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We have studied the electron transport in SiO2�Co� /GaAs and SiO2�Co� /Si heterostructures, where the
SiO2�Co� structure is the granular SiO2 film with Co nanoparticles. In SiO2�Co� /GaAs heterostructures giant
magnetoresistance effect is observed. The effect has positive values, is expressed when electrons are injected
from the granular film into the GaAs semiconductor, and has the temperature-peak-type character. The tem-
perature location of the effect depends on the Co concentration and can be shifted by the applied electrical
field. For the SiO2�Co� /GaAs heterostructure with 71 at. % Co the magnetoresistance reaches 1000 �105%� at
room temperature. On the contrary, for SiO2�Co� /Si heterostructures magnetoresistance values are very small
�4%� and for SiO2�Co� films the magnetoresistance has an opposite value. High values of the magnetoresis-
tance effect in SiO2�Co� /GaAs heterostructures have been explained by magnetic field-controlled process of
impact ionization. The spin-dependent potential barrier is formed in the accumulation electron layer in the
semiconductor near the interface. The impact ionization induced by injected electrons produces holes, which
move, are accumulated in the region of the potential barrier and lower the barrier height. The height decrease
grows the electron current flowing through the barrier and leads to the enhancement of the avalanche. Due to
the formed positive feedback small variations in the barrier height lead to great changes in the current. The
applied magnetic field increases the height and reduces the transparency of the barrier. As a result, small
feedback reduction suppresses the onset of the impact ionization. The spin-dependent potential barrier is
formed by the exchange interaction between electrons in the accumulation electron layer in the semiconductor
and d electrons of Co. Existence of spin-polarized localized electron states in the accumulation layer results in
the temperature-peak-type character of the barrier, which is manifested in the magnetoresistance effect. Spin
injectors and efficient magnetic sensors on the base of ferromagnet/semiconductor heterostructures with holes
traps and quantum wells containing spin-polarized localized electrons in the semiconductor at the interface are
considered.
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I. INTRODUCTION

Electron spin transport in ferromagnet/semiconductor
�FM/SC� heterostructures has recently become an active area
of research. The manipulation of carrier spin in FM/SC het-
erostructures offers enhanced functionality of spin-electronic
devices such as spin transistors, sensors, and magnetic
memory cells.1,2 FM/SC heterostructures are intended to em-
ploy as magnetoresistance cells and injectors of spin-
polarized electrons in SCs.3–5 For practical applications it is
highly desirable to realize these effects at room temperature.
Spin transport phenomena and magnetoresistance are ob-
served on a number of heterostructures.

�1� Spin injection into a nonmagnetic SC is observed at
low temperatures in magnetic SC/nonmagnetic SC
heterostructures6–8 and in ferromagnetic metal/nonmagnetic
SC.9–14 At room temperature the spin injection reveals low
efficiency.

�2� Spin injection in the ferromagnetic metal/insulator/SC
heterostructure is more efficient in comparison with the spin
injection from ferromagnetic metal/SC heterostructures.15–19

The maximum of the spin polarization of injected electrons
is achieved for a MgO barrier on GaAs �47% at 290 K�.17

�3� The giant magnetoresistance �GMR� is observed in
metal magnetic multilayers.20–23 For three-layer structures,
the typical values of GMR at room temperature lie in the
range 5–8 %.

�4� High values of tunneling magnetoresistance �TMR�
are realized on the base of magnetic tunnel junction �MTJ�
structures.17,24–33 Spin-dependent tunneling is not only deter-
mined by the properties of ferromagnetic electrodes but also
depends on the electronic structure of insulator barriers. The
maximum TMR ratio of 500% at room temperature was ob-
served in the MTJ structure with the MgO barrier.33

�5� Extremely large magnetoresistance can be achieved by
use magnetic field-dependent avalanche breakdown
phenomena.34–42 Values of the magnetoresistance effect
based on the avalanche breakdown reach 105% in the Au/
semi-insulating GaAs Schottky diode at room temperature.36

Although important results in the spin injection and in the
magnetoresistance have been obtained, the efficient spin in-
jection at room temperature has not been achieved. Besides,
for some applications it is necessary to use sensors with high
magnetoresistance values. These problems can be resolved
by using FM/SC heterostructures with spin-dependent poten-
tial barrier, which governs the kinetic energy of injected elec-
trons and the onset of impact ionization.37–39 In these hetero-
structures FM is a granular film with d �or f� metal
nanoparticles. In contrast with metal/SC structures with the
Schottky barrier based on the magnetic field-dependent ava-
lanche breakdown phenomena,36,40–42 the transparency of the
spin-dependent potential barrier, which is formed in the spin-
polarized accumulation electron layer in the SC near the in-
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terface, is characterized by the temperature-peak dependence
and is differ for different spin orientations of injected elec-
trons. The barrier is due to the exchange interaction between
d�f� electrons in the FM at the interface and electrons in the
SC, which polarizes electrons in the accumulation layer.

