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Abstract—The interlayer coupling in three-layer FeNi/Bi/FeNi films is studied by electron magnetic reso-
nance. The magnetic anisotropy at the permalloy—bismuth interface is shown to play a significant role in the
formation of the magnetic state of the film structure. The interlayer coupling oscillation period is found to be
about 8 nm. The interlayer coupling and the interface anisotropy and their temperature dependences are

determined.
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INTRODUCTION

Multilayer film magnetic structures attract atten-
tion of researchers, since materials with unique prop-
erties can be created by combining the sequence of
magnetic and nonmagnetic layers and by choosing the
number of layers in such a structure. The film systems
consisting of alternating layers of a ferromagnetic
metal and a semiconductor [1] are promising for prac-
tical application in spin electronics devices [2, 3]. The
interlayer coupling in such systems is responsible for
the formation of a magnetic state. If the interlayer cou-
pling can be controlled, new phenomena and effects
can take place. If a material with a nonmonotonic type
of conduction, namely, a semiconductor, is used as an
interlayer material, the properties of the interlayer and
the interlayer coupling can be controlled by an exter-
nal action (impurities, radiation, temperature, mag-
netic field), which can be used in practice. Although
the increases in this field have achieved certain prog-
ress, a large number of problems have to be solved. For
example, the interface in an Ni/Ge film structure was
found to affect the formation of a magnetic state in it
[4], a new magnetic state [5, 6] and an additional mag-
netic anisotropy [7] appear at the Co/Ge interface and
degrade the magnetoresistance properties.

Therefore, to create the film structures that could
be sensitive to an external action and would have
higher coupling between magnetic layers is a challeng-
ing problem. One of the methods to solve this problem
is thought to be the use of a semimetallic bismuth
interlayer instead of a semiconductor material. First,
as follows from the phase diagram in [8], most ele-
ments in the 3d metal—bismuth systems do not form
compounds, which ensures a sharp interface between

the materials. Second, the electron free path length in
bismuth can reach macroscopic scales, and it depends
on the layer thickness, the temperature, and the mag-
netic field. The carrier concentration and mobility
also change; as a result, bismuth and its compounds
have unusual physical properties in both the bulk [9]
and the film [10] state. Most investigations deal with
Bi-containing semiconductor alloys as materials for
infrared receivers [11] or as multilayer 3d metal—bis-
muth films [12] for microelectromechanical systems
(MEMS). A giant magnetoresistance was also
detected in three-layer FeNi/Bi/FeNi films [13].

EXPERIMENTAL

Permalloy was chosen as a magnetic material due
to its low magnetic crystalline anisotropy for the inter-
layer coupling not to be shaded. Films with 18 at % Fe
and 82 at % Ni were prepared. Two films with different
bismuth thicknesses were deposited onto glass sub-
strates in one cycle, and the film from the previous
series with a thicker bismuth layer thickness was
repeated in two successive process of deposition. The
magnetic layer thickness in all films was #;r. = 10 nm
and the bismuth layer thickness was fg; = 4, 6, 11, and
15 nm. ;. Was chosen from the considerations that it
should be sufficiently small and thick enough for the
magnetization of the magnetic layer not to change at
layer thickness fluctuations.

The layer thickness was determined by X-ray spec-
troscopy. Electron-microscopic measurements showed
that the layers were continuous over their area and the
layer compositions corresponded to the nominal com-
position. No traces of 3d metal—bismuth compounds
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Fig. 1. (Color online) AFM image of an FeNi/Bi/FeNi
film with fg.n; = 10 nm and 7g; = 4 nm.

were detected. The film surfaces were studied on a
Veeco Multi Mode (resolution of 1 nm) atomic force
microscope (AFM). The surface roughness did not
exceed 2.5 nm (see Fig. 1). This means that no short
circuit can occur between neighboring magnetic layers
at the given nonmagnetic layer thickness. The magne-
tization was measured with am MPMS-XL SQUID
magnetometer. Magnetic resonance spectra were
recorded at a microwave radiation frequency fyur =
26.7 GHz in the temperature range 7= 90—300 K.
A magnetic field lied in the film plane. No resonance
field anisotropy was detected in the film plane.

