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Abstract—The results of experimental and theoretical studies of the coercivity and the dipole coupling field
of the hysteresis loop on the thickness of the nonmagnetic interlayer in magnetic films, which are obtained
via chemical deposition, are presented. Using model calculations based on the Landau—Ginzburg equations,
the exchange interactions between magnetic layers with the participation of atoms from the nonmagnetic
interlayer are studied. The resulting expression for the dipole coupling field describes well the exponential
changes in the dipole coupling field as a function of the interlayer thickness in structures with both soft mag-
netic layers and layers with significantly different values of the coercivity.
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INTRODUCTION

The increased interest in three-layer magnetic
films is associated with unusual phenomena in systems
that are of fundamental importance and open up new
opportunities for the practical application of this type
of materials. The most impressive effects observed in
three-layer films with a nonmagnetic metal interlayer
are the giant magnetoresistance (GMR) [1] and the
inverse effect with respect to it, in which an electric
current leads to a controlled magnetization reversal in
domains [2, 3]. Along with this, multilayer structures
are promising for creating new materials with
improved soft magnetic properties. Thus, three-layer
permalloy-based films with a thin nonmagnetic inter-
layer have a much lower coercive force [4, 5] than
monolayer films of the same thickness and their
switching speed is much higher [6]. Such materials are
in demand for creating thin-film magnetic heads for
recording and reading information from hard disks [7]
or magnetic-flux amplifiers in high-frequency devices
[8]. Investigations show that one of the main roles in
these phenomena is played by the type and thickness
of the nonmagnetic interlayer, which determine the
character of interaction of the magnetic layers.

The objective of this study is to elucidate the phys-
ical mechanisms that cause the interaction between
the magnetic layers in three-layer films, which were
obtained by the chemical deposition, in the region of
small thicknesses of the nonmagnetic interlayer.
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EXPERIMENTAL RESULTS

The three-layer films were obtained by the chemi-
cal deposition of Co ions together with P on a glass
substrate at a temperature of 100°C, which was main-
tained with an accuracy of 0.01°C. The used method
makes it possible to create magnetic layers in different
crystalline Co modifications: in the amorphous low-
coercive or polycrystalline high-coercive states using a
change in the acidity of the working solutions [9].

In this study, three-layer films of two types were
investigated, which differed in the crystal structure of
the lower magnetic layer. The films of the first type
consisted of a low-coercive amorphous Co; _ ¢ 0Po.10
(100 nm) alloy/amorphous Ni, _, ;P ;7(t)/ hard mag-
netic crystalline Co, _ 4Py ¢4 (40nm) with a coercive
force of 500 Oe. The samples of the second type con-
sisted of amorphous Co;_;;,Pg;o (100 nm)/amor-
phous Ni, _g ;7P ;7(t)/ amorphous Co, _ 4Py o (100 nm).

The intermediate layer obtained from an amor-
phous Ni—P alloy is paramagnetic due to the high
phosphorus content of ~17 at % (such an alloy changes
from the ferromagnetic to paramagnetic state at con-
centrations of P > 13.7 at % [10]).

Figure 1 shows an image of the cross section of a
sample with upper amorphous and lower polycrystal-
line Co—P alloys, which was obtained using transmis-
sion electron microscopy at an FIP FB-2100 (Hitachi)
facility using the focused ion beam technique [11].
The difference in the contrasts of the layers is
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Fig. 1. Cross-sectional view of a three-layer Co—P(amor-
phous)/Ni—P/Co—P(cryst.) film. The layer above the film
corresponds to a protective mask.

explained by their different crystal structures. In the
lower polycrystalline layer, crystallites are oriented
differently relative to the electron beam; therefore,
some of them scatter the electron beam more inten-
sivively. Darker areas in the upper amorphous layer are
associated with the presence of the nanocrystalline
phase.

Electron-microscope studies were performed on
the equipment of the Krasnoyarsk Regional Center for
Collective Use (Federal Research Center, Kras-
noyarsk Scientific Center, Siberian Branch, Russian
Academy of Sciences).

The thicknesses of the layers were determined by
the X-ray fluorescence analysis [12] according to the
deposition time and the growth rate. The error was
within 20%. The hysteresis loops were determined
using the meridional Kerr magneto-optical effect with
a magnetic-field frequency of 0.01 Hz at room tem-
perature.

Figure 2 shows the minor hysteresis loop corre-
sponding to the magnetization reversal of the soft mag-

netic layer at H < H.', where H ch is the coercive force of
the hard magnetic layer. The value of the dipole coupling
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Fig. 2. Minor hysteresis loop corresponding to the magne-
tization reversal of the soft magnetic layer. The arrow indi-
cates the magnetization direction of the hard magnetic
layer.
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field Hp, was assumed to be equal to (H, + H,)/2, where
H, and H, are the critical fields corresponding to the
ascending and descending branches of the hysteresis
loop. The dipole coupling field of the hysteresis loop
against the magnetization of the hard magnetic layer
indicates the ferromagnetic nature of the interaction
between the layers or its positive sign.