In this paper, we study the magnetoresistance in
SiO2�Co� /GaAs and SiO2�Co� /Si heterostructures, where
the SiO2�Co� is the granular SiO2 film with Co nanoparticles.
Sample preparation and experimental results are presented in
Sec. II. The effect is more expressed when electrons are in-
jected from the granular film into the SC, therefore, the mag-
netoresistance has been called the injection magnetoresis-
tance �IMR�.37,38 For SiO2�Co� /GaAs heterostructures the
IMR value reaches 1000 �105%� at room temperature, which
is two to three orders higher than maximum values of the
GMR in metal magnetic multilayers and the TMR in MTJ
structures. On the contrary, for SiO2�Co� /Si heterostructures
the magnetoresistance values are very small and for
SiO2�Co� films the intrinsic magnetoresistance is of a nega-
tive value. The IMR effect has a temperature-peak-type char-
acter and its temperature location can be shifted by the ap-
plied electrical field. High values of the IMR effect in
SiO2�Co� /GaAs heterostructures and the temperature-peak-
type character are explained in Sec. III by the theoretical
model of a magnetic field-controlled avalanche process pro-
vided by electrons passed through the spin-dependent poten-
tial barrier in the accumulation layer at the interface.39 In
Sec. IV we consider FM/SC heterostructures with holes traps
and quantum wells containing spin-polarized localized elec-
trons in the SC at the interface as efficient room-temperature
spin injectors and magnetic sensors. These heterostructures
can be used as bioanalytical sensors with higher sensitivity in
comparison with GMR sensors43,44 and as injectors in
spin-valve transistors and in spin field-effect transistor
structures.45–47

II. EXPERIMENTAL RESULTS

A. Sample preparation

Experiments were performed on samples of amorphous
silicon dioxide films containing cobalt nanoparticles grown
�1� on gallium arsenide, �SiO2�100−xCox /GaAs �or shorter
SiO2�Co� /GaAs�, �2� on silicon, �SiO2�100−xCox /Si �or
shorter SiO2�Co� /Si�, and �3� on quartz substrates. n-GaAs
substrates with thickness of 0.4 mm are of the �100�-
orientation type. Electrical resistivity of GaAs chips was
measured by the dc four-probe method at room temperature
and was equal to 0.93�105 � cm. The 0.4 mm n-Si sub-
strates have the orientation of �100� and the resistivity of
3.7 � cm. Prior to the deposition process, substrates were
polished by a low-energy oxygen ion beam.48,49 The rough-
ness height of the polished surfaces did not exceed 0.5 nm.

The SiO2�Co� films were deposited by ion-beam cosput-
tering of the composite cobalt-quartz target onto GaAs, Si,
and quartz substrates heated to 200 °C. The concentration of
Co nanoparticles in the silicon dioxide deposit was varied by
changing the ratio of cobalt and quartz target areas. The film
composition was determined by the nuclear physical meth-
ods of element analysis using a deuteron beam of the elec-

trostatic accelerator �PNPI, Gatchina, Leningrad region, Rus-
sia�. The cobalt to silicon atomic ratio was measured by the
Rutherford backscattering spectrometry of deuterons. The
oxygen concentration in films was determined by the method
of nuclear reaction with deuterons at Ed=0.9 MeV: 16O+d
→p+ 17O. This technique is described in more detail
elsewhere.50 For the samples studied, the relative content of
cobalt x and the film thickness are listed in Table I. The
average size of Co particles was determined by the small-
angle x-ray scattering and increased as the concentration of x
grows: from 2.7 nm at x=38 at. % to 4.4 nm at x
=82 at. %. Cobalt particles are in the ferromagnetic
state.51–53 The samples with high concentration of Co �71
and 82 at. %� exhibit ferromagnetic behavior confirmed by
the presence of a domain structure �Fig. 1� obtained with
high vacuum magnetic field microscope HV-MFM SOLVER
�NT-MDT Co�. The period of the domain structure for the
SiO2�Co� /GaAs sample with 82 at. % Co is equal to
3.9 �m, which is smaller than the domain period for the
same SiO2�Co� film on the Si substrate �6.0 �m�. The
samples with low concentration of Co are superparamag-
netic.