RESULTS AND DISCUSSION

The measurements [13] of the field and temperature
dependences of magnetization M of FeNi/Bi/FeNi films
showed that the interlayer coupling depended on the
bismuth layer thickness. The shape of the M(H) curve
was found to change when the bismuth layer thickness
increases (Fig. 2). The hysteresis loop of the reference
film without a bismuth layer is narrow and the magne-
tization curve has a standard shape. Figure 3 illustrates
the scheme of determining the magnetic saturation
field for the films under study. Curve [ in Fig. 3 corre-
sponds to the part of the magnetization curve that lies
in the upper right quadrant of the major hysteresis
loop (here, the beginning of saturation for the film
with f3; = 4 nm). Curve 2 illustrates the derivative of
curve /. If a magnetization curve reaches a plateau
(true saturation) or exhibits a long “paraprocess,” the
corresponding derivative is a straight line (not always
passing through zero) parallel to the abscissa axis. The
saturation field is determined as the point of intersec-
tion of the tangential to the derivative (dashed line)
and the continuation of this straight line (solid line).
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Fig. 2. Hysteresis loops of FeNi/Bi/FeNi films at 7 =
4.2 K: (1) without bismuth layer and (2) with a bismuth
layer of thickness fg; = 4 nm. Left-hand scale, magnetic
moment m of unit surface area; right-hand scale, magneti-
zation M. (inset) Saturation field H; vs. nonmagnetic layer
thickness. (points) experimental data and (solid line) fit-
ting by Eq. (2).

This point is designated as H, in Fig. 3. This method
gives good results if it takes a rather long time to reach
saturation. If the paraprocess is strong and physically
assisted (e.g., strong anisotropy), this situation has to
be analyzed separately.

The magnetization saturation field changes in the
films with a bismuth layer, and the hysteresis loop
width depends nonmonotonically on thickness #g;
(Fig. 4).

If the ferromagnetic layers are assumed to be anti-
ferromagnetically coupled, the data of magnetic
measurements can be explained as follows. It is
known that magnetic saturation field H, for antifer-
romagnetic coupling between ferromagnetic layers is
mainly determined by interlayer coupling and has the
form [14]

H, =2H; + Hy, (D

where Hy = J/tpyM is the exchange interaction field
for the region of antiferromagnetic coupling; J is the
interlayer exchange interaction constant; #p; is the fer-
romagnetic layer thickness; Hyx = 2K;,/M is the
anisotropy field in the film plane; and signs “+” or
“—"in Eq. (1) belong to hard or easy magnetization
direction in the film plane, respectively. In our case,
we have K, = 0. In the case of permalloy, the ferro-
magnetic interlayer coupling should not influence the
shape of magnetization, and all specific features are
determined by the magnetization of the magnetic
material in the magnetic layer. In other words, the
magnetization curve should be close to curve / in
Fig. 2, which is observed in the case at #3; = 1.5 nm (see
the inset to Fig. 2).

Vol. 124

No.5 2017



MAGNETIC RESONANCE STUDIES OF THREE-LAYER

dM/dH, arb. units M, kG
{11.0
gL
10.5
4 -
0 0
H, Oe

Fig. 3. Scheme for determining the magnetic saturation
field: (/) ascending branch of the magnetization curve and
(2) derivative of this segment. fg; = 4 nm.

