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INTRODUCTION

The film structures comprised of the layers of a 3

 

d

 

ferromagnetic metal and a semiconductor attracted par-
ticular interest of the researchers and developers of
technologies and devices. The Si-based structures are
the focus of attention, while a few works deal with the
Ge–3

 

d

 

-metal films which may manifest new unex-
pected properties, in particular, due to high rates of the
mutual diffusion of these materials [1]. The authors of
[2] demonstrated a considerable difference in the mag-
netic anisotropy character in the Fe/Si and Fe/Ge films.
The unusual temperature behavior of magnetization
was revealed in the Co/Ge/Co films [3, 4]: the resultant
magnetization in the magnetic fields of about 50–
200 Oe decreased to zero as the temperature decreased,
while the temperature behavior of the magnetization in
the fields of about 800 Oe corresponded to that in the
homogeneous Co films on glass substrates. This behav-
ior was explained in [3, 4] by the effect of Ge on the Co
layer structure.

In this work, the magnetic and magneto-optical
properties of the Ni–Ge bilayer films are experimen-
tally investigated as functions of the thickness of the
Ni layer.

EXPERIMENTAL PROCEDURE

The Ni–Ge films were prepared by the ion-plasma
sputtering at a base pressure of 10

 

–6

 

 Torr in Ar. The
glass substrate temperature during the sputtering pro-
cess was 373 K. Three samples were prepared as fol-

lows: the 13-nm-thick Ge layer, and the Ni layers were
20, 14, and 10.6 nm in thickness in samples 2, 3, and 4,
respectively. For comparison, the 14-nm-thick Ni film
was prepared under the same conditions (sample 1).
The magnetization was measured on a SQUID magne-
tometer at 4.2–300 K in the magnetic field 

 

H

 

 up to
1 kOe directed in the film plane. The field and spectral
dependences of the Faraday and Kerr magneto-optical
effects were measured in different geometries at room
temperature. The Faraday effect was measured in the
field up to 5 kOe normal to the film surface and parallel
to the light beam in the spectral range 500–1100 nm.
The longitudinal Kerr effect was measured in the field
up to 200 Oe directed in the sample plane, at a wave-
length of 630 nm. The light beam is directed at an angle
of 30

 

°

 

 to the sample surface.

EXPERIMENTAL RESULTS

Figure 1 presents the spectra of the Faraday effect
for the samples investigated. It is seen that the Faraday
effect in the bilayer samples is considerably weaker
than that in the Ni film, and it is not proportional to the
Ni layer thickness. The Faraday effects for samples 2
and 3 are close in magnitude, while the spectra of the
Faraday effect are similar in shape to the spectrum for
the Ni single-layer films. The Faraday effect for sample 4
is so weak that it is difficult to describe its spectrum.

The field dependences of the Faraday effect (Fig. 2)
are typical of the in-plane anisotropic films. The satura-
tion field 

 

H

 

s

 

 for the Ni single-layer film is about 3.5 kOe
that corresponds to the saturation magnetization 

 

M

 

s

 

 ~

 

Interface Effect on the Magnetic Properties 
of Ni–Ge Bilayer Films

 

I. S. Edelman

 

a

 

, 

 

*, G. S. Patrin

 

b

 

, D. A. Velikanov

 

b

 

, A. V. Chernichenko

 

a

 

, 
I. A. Turpanov

 

a

 

, and G. V. Bondarenko

 

a

 

a 

 

Kirensky Institute of Physics, Siberian Branch, Russian Academy of Sciences,
Akademgorodok, Krasnoyarsk, 660036 Russia

* e-mail: ise@iph.krasn.ru

 

b 

 

Siberian Federal University, Krasnoyarsk, 660041 Russia

 

Received January 17, 2008; in final form, January 29, 2008

 

Magnetic and magneto-optical properties of the Ni–Ge bilayer films are studied. The unusual temperature
behavior of the magnetization curves is revealed: the hysteresis loops at room temperature have a near-rectan-
gular shape; when the films are cooled down to 4.2 K, the coercive force increases by more than an order of
magnitude and the asymmetry and displacement of the loop along the field axis are observed. These effects are
stronger in thinner Ni layers. The observed features are attributed to the effect of the interlayer between the Ni
and Ge layers, which has a complex magnetic structure.