Electrical resistivity of SiO2�Co� films was measured by
the dc four-probe method on SiO2�Co�/quartz heterostruc-
tures at room temperature. As the Co content increased, the
resistivity of SiO2�Co� films decreased from 1.46
�102 � cm �38 at. %� to 1.1 � cm �82 at. %�.

B. Experiment

We have studied the electron transport and magnetoresis-
tance in SiO2�Co� /SC heterostructures �Table I�. One contact
was on the semiconductor substrate and the other on the
SiO2�Co� granular film. All SiO2�Co� /GaAs samples and
SiO2�Co� /Si samples with the Co concentration, which is
equal to or lesser than 71 at. %, have current-voltage depen-
dencies of the diode type. At positive voltages for structures
of the diode type of the current-voltage characteristic elec-
trons are injected from the granular film into the SC and the
current density j is high. For the applied voltage U=90 V
the current density reaches 6.0�10−2 A /cm2. When the ap-
plied voltage U is negative, electrons drift from the SC into
the granular film and the current density is low. For
SiO2�Co� /Si heterostructure with high Co content
�82 at. %�, the current-voltage characteristic is close to the

TABLE I. Properties of SiO2�Co� films sputtered on Ga As, Si,
and quartz substrates.

Co concentration x
�at. %�

Film thickness
�nm�

GaAs substrate Si substrate Quartz substrate

38 86 86 860

45 81 81 810

54 90 90 900

71 95 95 950

82 95 95 950
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dependence of the Ohm type. Figure 2 shows temperature
dependencies of the electron inject current density j for the
SiO2�Co� /GaAs structure with the Co concentration x
=71 at. % at the applied voltage U=70 V. The resistivity of

GaAs is higher than the resistivity of the film and the applied
voltage primarily falls on the SC substrate. We notice that at
the temperature T=320 K in the absence of a magnetic field
the inject current has local minimum. The electron inject
current flowing from the granular film into the SC is sup-
pressed by the magnetic field. The magnetic field H is equal
to 10 kOe and is parallel to the surface plane of the granular
film. At T�320 K temperature dependencies of the inject
current in the absence of a magnetic field and in the field H
are close.

Figure 3 illustrates the effect of the magnetic field on the
current-voltage characteristic in the case of the electron in-
jection into the SC for the SiO2�Co� /GaAs structure with
71 at. % Co. For U�52 V, a sharp increase in current due
to the process of impact ionization is observed. The applied
magnetic field postpones this process to higher electric fields.
The magnetic field H is parallel to the film surface. If the
magnetic field is perpendicular to the film surface, the depen-
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FIG. 1. �Color online� Magnetic field microscope image of the
domain structure on samples with SiO2�Co� films with 82 at. % Co
�a� on the GaAs substrate and �b� on the Si substrate. �c� Influence
of the applied magnetic field on the domain structure on the
SiO2�Co� /Si sample with 82 at. % Co.
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FIG. 2. �Color online� Temperature dependencies of the inject
current j for the SiO2�Co� /GaAs structure with the Co concentra-
tion 71 at. % at the applied voltage U=70 V. �1� In the absence of
a magnetic field and �2� in the magnetic field H=10 kOe. H is
parallel to the surface of the SiO2�Co� film. Solid lines are guides
for the eye.
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FIG. 3. �Color online� Current-voltage characteristic for the
electron injection into the semiconductor for the SiO2�Co� /GaAs
structure with 71 at. % Co at different magnetic fields: �1� H=0,
�2� 5 kOe, �3� 10 kOe, and �4� 15 kOe. H is parallel to the surface
of the SiO2�Co� film.
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dence of the current on the magnetic field H is weaker be-
cause of the demagnetization factor of the film but the mag-
netic suppression of the current is still observed.