In the case of ferromagnetic interlayer coupling, a
layered structure can affect magnetization processes
only because of the imperfection of the interface. It
was found [15] that the interface roughness can
degrade the situation by smoothing exchange oscilla-
tions. This property should be common for all series of
films under the same film deposition conditions. In
the quantum well approximation (one-dimensional
case of charge transfer), the exchange interaction in a
three-layer structure as a function of nonmagnetic
layer thickness 7 has an oscillating character and is
inversely proportional to this thickness [16]. When
processing the experimental data by Eq. (1), we
approximated the saturation field by the expression

H, = H, + Bsin(ar + ¢)/1’ )
provided H, = H,.
The experimental value of H,at 7= 4.2 K for this

series of films is well described by the following set of
parameters:

B=814, o=0.747, ¢=4.507,

H, = 5000e,

where Hy, is the saturation field of the reference film
without a bismuth layer. The fitting results are pre-
sented above, in the inset to Fig. 2 (solid lines).

The behavior of the coercive force as a function of
the nonmagnetic layer thickness makes it necessary to
introduce an interface anisotropy. It is known [17] that
the dependence of the anisotropy on the magnetic
layer thickness in metallic multilayer films is usually
linear (at # < 5—10 nm). The sign of anisotropy can be
changed in some cases, €.g., in the Co/Pd system [18].
However, the anisotropy constant as a function of the
nickel layer thickness in a layered Cu/Ni(110) struc-
ture has a nonmonotonic character and has a maxi-

B =0.304,
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Fig. 4. Coercive force H, vs. the nonmagnetic layer thick-
ness in FeNi/Bi/FeNiat 7= (1) 4.2 and (2) 300 K.

mum at = 6 nm [19]. In this case, the change in the
anisotropic properties is attributed to an interface con-
tribution. Also note the oscillating behavior of the
coercive force in two-layer Bi/Co films as a function of
the bismuth layer thickness, and the oscillation period
is about 3 nm [20].

Thus, the data of magnetostatic measurements sug-
gest that the interlayer coupling in the FeNi/Bi/FeNi
films as a function of the bismuth layer thickness has
an oscillating character, which allows us to assume
antiferromagnetic exchange between the ferromag-
netic layers and the appearance of an additional inter-
face-induced anisotropy. At present, the influence of
an interface anisotropy on the magnetization of multi-
layer structures has been poorly understood.

We used electron magnetic resonance to study the
change in the interlayer coupling caused by a change in
the temperature or the nonmagnetic layer thickness.

It was found [21] that the microwave absorption
curves of the reference film without a bismuth layer
and the film with #5; = 15 nm have the shape of a single
Lorentz line (Fig. 5a). In the bismuth layer thickness
range fz; = 3—11 nm, the magnetic resonance spec-
trum consists of two lines, which indicates a possible
antiferromagnetic character of the interlayer coupling
between the ferromagnetic layers (see Fig. 5b). We
obtained the temperature dependences of the reso-
nance fields and used them to find the temperature
dependences of the anisotropy field and the exchange
field. Figure 6 shows the temperature dependences of
the resonance fields for low- and high-field oscillation
modes. The temperature dependences of the low-field
are seen to be almost linear, and the high-field lines
Vol. 124
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Fig. 6. Temperature dependences of the resonance field in FeNi/Bi/FeNi films: (a) low-field peak (Fig. 2, curve /) and (b) high-
field peak (Fig. 2, curve 2). (I-5) tg; =4, 6, 11, 15, and 0 nm, respectively. Curve 5: (points) experimental data and (solid line)

calculation by Eq. (1).

for the films with #3; = 4 and 6 nm have specific fea-
tures at 7'= 200 K.