PACS numbers: 75.70.-i, 78.20.Ls

 

DOI: 

 

10.1134/S0021364008050081



 

JETP LETTERS

 

      

 

Vol. 87

 

      

 

No. 5

 

      

 

2008

 

INTERFACE EFFECT ON THE MAGNETIC PROPERTIES 263

 

300 G, which is considerably lower than 

 

M

 

s

 

 of the Ni
bulk single crystal at room temperature (~480 G) [5].
Therefore, even a Ni single-layer film prepared by the
technology used has the magnetic properties differing
from those of the bulk single crystal. The field 

 

H

 

s

 

 in the
bilayer samples decreases with the thickness of the Ni
layer. However, these data do not yet indicate that the
magnetization of the Ni layer is low. The field depen-
dences observed can also be determined by the features
of the film anisotropy and the possible effect of the
interlayer between Ni and Ge.

Figure 3 presents the magnetization curves in the
plane of sample 2 at different temperatures. They are
the near-rectangular hysteresis loops, as the coercive
force 

 

H

 

C

 

 increases with a decrease in the temperature
(see Figs. 3c and 3d). At room temperature, the hyster-
esis loop (Fig. 3a) coincides with the field dependence
of the Kerr effect (Fig. 3b). This confirms the linear
dependence of the magneto-optical effect on the mag-
netization in the case under consideration. As the Ni
layer becomes thinner, the loop shape somewhat devi-
ates from the rectangle. As the temperature is further
decreased, the hysteresis loop becomes asymmetric and
less rectangular and 

 

H

 

C

 

 reaches a magnitude of about
300 Oe at 4.2 K (Fig. 4, curve 

 

1

 

); i.e., it becomes an
order of magnitude higher than 

 

H

 

C

 

 at room tempera-
ture. Moreover, the hysteresis loop at low temperatures
is shifted along the field axis that is typical of the sys-
tems with an exchange unidirectional anisotropy [6, 7].
Similar modifications of the hysteresis loop also occur
for sample 3 (with a thinner Ni layer), the only differ-
ence is that the loop shape is less rectangular even at
room temperature. Sample 4 at 4.2 K in the magnetic
field used is not remagnetized at all: the magnetization
is a linear function of the field and passes through zero
at ~100 Oe; i.e., in this case, the magnetization curve is
also shifted along the field axis. The ratios of the mag-
netizations in the sample planes agree closely with the

ratios of the Faraday effect magnitudes of these sam-
ples under the magnetization normal to the plane.

DISCUSSION

Both effects—the increase in the coercive force and
the appearance of the asymmetry in the hysteresis
loop—are observed in the film structures comprised of
the ferromagnetic (FM) and antiferromagnetic (AFM)
layers or of the soft and hard FM layers and are
explained by the exchange interaction of these layers or
the so-called exchange anisotropy [6, 7]. However, as a
rule, the former effect occurs under weak exchange
anisotropy in the FM–AFM or FM–FM layers and the
latter effect occurs under strong anisotropy in the FM–
AFM layers. A feature of the films under consideration
is the appearance of both effects in one sample. Thus,
we may suggest that an interface of variable chemical
composition conditioned by the mutual diffusion of Ni
into Ge is formed in the bilayer films. On the Ni layer
side, the Ni enrichment takes place and a compound
that is similar to Ni

 

3

 

Ge and has the ferromagnetic order
is formed [8, 9]. Therefore, a pair of Ni and Ni

 

3

 

Ge lay-
ers in the interface can be considered as a structure
comprised of the soft (Ni) and hard (Ni

 

3

 

Ge) magnetic
layers. Actually, it is shown in [10] that the magnetiza-
tion of Ni

 

3

 

Ge in fields up to 400 Oe increases almost
linearly with the magnetic field (see Fig. 5 in [10]). Its
magnitude in a field of 400 Oe is far from saturation.
Meanwhile, for example, the coercive force in sample 2
at room temperature is only 10 Oe. The authors of [11]
obtained the following expression for the coercive force
of the bilayer (soft FM–hard FM) film:

(1)

Here, 

 

H

 

0

 

 is the coercive force of the hard-FM single-
layer film of thickness 

 

t

 

h

 

, 

 

t

 

s

 

 is the thickness of the soft-
FM layer, and 

 

A

 

 = 

 

M

 

s

 

/

 

M

 

h

 

, where 

 

M

 

s

 

 and 

 

M

 

h

 

 are the

HC H0th/ th Ats+( ).=

 

Fig. 1.

 

 Spectra of the Faraday effect in the samples (

 

1

 

) Ni
(14 nm), (

 

2

 

) NiGe (20 nm/12.7 nm), (

 

3

 

) NiGe
(14 nm/13.5 nm), and (

 

4

 

) NiGe (10.6 nm/12.8 nm) at 

 

H

 

 =
2.6 kOe and 

 

T 

 

= 300 K.

 

Fig. 2.