By analogy with GMR and TMR coefficients,17,20–33 we
define the injection magnetoresistance coefficient IMR as the
ratio37–39

IMR =
R�H� − R�0�

R�0�
=

j�0� − j�H�
j�H�

, �1�

where R�0� and R�H� are the resistances of the SiO2�Co� /SC
heterostructure without a field and in the magnetic field H,
respectively; j�0� and j�H� are the current densities flowing
in the heterostructure in the absence of a magnetic field and
in the field H. The IMR ratio for the SiO2�Co� /GaAs struc-
ture with 71 at. % Co at different applied voltages at room
temperature �21 °C� is shown in Fig. 4 as a function of the
magnetic field H parallel to the film. As seen from Fig. 4, the
IMR coefficient increases with the growth of the applied
voltage. At the voltage U=90 V for this structure the value
of IMR reaches up to 1000 �105%� at room temperature at
the field H=19 kOe. This is two to three orders higher than
maximum values of GMR in metal magnetic multilayers and
TMR in MTJ structures.

The IMR ratio for SiO2�Co� /GaAs structures versus the
Co concentration x in the in-plane field H=20 kOe at the
applied voltage U=60 V for different current directions is
presented in Fig. 5. The IMR coefficient has maximum val-
ues for structures with Co concentrations in the range
�54–71 at. %�, when electrons are injected from the
SiO2�Co� film into the SC. The IMR ratio decreases for
structures with higher �x�71 at. %� and lower �x
�54 at. %� Co concentrations. On the contrary, in the case
of the opposite current direction �electrons drift from the SC
into the granular film� the magnetoresistance effect becomes
less expressed.

As we can see from Figs. 4 and 5, for SiO2�Co� /GaAs
structures the IMR coefficient can reach high values at room
temperature. In contrast with this, for SiO2�Co� /Si structures

magnetoresistance values are very small and the intrinsic
magnetoresistance of SiO2�Co� films has negative values
�Fig. 6�. The magnetoresistance �MR� ratio for SiO2�Co�
films is determined by the relation analogous to Eq. �1�. For
SiO2�Co� /Si structures electrons are injected from the granu-
lar film into the Si substrate. Taking into account low values
of the resistivity of Si substrates, experiments were carried
out at the applied voltage U=3 V. For SiO2�Co� films the
intrinsic magnetoresistance ratio was measured by the dc
four-probe method on SiO2�Co� /quartz samples in the
current-in-plane geometry at the applied voltage U=60 V at
room temperature.

Temperature dependencies of the magnetoresistance can
give useful information about the nature of the magnetore-
sistance effect. Figure 7 presents temperature dependencies
of the intrinsic magnetoresistance for SiO2�Co� films with
low �x=38 at. %� and high �x=71 at. %� Co concentrations
and for the SiO2�Co,71 at. %� /Si structure. Experiments
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FIG. 4. �Color online� Injection magnetoresistance ratio versus
the magnetic field H at room temperature for the SiO2�Co� /GaAs
structure with 71 at. % Co at applied voltages: �1� U=60 V, �2� 70
V, �3� 80 V, and �4� 90 V. H is parallel to the surface of the
SiO2�Co� film. Solid lines serve to guide the eye.
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FIG. 5. �Color online� Magnetoresistance ratio versus the Co
concentration x for SiO2�Co� /GaAs structures in the field H
=20 kOe at the applied voltage U=60 V for different current di-
rections. �1� Electrons are injected from the SiO2�Co� film into
GaAs, �2� electrons drift from GaAs into the granular film. H is
parallel to the surface of the SiO2�Co� film. Solid lines serve to
guide the eye.
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FIG. 6. �Color online� Magnetoresistance ratio versus the Co
concentration x for �1� SiO2�Co� /Si structures and for �2� SiO2�Co�
films in the in-plane magnetic field H=20 kOe. Solid lines serve to
guide the eye.
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were carried out at the applied voltage U=60 V for
SiO2�Co� films and at U=3 V for the SiO2�Co� /Si structure.
The magnetic field H=10 kOe is parallel to the surface of
the granular film. It can be seen that temperature decreasing
causes to the growth of the absolute value of the intrinsic
magnetoresistance for SiO2�Co� films. For the SiO2�Co� /Si
structure electrons are injected from the granular film into
the semiconductor and temperature decreasing leads to the
change in the magnetoresistance sign.

Temperature dependencies of the IMR for
SiO2�Co� /GaAs structures essentially differ from the above-
mentioned dependencies for SiO2�Co� /Si structures and
SiO2�Co� films. They have a peak-type character �Figs. 8 and
9�. The temperature location of the peak depends on the Co
concentration and can be shifted by the applied electrical
field. Figure 8 shows temperature dependencies of the IMR
for SiO2�Co� /GaAs with 71 at. % Co at different applied
voltages, when electrons are injected from the granular film
into the GaAs substrate. Increasing voltage U causes to a

shift of the peak to higher temperatures. At the same time,
the voltage growth leads to an increase in the peak magni-
tude. For SiO2�Co� /GaAs structure with lower Co content
�x=38 at. %, Fig. 9�, the temperature peak of the IMR has
higher value of width. For the case, when electrons move
from GaAs into the SiO2�Co� film, the IMR peak is located
at higher temperature and its magnitude is lower.

