nected with existence of biquadratic contribution in
exchange coupling [6,7]. In this number one can n
the paper [8], where it is corresponded about induc
of the biquadratic exchange by magnetic field in
(Fe/SmCo) bilayer films. In such systems it is pos
ble the display of properties not inherent to syste
described by simple interactions because of the c
petitive contributions of opposite signs into interlay
interaction.
hts reserved.
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Fig. 1. Temperature dependences of the magnetization of the
with tSi = 10 Å received with heating. FC: cooling regimeH �= 0,
ZFC: cooling regimeH = 0. The field of cooling and measuring
H = 20 Oe.

In the present Letter the results of investigatio
of magnetic properties in the(Gd/Si/Co/Si)20 mul-
tilayer films in low magnetic fields in the temperatu
rangeT = 4.2–300 K are represented. In the films i
vestigated the thickness of each of cobalt and gado
ium layers weretCo = 30 Å andtGd = 75 Å, respec-
tively, and the thickness of the silicon interlayer w
varied in the rangetSi = 0–10 Å. The technology o
the films preparation, its certification, and measu
ment methodic are described in [5]. The magnetic fi
was in the film plane. Note, that at given thickness
magneto-active layers were in the amorphous state

By performing temperature measurements of m
netization in the film with silicon interlayertSi =
10 Å it was found that in low magnetic fields (H <

100 Oe) the curves have different shapes in dep
dence on thermo-magnetic prehistory (the cooling
sample was in magnetic field (FC) or without it (ZFC
(Fig. 1). In these measurements the magnetic field
H = 20 Oe at cooling and heating. In the case FC
T < 100 K the curve is copy both at heating of fil
and cooling it. Such behavior is similar to that is o
served in spin glasses [10]. In Fig. 2 the tempera
dependences of magnetization are represented in
tSi = 2,5,10 Å (parts (a), (b), (c), respectively) re
ceived in the zero field cooling and measured in
fields H = 10,20,50, and 100 Oe (curves 1, 2,
Fig. 2. Temperature dependences of the magnetization of the
received with heating. Cooling conditions—(ZFC). (a)tSi = 2 Å,
(b) tSi = 5 Å, (c) tSi = 10 Å. Curves 1, 2, 3, 4 are obtained in fiel
H = 10,20,50,100 Oe, respectively.

and 4, respectively). It is seen that spin-glass beha
becomes more obvious with the thickness silicon in
layer increasing. So, in the film withtSi = 2 Å the cusp
is only observed in the magnetic fieldsH � 15 Oe.
In the films with tSi = 5 Å and tSi = 10 Å the mea-
surement fields, when the cusp is not revealed, e
H ≈ 100 Oe andH ≈ 150 Oe, respectively. In a
cases atT = 4.2 K the FC curves reach on the va
ues approximately equal to values which are at rev
motion on a curve of magnetization in the given m
surement field (Fig. 3). In the(Gd/Co)20 film a noth-
ing of the kind is observed in the same experimen
conditions. Also, at different thickness of silicon i
terlayer the field dependences of magnetization h
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Fig. 3. Field dependences of the magnetization of the fi
(a) tSi = 2 Å, (b) tSi = 5 Å, (c) tSi = 10 Å. Cooling condi-
tions—ZFC.T = 4.2 K. Arrows indicate directions of the temper
ture variation.

different shape (Fig. 3). It is seen that thetSi increas-
ing causes the rising of magnetic field saturation
broadening of hysteresis region. At first, such sh
of field dependences in the films with different thic
nesstSi gives reason to affirm, that with the tempe
ature lowering there is no “lockout” of a semico
ductor interlayer, and the interaction between lay
is maintained. Second, in the given range of silic
thicknesses the role of a semiconductor interlaye
boosted with increasing of its thickness.

As it is known [10], the spin glass state arises
systems with a many-minimum energy distributio
among their number, a series of the spin glass p
erties can be explained in the model of two-minimu
potential [11]. With reference to our case the possi
ity of such situation is caused by existence of the
quadratic exchange interaction between magnetic
Fig. 4. Surfaces of the magnetic energy(E) depending on the
angles of magnetizations in layersϕ1 andϕ2. Column 1:η = 0.7.
Column 2:η = 1.7. (a)H = 5 Oe, (b) 50 Oe, (c) 300 Oe, (d) 600 O

ers. If to assume, that the film consists of a lot of la
ers, so that it is possible not to take into account
effects connected with influence of boundary con
tions, the magnetic energy of system with conside
tion of the Zeeman interaction has form:

E = El cos(ϕ1 − ϕ2) + Eq cos2(ϕ1 − ϕ2)

− H
[
M1 cos(ϕH − ϕ1) + M2 cos(ϕH − ϕ2)