To determine the parameters that are responsible
for the behavior of the magnetic resonance parame-
ters, we processed the experimental results by fitting
the magnetic resonance parameters for a three-layer
magnetic film. As applied to our case with allowance
for the magnetostatic data (for a magnetic field lying in
the film plane), the expression for the free energy per
unit area has the form [22]

3)

where E; = —Jcos(®; — @,) is the interlayer coupling
energy, £, = —tpH(M, + M,) is the Zeeman interac-

E:EJ +EZ+EN+EA9

tion energy, Ey = 27UFM(M12Z + M 22Z) is the energy
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related to the shape anisotropy, E, = KiM 122 + KM 222
is the assumed magnetic anisotropy energy of the
interface (per unit surface area [23]), H is the applied
magnetic field, M; is the magnetization of the ith fer-
romagnetic layer, @; is the magnetization angle in the
film plane (measured from the applied magnetic field
direction @y = 0), i = 1 or 2 is the ferromagnetic layer
number, 7p is the magnetic layer thickness, and axis z
is perpendicular to the film plane. The values and
signs of Jand K; will be determined upon fitting. In the
calculation, we assume that g\ HN > J and the ferro-
magnetic layers are in a saturated state, so that @; = @y
(since H, <« H,). Both ferromagnetic layers are also
assumed to be identical (this assumption is supported
by the fact that the saturation magnetizations of the
Vol. 124
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films from this series coincide with each other). Under
these conditions, the resonance frequencies are [22]

(,/y)’ = H(H + Hy + Hy), 4)

(@,/v)> = H(H + H, + Hy)

®))
+2QH + H, + Hy)Hy +4H;,

where
Hy =4nM, K,=K, H, =2K/tpyM, (6)

v is the gyromagnetic ratio, and field Hg was intro-
duced earlier. Since the values of ®, H, and M are
known from experiments, we can use Egs. (4) and (5)
to fond H, and Hg and use Eq. (6) to determine
anisotropy constant K and interlayer coupling con-
stant J.

First of all, we analyzed the results belonging to the
reference FeNi film (without bismuth layer) of thick-
ness 2fgy. In the further calculations, we used the
dependence obtained for the magnetization of the ref-
erence film, since the saturation magnetization is
almost the same for all films under study. It was found
that the temperature dependence of the resonance
field (H,,) for the reference film that was calculated by
Eq. (4) passes through experimental points at a high
accuracy (Fig. 6a, curve 5). We obtained H, = 0 within
the limits of experimental error. This results suggests
that the material of the magnetic layer is almost isotro-
pic and that an in-plane magnetic texture is absent.

However, the attempts to analyze the dependences
of the resonance fields of the films with a bismuth
layer with allowance for only the interlayer exchange
without regard for additional contributions did not
allow us to obtain reasonable results. It is known [23]
that a magnetic anisotropy often appears at the inter-
face in a film structure in addition to the interactions
characterizing the layer materials, and this anisotropy
can be comparable with the anisotropy of the mag-
netic material. The interface anisotropy is caused by
the fact that elements are mixed at the interface and
the nearest environment of magnetic ions changes
correspondingly, which brings about a contribution to
the anisotropy that differs from the contribution in the
bulk state [24]. Obviously, the interface thickness
depends on the film deposition conditions and the
reactivities of the elements.

If the low-field resonances in the case of films with
a bismuth layer are attributed to acoustic modes (see
Fig. 6), it follows from the curves in Fig. 6a and Eq. (4)
that an easy-plane interface anisotropy is added to the
shape anisotropy, which leads to a decrease in the res-
onance fields. If the high-field signals are assumed to
be acoustic modes, the interface anisotropy should be
perpendicular to the film plane. We analyzed both
possibilities.

The low-field lines in the magnetic resonance
spectrum are considered to be acoustic modes.

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

783
H,, kOe
1.0 T T T 3
1
0.5r M |
%@—0@@ 3
0
-0.5¢ .
1.0+ MH—' 4 .
100 150 200 250
T,K

Fig. 7. Temperature dependences of the anisotropy field
for FeNi/Bi/FeNi films at 75; = (1) 4, (2) 6, (3) 11, and
(4) 15 nm.