III. THEORETICAL MODEL AND EXPLANATION OF
EXPERIMENTAL RESULTS

A. Theoretical model

Explanation of the IMR effect is based on the theoretical
model of the magnetic field-controlled avalanche process
triggered by electrons passed through the spin-dependent po-
tential barrier in the accumulation layer in the SC at the
interface. The impact ionization induced by electrons pro-
duces holes, which move and are accumulated in the region
of the potential barrier. Existence of holes in this region low-
ers the barrier height. This leads to the growth of the electron
current flowing through the barrier. The electron current
growth results in increasing hole concentration in the barrier
region and so on. Due to the formed positive feedback small
variations in the height of the potential barrier lead to great
changes in the flowing current. The electron current growth
is accompanied by the appearance of a layer with strong
electrical field in the vicinity of the barrier. The change in the
electrical field decreases the value of the threshold of the
avalanche process making this process easier in the strong-
field layer. The applied magnetic field reduces the transpar-
ency of the spin-dependent potential barrier. This decreases
the kinetic energy of injected electrons, suppresses the im-
pact ionization onset, and reduces the hole concentration. Let
us consider formation of the accumulation electron layer in
the SC at the interface, the spin-dependent potential barrier,
the electrical field distribution, the avalanche process, and
the IMR effect caused by the barrier.39
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FIG. 7. �Color online� Temperature dependencies of the magne-
toresistance for SiO2�Co� films �1� with x=38 at. % Co, �2� with
x=71 at. % Co, and �3� for the SiO2�Co� /Si structure with x
=71 at. % Co content in the in-plane magnetic field H=10 kOe.
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FIG. 8. �Color online� Temperature dependencies of the injec-
tion magnetoresistance for the SiO2�Co� /GaAs structure with x
=71 at. % Co content in the in-plane magnetic field H=10 kOe at
applied voltages: �1� U=40 V, �2� 50 V, �3� 60 V, and �4� 70 V.
Solid lines are theoretical fittings.
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FIG. 9. �Color online� Temperature dependencies of the magne-
toresistance for the SiO2�Co� /GaAs structure with x=38 at. % Co
content in the in-plane magnetic field H=10 kOe at the applied
voltage U=60 V. �1� Electrons are injected from the SiO2�Co� film
into GaAs, �2� electrons drift from GaAs into the granular film.
Solid lines are theoretical fittings.
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1. Hamiltonian

In the FM/SC heterostructure the difference of chemical
potentials �� between the FM and the SC determines bend-
ing of the SC conduction band �Fig. 10�. We suppose that
���0 and there is formed an accumulation electron layer in
the SC. d electrons in the FM at the interface and electrons in
the accumulation electron layer in the SC are coupled by the
exchange interaction J0�r�−R� �. The Hamiltonian of the model
is written in the form

H = He + Hed + H� + Hs,

where

He = �
�
� 	�

+�r���−

2

2m
� − � − e��r���	��r��dr�

is the Hamiltonian of electrons with the mass m and the
charge e in the SC in the electrical field with the potential
��r��. � is the chemical potential. 	�

+�r��=����
��r��a��

+ and
	��r��=�����r��a�� are the second-quantized wave functions
of an electron with a spin �= ↑ ,↓. a��

+ and a�� are the cre-
ation and annihilation Fermi operators, respectively, for an
electron with the wave function ���r�� with the multi-index �.

Hed = − �
R�
� J0�r� − R� �„S��R� �,� �r��…dr�

is the exchange interaction Hamiltonian between the spin
density � �r�� of electrons in the SC and spins S��R� � of d elec-
trons in the FM. The vector spin-density operator � �r�� is
determined by operators 	��r�� and 	�

+�r��

x�r�� = 	↑
+�r��	↓�r�� + 	↓

+�r��	↑�r�� ,

y�r�� = − i	↑
+�r��	↓�r�� + i	↓

+�r��	↑�r�� ,

z�r�� = 	↑
+�r��	↑�r�� − 	↓

+�r��	↓�r�� .

The Hamiltonian

H� = −
1

8�
� ����r���2dr�

describes the classical inner electrostatic field ��r��.