The coercive force H, in films with a hard magnetic
layer was determined as the half-width of the hystere-
sis loop corresponding to the magnetization reversal of

the soft magnetic layerat H > H Z’ . The hysteresis loops
that correspond to such cycles are shown in the upper
part of Fig. 3.

As shown in Fig. 3, with a change in the interlayer
thickness 7 from 0 to 1 nm, the Hp, value experiences a
sharp drop from 52 to 9.7 Oe, while the H. value
decreases from 120 to 20 Oe.

In samples with soft magnetic layers, the presence
of an interlayer also leads to a dipole coupling field of
the hysteresis loop, which is observed on particular
magnetization-reversal cycles at H < Hg, where Hy is
the saturation field. As shown in Fig. 4, as the thick-
ness of the interlayer increases, Hy, first grows from 0
to 4 Oe and then decreases, becomes negative at ¢ >
1.8 nm, and vanishes at # > 8 nm.

A dipole coupling field of the hysteresis loop indi-
cates different coercive forces of the magnetic layers,
although they have the same composition and thick-
ness: the lower layer occurs to be more highly coercive

1 —] | 0
0 1 2 3
Interlayer thickness, nm

Fig. 3. The upper part includes the hysteresis loops for dif-
ferent interlayer thicknesses: (a) 0, (b) 0.6, and (¢) 2 nm.
The lower part is the dependences of the dipole coupling
field and the coercive force of the soft magnetic layer in
CoP(amorphous)/NiP/CoP(cryst.) films on the interlayer
thickness. The dashed—dotted and dashed lines show the
theoretical curves for the shear field obtained from Egs. (1)
and (8), respectively.
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than the upper one due to the influence of the sub-
strate. The change in the Hp sign to negative is
explained by the magnetostatic interaction between
the magnetic layers, which manifests itself when the
ferromagnetic coupling decreases.

The coercive force in the described films was deter-
mined from the half-width of the hysteresis loop
obtained at H > Hg, where Hy is the saturation field.
The form of the hysteresis loops corresponding to such
a magnetization reversal is shown in the upper part of
Fig. 4. The change of H, as a function of 7, as well as
the change of Hp,, is a nonmonotonic dependence. H,
decreases from 9.5 to 1.4 Oe with the growth of ¢ from
0 to 2 nm and then increases to 3.3 Oe at  ~ 8§ nm
(Fig. 4).

THEORETICAL JUSTIFICATION
OF THE RESULTS

The interlayer interaction of the positive sign in a
three-layer film with a metal interlayer can be caused
by several factors:

— an indirect exchange through conduction elec-
trons (RKKY interaction);

— roughness of the boundary layer (Neel mecha-
nism) [13];

— imperfections of the interlayer due to its discon-
tinuity and varying thickness over the film area [4];

— indirect interaction between the FM layers due
to the spin polarization of the atoms in the paramag-
netic interlayer due to the influence of the boundary
atoms of the FM layers—an effect similar to that
observed in strong paramagnets [14, 15].

The RKKY interaction is characterized by a pro-
nounced alternating effective exchange between the
FM layers, which does not correspond to the experi-

mental results (see Fig. 3).

In the Neel model, the roughness at the upper and
lower boundaries of the intermediate layer is approxi-
mated by a harmonic function depending on the
amplitude /# and the roughness length A. The ampli-
tude of the coupling field in this case is determined by
the expression [16, 17]:

2 2
H, :7T_h_MS exp(—Mj, (1)
V20t A
where M, and #; are the magnetization and thickness of
the low-coercive layer, and ¢is the interlayer thickness.

The roughness parameters were determined in pix-
els directly on the cross-sectional image of the film
(Fig. 1) using the Image J program and then were con-
verted to nanometers. The average sizes of 4 and A
were 4 = 1 and 55 = 20 nm, respectively. The expected
change in the dipole coupling field as a function of the
interlayer thickness that was found from (1) at the
specified value of A differs significantly from
the experimental curve (Fig. 3).

PHYSICS OF METALS AND METALLOGRAPHY  Vol. 124

963
M M M
1 [l L TI_ Il Il H kO
—32_ _J 20 ﬂ 20 0] 20 0
a b c 10
5 —— Hp s
——H,
8 3t 108
A 5
T 14T
] A
. L 12
8 10
-1~ Interlayer thickness, nm -0

Fig. 4. The upper part includes the hysteresis loops for dif-
ferent interlayer thicknesses: (a) 0, (b) 0.6, and (c) 2 nm.
The lower part is the dependences of the dipole coupling
field and the coercive force of CoP(amorphous)/NiP/
CoP(amorphous) films on the interlayer thickness.