Figure 7 shows the temperature dependences of the
anisotropy field for the films with a nonmagnetic layer
thickness tg; = 4, 6, and 11 nm. Magnetic anisotropy
H, oscillations are visible. Another fact is of interest:
the anisotropic increases with temperature. This
behavior was earlier observed in rare-earth metal—3d
transition metal compounds, e.g., PrCos and metallic
gadolinium [25]. The effect in these systems is caused
by different temperature dependences in the subsys-
tems (4f or 3d ions) with competing anisotropies or a
specific location of energy levels. Such behavior can
also exist in film structures [26]. For example, the
anisotropy, a change in the sign of interface anisot-
ropy, and the temperature behavior of a Co,,/Cu (m is
the number of layers) film structure were shown to
depend on the interface thickness [24]. Here, the
effect is induced by the competition of the contribu-
tions of the anisotropic exchange of collective elec-
trons and single-ion anisotropy, and the result
depends on number #, i.e., the thickness and structure
of the interface.

Allowing for the interface anisotropy obtained for
the films with #3; = 4, 6, and 11 nm, we calculated
exchange fields H that are responsible for interlayer
coupling using Eq. (5) (see Fig. 8). First, the sign of
interlayer coupling at the calculated values of H, cor-
responds to antiferromagnetic coupling. Second, the
absolute value of the exchange field increases with
temperature (see Fig. 8).

Only one resonance peak is observed for the film
with #5; = 15 nm. The following scenario is possible
here. As is seen from the inset to Fig. 2, the saturation
field for the film with #g; = 15 nm is close to H, of the
reference film. This fact means that the interlayer
exchange is either zero or ferromagnetic. As is seen in
Fig. 4, the coercive force of the film with 73, = 15 nmis
Vol. 124
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Fig. 8. Temperature dependences of the exchange field for
FeNi/Bi/FeNi films at 1g; = (/) 4, (2) 6, and (3) 11 nm.

approximately twice as high as that of the reference
film at 7= 4.2 K (curve I), and these forces are almost
the same at room temperature (curve 2). Assuming
that the interlayer exchange interaction is zero, we find
that the interface anisotropy, which tends to raise the
magnetization vector from the film plane, is negative.
In this case, we have curve 4 in Fig. 7, and the line
belonging to the film with layer thickness #g; = 15 nm
in Fig. 5 corresponds to the degenerate resonances of
each ferromagnetic layer.

Figure 9 shows the frequency—field dependences
of the magnetic resonance in the film with 75, = 4 nm
with parameters H, and Hp calculated by Egs. (4) and
(5) at T= 150 K. It is seen that the applied magnetic
field almost suppresses both the anisotropy effect and
the interlayer exchange effect at the frequency under
study and that the w(H) functions are linear. The
shaded region in Fig. 9 corresponds to the unsaturated
magnetic state of the three-layer structure, i.e., to the
situation where the condition H, < H,is met.

CONCLUSIONS

When performing magnetic resonance investiga-
tions, we found that the permalloy—bismuth interface
generates an additional anisotropy, which changes its
sign depending on the nonmagnetic bismuth layer
thickness. At a small bismuth layer thickness, the
interface anisotropy is an easy-plane anisotropy, and
an easy-axis anisotropy takes place at fz; = 15 nm.
Since interface anisotropy oscillations were detected
at a small bismuth layer thickness and the anisotropy
increased with temperature, the interface anisotropy is
assumed to be mainly contributed by the anisotropic
exchange of collective electrons [24].

The interlayer coupling also has an oscillating char-
acter as a function of the bismuth layer thickness. The
oscillation period is about 8 nm, which agrees with the
data obtained for CoFe/Bi/Co films on the order of
magnitude [27, 28]. The interlayer coupling weakly
depends on temperature (at 7> 80 K), and this depen-
dence is most pronounced for films with a small bis-
muth layer thickness (f5; = 4 nm).
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Fig. 9. Frequency—field dependences of the magnetic res-
onance in an FeNi/Bi/FeNi film with tg; =4 nm at 7=
150 K: (/) acoustic mode, (2) optical mode, and (3) the
value corresponding to the resonance frequency. The
region of an unsaturated magnetic state is shaded.
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