Hs is the Hamiltonian described the interaction between
spins � �r�� and S��r��, and the magnetic field H�

Hs = − g�B�
R�
„H� ,S��r��… − g�B� „H� ,� �r��…dr� ,

where g and �B are the Landé factor and the Bohr magneton,
respectively.

In order to find the effective exchange interaction between
spins S��R� � of d electrons in the FM and the spin � �in��r�� of an
injected electron with the wave function ��

�in��r����= ↑ ,↓�
and the spin-dependent potential barrier, the temperature dia-
gram technique is used.54,55 Before this we consider forma-
tion of the accumulation electron layer.

2. Formation of the accumulation electron layer

In the self-consistent-field approximation of the diagram
expansion electrons of the conduction band in the SC and the
inner self-consistent electrical field are described by the fol-
lowing equations.

�1� Equation for the electron wave function in the SC

�−

2

2m

d2

dx2 − e��x�����x� = ��
�0����x� , �2�

where ���r��=V−1/2���x�exp�iqyy+ iqzz� is the electron wave
function in the volume V of the SC with the multi-index �
= �� ,qy ,qz� and the energy spectrum ��=��

�0�+
2�qy
2

+qs
2� /2m.
�2� Equation for the inner self-consistent electrical field

���r�� = 4�e	�
�,�n

�G�↑↑�r�,r�,�n� + G�↓↓�r�,r�,�n�

− G�↑↑
�0� �r�,r�,�n� − G�↓↓

�0� �r�,r�,�n��
 , �3�

where

G��1�2
�r�1,r�2,�n� =

��
��r�1����r�2���1�2

��i
�n − E��1
+ ��

�4�

are electron Green’s functions �Fig. 11�a��, �=1 /kT, k is the
Boltzmann constant, T is the temperature, 
�n= �2n
+1�� /�, n is an integer,

E�� = �� � ��
�ex�. �5�

The upper sign in Eq. �5� corresponds to �=↑; the lower
sign, to �=↓. The energy ��

�ex� is determined by the exchange

conduction band

valence band

0 x

��

semiconductory

d-electrons

granular
film

exchange-splitted
localized

electron levels

2��

(ex )

�� ��

�
�� ��

�

FIG. 10. �Color online� Electronic energy-band structure at the
contact region of the ferromagnet/semiconductor.
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Hamiltonian Hed in the self-consistent-field approximation

��
�ex� = − �

R�
� J0�r� − R� ���S��R� ��0,�� �r���0�dr� . �6�

�S��R� ��0 and �� �r���0 are the statistical-average d-electron spin
in the FM and the electron-spin density in the SC, respec-
tively. G���

�0� are electron Green’s functions determined in the
single SC in the absence of the electrical field.

�3� To the above-mentioned equations it is necessary to
add relationship between the chemical potential � and the
electron concentration n0 in the single SC

n0 =
8�e

V
�

q�=�qx,qy,qz�
nF���
2q� 2/2m − ��� , �7�

where nF�a�= �exp�a�+1�−1.
Equations �2�, �3�, and �7� are simultaneous equations in

unknowns: the wave function ���x�, the energy ��
�0�, the elec-

trical potential ��x�, and the chemical potential � in the SC.
Taking into account that at the interface of the heterostruc-
ture �x=0� the potential ��x� is determined by the difference
of chemical potentials �� between the SC and the FM,
��0�=�� /e, and at a great distance from the interface, when
x→�, the potential ��x� tends to zero, we numerically can
solve Eqs. �2�, �3�, and �7�.

3. Effective exchange interaction and the spin-dependent
potential barrier

The effective exchange interaction and the spin-dependent
potential barrier for injected electrons are found in the next
approximation of the diagram expansion. This is the one-
loop approximation with respect to the bare exchange inter-
action J0�r�−R� � �Fig. 11�b��. In this approximation we take
into account solutions of Eqs. �2�, �3�, and �7� made in the
self-consistent-field approximation and find the effective ex-
change interaction