 

 Field dependences of the Faraday effect in the sam-
ples (

 

1

 

) Ni (14 nm), (

 

2

 

) NiGe (20 nm/12.7 nm), (

 

3

 

) NiGe
(14 nm/13.5 nm), and (

 

4

 

) NiGe (10.6 nm/12.8 nm); the
Faraday effect magnitude is given in units of the Ni layer
thickness, 

 

λ

 

 = 800 nm, 

 

T 

 

= 300 K.



 

264

 

JETP LETTERS

 

      

 

Vol. 87

 

      

 

No. 5

 

      

 

2008

 

EDELMAN 

 

et

 

 

 

al

 

.

 

magnetizations of the soft and hard magnetic layers,
respectively. In our case, where the thin interface layer
serves as the hard magnetic layer, it may be assumed
that 

 

t

 

h

 

 

 

�

 

 

 

t

 

s

 

. Then, relation (1) implies that 

 

H

 

C

 

 should be

proportional to 

 

M

 

h

 

. Figure 5 presents (curve

 

 2

 

) the mag-
netization of Ni

 

3

 

Ge plotted by the data of [10] and
(curve 

 

1

 

) the coercive force of sample 2 as functions of
the temperature. The correlation of curves 

 

1

 

 and 

 

2

 

 indi-

 

Fig. 3.

 

 (a, c, d) Magnetization hysteresis loops of the NiGe (20 nm/12.7 nm) film measured on a vibration magnetometer at different
temperatures and (b) the field dependence of the Kerr effect at 

 

T

 

 = 290 K.

 

Fig. 4.

 

 Magnetization curves for the NiGe (20 nm/12.7 nm)
film at 

 

T

 

 = 4.2 and 270 K.

 

Fig. 5.

 

 Temperature dependences of the relative magnitudes
of the (

 

1

 

) coercive force 

 

H

 

C

 

 of sample 2 (Ni 20 nm/Ge
12.7 nm) and (

 

2

 

) magnetization 

 

M

 

 of Ni

 

3

 

Ge [10]. The val-
ues of 

 

H

 

C

 

 and 

 

M

 

 are given in units of the respective values at
290 K.

 

H

 

C
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cates that the mechanism under consideration is
reasonable.

As the distance from the Ni layer increases, the
compound in the interface is enriched with Ge and the
antiferromagnetic compounds of the Ni

 

2

 

Ge

 

2

 

 or NiGe

 

2

 

type are formed with a rather low Néel temperature 

 

T

 

N

 

by analogy with the Ge–Fe and Ge–Mn compounds
[12]. This assumption explains the shift of the magneti-
zation curve near 4.2 K. Since the magnetization curves
at 77 K have no exchange shift, we can conclude that

 

T

 

N

 

 < 77 K. Both FM layers at 

 

T

 

 ~ 4.2 K behave as an
entity in the exchange field of the AFM layer. For sam-
ple 2, the exchange shift field is 

 

H

 

E

 

 = 147 Oe at 4.2 K,
and 

 

H

 

C

 

 = 318 Oe. At temperatures above 

 

T

 

N

 

 of the AFM
layer, this layer does not affect the film magnetization
behavior. As the Ni layer becomes thinner, the effect of
the FM and AFM parts of the interface on the film
remagnetization becomes stronger, for example, sam-
ple 4 in the magnetic fields used is not remagnetized at
low temperatures.

The spin configurations of the layers are schemati-
cally shown in Fig. 6. If the magnetic field is applied at

 

T

 

 > 

 

T

 

N

 

 and its magnitude exceeds the coercive force of
the hard Ni3Ge layer, then the spins in both FM layers
are parallel to the field. At the same time, the directions
of the spin moments in the AFM layer are randomly
distributed (Fig. 6a). If T < TN, the order is established
in the AFM layer and the FM layer spins nearest to the
AFM layer tend to arrange parallel to its spins due to
the exchange interaction. Therefore, saturation is not
achieved (Fig. 6b). On the contrary, the saturation of the
magnetization in the opposite direction occurs at lower
fields (see Fig. 6c).

CONCLUSIONS

The remagnetization processes have been investi-
gated in the Ni–Ge bilayer films. Strong variations of
the hysteresis loops at a decreasing temperature were
observed: the increase in the coercive force and the

appearance of asymmetry and exchange shift. All these
effects are observed in the same sample. Qualitatively,
this behavior is attributed to the formation of two mag-
netically ordered layers arranged in succession in the
interface. A hard-FM layer, which is close in composi-
tion to Ni3Ge with the Curie temperature above room
temperature, is formed in the immediate vicinity of the
Ni film. Then, the AFM layer is formed, which has a
lower content of Ni and the Néel temperature below the
liquid-nitrogen temperature.

This work was supported by the Russian Foundation
for Basic Research (project no. 08-02-00397).
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Fig. 6. Spin configurations at various temperatures.
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