]
,

whereEl andEq are the surface densities of ener
of bilinear and biquadratic exchange, respectively,
last members are the Zeeman energy(EZi) of mag-
netic moments in different layers. HereH is exter-
nal magnetic field,Mi is surface density of magnet
moment inith kind of layers,ϕi are angles of corre
sponding magnetizations,ϕH determines the directio
of external magnetic field,i = 1,2 and signifies Gd
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and Co, respectively. It is possible to estimate a deg
of influence of the biquadratic exchange on cha
of the magnetic energy of system. In Fig. 4 the v
ues of the normalized surface density of energyE are
represented in dependence on the anglesϕ1 and ϕ2
at miscellaneous relations of energies of biquadr
and bilinear exchangesη = (Eq/El). (In calculations
the following values of parameters were used:El =
1 erg/cm2 [7], MGd = 12× 10−3 emu/cm2, MCo =
4 × 10−3 emu/cm2, and the two last are taken fro
our measurements.) In the plane of film the ang
ϕ1 andϕ2 are counted off from a direction of exte
nal magnetic field, i.e.,ϕH = 0. As it is seen in this
figure (parts (a) and (b)), if an external fieldH is
absent or very low, for small valuesη there are two
energetic minima of type a “trough” on dependen
E(ϕ1, ϕ2), moreover,ϕ2 − ϕ1 = π (Fig. 4(1a)). With
the η increasing these minima are splitted each
two (Fig. 4(2a)). By switching on the magnetic fie
and its further increasing the energy surface assu
an intricate form with many minimums (Fig. 4(1b
(1d) and (2b)–(2d)). And in a high magnetic fie
(EZi > El,Eq) the absolute energetic minimum is
anglesϕ1 ∼= ϕ2 ∼= 0.

Now the behavior of magnetization is qualit
tively understandable depending on cooling con
tions. When the magnetic field is absent, all ene
minima have identical depth, and distribution of dire
tions of the magnetization in different layers is equa
probability. With cooling of film the states, attribute
these directions, have equal degree of population
as a result, average magnetization of all system
equal to zero. The magnetic field switching on chan
the depth of minima and selects preferable direc
for magnetization in layers. With heating, as the te
perature is raised, there is an “overflow” in this is
lated minimum and nonzero average magnetizatio
system is arose. With cooling in rather high magne
field the system reaches immediately the absolute
ergetic minimum and acquires nonzero average m
netization, which is subsequently observed.

From the analysis of experimental data it follow
that the rising of silicon interlayer thickness increa
the relative role of the biquadratic exchange. At fir
with tSi rising the spin glass properties are powerfu
displayed, and namely, the field of “interlock”(Hb)

is higher (see Fig. 2). (Hb is field when in the ZFC
regime with magnetic field switching on the magne
zation takes a value equal to one in the FC regim
And it is connected with a height of barrier separat
energetic minima. Secondly, at magnetization of fil
the saturation field is increased too with thetSi rising
(see Fig. 3). This fact is explained if to take into co
sideration that in the saturated state the system is in
solute energetic minimum and, to attain this minimu
in the equilibrium conditions, it is necessary that in t
magnetic field this minimum was lower all other mi
ima. But a barrier height between individual minima
determined by the contribution of the biquadratic e
change.

By investigating the(Co/Si)12 films with the sili-
con thicknesstSi > 30 Å the effect of thermo-magnet
memory was found in the temperature dependenc
magnetization [12], that authors of paper quoted
cribe to transition of system into superparamagn
state owing to “switching off” of coupling betwee
magnetic layers with the temperature lowering. In
multilayer films at given silicon interlayer thickne
we do not connect the temperature dependence
magnetization observed with superparamagnetic s
It is known [13], the field dependences of magneti
tion, measured at different temperatures, graphin
the dependence on(H/T ) in consideration of the tem
perature dependencies of saturation magnetization
incide and it is confirmed in numerous experimen
As it is easy to be convinced (see Fig. 3(a) and
in our case this is not carried out. If the superpa
magnetic state takes place, then the question rises
cerning the nature of energetic barriers separating
ferent magnetic states of the layers. In classical
perparamagnets nonequivalent states arise becau
presence of a magnetic crystallographic anisotrop
a microparticle. In limit of an experimental error w
have not found any magnetic anisotropy in the plan
the film. Moreover, the previous measurements [5
in magnetic fieldsH 	 Hb display, that the interac
tion between layers has antiferromagnetic charac
and all system behaves as a ferrimagnet. Although
technological conditions for preparation of all mul
layer films were the same, in the films without the s
icon interlayer there is observed nothing of the kind

In summary, once again we note, that as it follo
from our experiments, the reason of existence of
spin-glass state of multilayer films(Gd/Si/Co/Si)20
is the availability of the biquadratic exchange inter
tion. The investigation of mechanisms responsible
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formation of the magnetic state and more detail th
retical description will be made elsewhere.
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