J�eff��r�,R� ,�n� = J0�r� − R� � + J1�r�,R� ,�n� ,

where the interaction J1 has the form

J1�r�,R� ,�n� = − �� � J0�r� − r�1�

� �
k,�1,�2

�G�1↑↑�r�1,r�2,�k�G�2↑↑�r�1,r�2,�k + �n�

+ G�1↓↓�r�1,r�2,�k�G�2↓↓�r�1,r�2,�k + �n��

�J0�r�2 − R� �dr�1dr�2. �8�

In the relation �8� the Green’s functions G��1�2
�Eq. �4��

are expressed via wave functions ���r��, the chemical poten-
tial � and the electron energy E�� �Eq. �5��. The interaction
J1 is of the Ruderman, Kittel, Kasuya, and Yosida56–58 type.
Spins of electrons in the accumulation layer shield spins of d
electrons in the FM at the interface. As the result of this
shielding, the short-range exchange interaction J0�r�−R� � is
transformed into the long-range effective exchange interac-
tion J�eff��r� ,R� ,�n�, which changes its sign at a some distance

from the interface �Fig. 12�. To find the numerical solution,
we assume that J0�r�−R� �=J0 exp�−�r�−R� � in Eqs. �6� and
�8�, where � is the reciprocal radius of the exchange interac-
tion and J0 is determined by the Coulomb interaction with d
electrons on a FM atom.59 Calculations have been drawn,
when �n=0, R� =0, �=10 nm−1, J0=2 eV, �S��R� ��0=1 /2,
�� �r���0=1 /2���r��2, ��=150 meV, and n0=1
�1015 cm−3 at T=300 K for the cubical crystal FM lattice
with the lattice constant a=0.23 nm. At the distance r0 the
exchange interaction J1 has a maximum opposite value. If
the accumulation layer �quantum well� contains a great num-
ber of electron states, the distance r0 can be evaluated as the
half of the period of the Ruderman-Kittel function, r0

� 1
2 �� /3ns�1/3,56–58 where ns is the electron density at the

interface.
In order to find the spin-dependent potential barrier, we

assume that the magnetic field H� is parallel to the axis Oz.
Then, the height of the energy barrier formed by the effective
exchange interaction for injected spin-polarized electrons,
which move from the interface, is determined by the relation

W = �
R�
� �z

�in��r���J�eff��r�,R� ,0��Sz�R� ��0dr� , �9�

where �z
�in��r���= ��↑

�in���r���↑
�in��r��−�↓

�in���r���↓
�in��r���, �Sz�R� ��0

is the z projection of the statistical-average d-electron spin at
the site R� at the interface. For calculation of W we assume
that the spin density �z

�in��r���=1 /2·��r−r0�. We have found,
that, if the accumulation layer contains a small number of
localized electron states ���x�, which are determined by Eq.
�2�, then these states give the main contribution to the ex-
change interaction J1 in Eq. �8� and to the height of the
energy barrier W �Eq. �9��. The maximum of the barrier is
observed, when the accumulation layer has two sublevels of
an exchange-splitted localized electron state �Fig. 10�.
Exchange-splitted localized states have high values of the
exchange energy ��

�ex� �Eq. �6�� and this causes to high values
of the barrier W �Eq. �9��. If the accumulation layer does not
contain localized states, the magnitude of W sharply falls.
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FIG. 12. �Color online� Normalized exchange interaction
J�norm��r�=J1�r� ,0 ,0� /J1�0,0 ,0� for the heterostructure with the dif-
ference of chemical potentials ��=150 meV and with the electron
concentration n0=1�1015 cm−3 in the SC at T=300 K.

GIANT MAGNETORESISTANCE IN… PHYSICAL REVIEW B 80, 184423 �2009�

184423-7



Dependencies of W on the difference of chemical potentials
�� and temperature dependencies are presented in Ref. 39.

4. Low voltage. Electrical field distribution below the avalanche
threshold

What are changes arisen in the electrical field and in
charges in the SC from applied voltage? Let us consider the
current beyond the barrier in the range �A ,L� �Fig. 13�. The-
oretical model of the current flowing in this range is analo-
gous to the model of glow discharge.60,61 We suppose that the
process of impact ionization is caused by electrons. Then,
current densities of electrons je�x� and holes jh�x� in the SC
are given by

dje

dx
= �je,

djh

dx
= − �je, �10�

where � is the impact ionization coefficient. The coefficient
� has the form62

� = a0 exp	� − ��2 + � Ē

E
�2�1/2
 , �11�

where E is the electrical field. For GaAs a0=0.245

�106 cm−1, �=57.6, Ē=6.65�106 V cm−1 and for Si a0

=0.63�106 cm−1, �=0, Ē=1.23�106 V cm−1. The current
j flowing in the SC is the sum of electron and hole currents