As follows from [4], imperfections in the interlayer
in three-layer films that are due to the film discontinu-
ity and different thicknesses over the film area have a
strong effect on the coercive force. It is shown that the
region of the interlayer thicknesses, where a sharp
decrease of H, is observed, depends on the processes
of diffusion of atoms at the boundary of the contacting
layers. It follows from [18] that Co—P alloys in the
amorphous and crystalline phases have different
degrees of atomic ordering, while the atomic diffusion
processes are possible only in the amorphous phase.
As follows from Figs. 3 and 4, a sharp decrease in the
Hp and H, values occurs in the same interval of the
interlayer thicknesses in films with different structures
of the lower layers made of crystalline or amorphous
Co—P alloys.

Therefore, for the sake of completeness of the
explanation, it is proposed to consider the last of the
types of interactions discussed here, for which
the short-acting local exchange between atoms of the
paramagnetic layer and atoms of ferromagnetic layers
is responsible. The characteristic radius of this interac-
tion is on the order of a dozen of interatomic distances.

Let us use an approach based on solving the Lan-
dau—Ginzburg equation to quantitatively estimate the
dipole coupling field Hp [19—21]. The essence of this
method is to represent the free-energy functional as an
expansion in terms of the order parameter, the role of
which is played by the local magnetization M. The
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magnetic energy of the paramagnetic layer can be rep-
resented as:

E= lj[ﬁ(VM)z +J—§M2}W

291 a a
Iy
=
a

(2
_ l J 1 2 2

= -SI[—(VM) +22 }dx,

2 a

where §'is the area of the interface between the layers,
J| is the interatomic-exchange constant, a is the inter-
atomic distance, J, is the intraatomic-exchange con-
stant, and M is the local magnetization. The integra-
tion (2) should be performed over the volume of the
paramagnetic layer. In our case, t << Js ; hence, the
calculation can be reduced to a single integral over the
x coordinate.

The following function satisfies the Euler—
Lagrange equation for functional (2):

M(x) = mme&x + m02efgx’ (3)
where the constants m,, and m, are determined from
the boundary conditions.

To estimate the effective parameter of the exchange
coupling between the magnetic subsystems of the fer-
romagnetic layers, two extreme cases are considered:
(1) the magnetizations of the magnetic layers are ori-
ented in parallel, (2) the magnetizations are oriented
antiparallel. For these cases, the boundary conditions
take the form:

e

The distributions of the magnetization in the para-
magnetic layer for these cases, respectively, take the

form (& = J2/J1a2):
cosh (Ex) sinh (&x)
t\’ . t\’
cosh( —) smh( —)
S 2 S 2
The following expressions for the energies from (1)
are then obtained:

2
E,, = SIEMy tanh (&1);
a 2

b _SIEME ©)
afm — .
a tanh( L)
5

The effective exchange constant is estimated from
the relationship:

M, =M, Mo = M, Q)

_ JEM; 1 @

@ | tanh (&é)

_ _2JEM;
asinh (E)

— tanh (& é)
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In view of (7), the following estimate for the dipole
coupling field is obtained:

Jo 2EM, 1
Hyp (1) = <t ~ &M, : ‘
My, tra  sinh(&f)

The dependence of Hy, on the interlayer thickness
determined by Eq. (8), is qualitatively consistent with
the experimental results (see Fig. 3). There is also a
quantitative agreement. In fact, the parameter & has an
order of 1/a [20, 21]; for nickel compounds, § =
1/0.35 nm~!. The characteristic width of the paramag-
netic layer #,, on which the field Hy decreases approx-
imately by a factor of three, is determined from the
equation: sinh(&f,) = 3. In this case, 7, * 0.64 nm,
which is in good agreement with the measurement
results.

®)

CONCLUSIONS

The interaction of ferromagnetic layers in the pro-
posed mechanism has the character of an effective
exchange that occurs due to the short-range interac-
tion between the nearest atoms in the paramagnetic
layer. Despite the short-range and weak nature of this
interaction, a large number of atoms involved in the
bonds at the ferromagnetic—paramagnetic interface
makes this interaction noticeable, and the ferromag-
netic nature leads to a dipole coupling field of the hys-
teresis loop.

It should be noted that in the system under consid-
eration, the influence of imperfections in the inter-
layer cannot be excluded. To determine which of the
two mechanisms is predominant in the region of the
interlayer thicknesses, where there is a sharp decline in
both the dipole coupling field and the coercive force,
additional research is required.
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