j = je + jh = e�enE + e�hpE , �12�

where �e and �h are the mobilities of electrons and holes,
respectively; n and p are the electron and hole densities.
Holes are arisen during the impact ionization, move to the
maximum of the valence band �point A�, are accumulated in
the region of the point A and disappear by recombination in
this region. The existence of holes in the region of the point
A decreases the barrier height. This leads to the increase in
the electron current je flowing through the barrier. Taking
this into account and supposing that the hole current at the
point L is negligible, we obtain the boundary conditions

je = �jhA,

jhL = 0, jeL = j , �13�

where � is the coefficient of the electron current amplifica-
tion. The electrical field E in the range �A ,L� is determined
by the difference of hole and electron densities

dE

dx
= 4�e�p − n� . �14�

Equations �10�–�12� and �14� with the boundary condi-
tions �Eq. �13�� are equations in variables je�x�, jh�x�, n�x�,
p�x�, and E�x�. Solutions of these equations do not express in
an analytical form. In order to find solutions, we use step-
by-step approximations.

Let us consider the case, when the applied voltage U
=U1+U2 �Fig. 13� is low and the electrical field E�x� in the
range �A ,L� is close to a constant value E0. Then, in the first
approximation with respect to �E�x�−E0� /E0, Eq. �10� with
the boundary conditions �Eq. �13�� give

je = j exp���x − L�� ,

jh = j�1 − exp���x − L��� , �15�

where � and � are functional dependent variables expressed
by the formula

��L − �� = ln�1 + 1/�� . �16�

The relationship �Eq. �16�� describes the balance between the
ionization process and incoming �outgoing� holes and elec-
trons in the region of the point A and on the contact L. If
�e��h and ��L−���1, then on the most part of the range
�A ,L�

jh � je, p =
j

e�hE
,

n

p
=

je�h

jh�e
� 1.

In this case, Eq. �14� is rewritten in the approximation
form

dE

dx
= 4�ep =

4�j

�hE
. �17�

Solution of Eq. �17� is

conduction band
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FIG. 13. �Color online� Schematic band diagram at the applied
electrical field in the ferromagnet/semiconductor and electrical field
distribution in the semiconductor at a high voltage in the avalanche
regime. The avalanche process is induced by electrons, which �1�
surmount over the spin-dependent potential barrier formed by local-
ized states at the distance r0 from the interface and �2� tunnel from
exchange-splitted localized states.
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E�x� = EA�1 −
x − �

d
�1/2

, �18�

where EA is the electrical field at the point A, d=�hEA
2 /8�j.

Solution of Eq. �18� can be used to solve Eq. �10� in the next
approximations and to improve solutions in Eq. �15�. After
this procedure we can find more precise solution of Eq. �14�
and so on.

In the first approximation, from solution in Eq. �18� one
can see that when d=L−�, the electrical field E�x� leads to 0
at x→L. Decreasing E at x=L occurs at the current density

j0 =
�hU2

2

8��L − ��3 ,

where U2 is the voltage on the SC range �A ,L�. At the cur-
rent density j0 the electrical field distribution is essentially
changed. In the vicinity of the barrier a layer of thickness d
with strong electrical field appears.

5. High voltage. Current-voltage characteristics at the avalanche
process

Let us solve Eqs. �10�–�12� and �14� in the first approxi-
mation at high voltage, when the layer with strong electrical
field with the thickness d is formed �Fig. 13�. We suppose
that the electrical field in this layer is much greater than the
electrical field at x��+d. Then, for the strong-field layer
the relation �Eq. �16�� of the balance between the ionization
process and incoming �outgoing� holes and electrons can be
rewritten in the form

�
�

d+�

��E�x��dx = ln�1 + 1/�� . �19�

The voltage U2 drops on the strong-field layer

U2 = �
�

d+�

E�x�dx . �20�

Taking into account Eq. �11� and using the average value
Ed of the field E�x� in the strong-field layer, from Eqs. �19�
and �20� we get

Ed = Ē��� + ln�a0d� + C�2 − �2�−1/2,

U2 = Edd , �21�

where C=−ln ln�1+1 /��. In order to find the current density
j, we consider the vicinity of the point A. From Eq. �17� one
can find that

p = �4�e�−1dE

dx
=

Ed

4�ed
.

Taking this and Eq. �12� into account, we get

j = je + jh = �1 + ��ep�hEd =
�1 + ���hEd

2

4�d
. �22�

Relations �21� and �22� determine the current-voltage
characteristic. The thickness d of the strong-field layer is the

parameter. The current-voltage characteristic has a minimum
and descending and ascending branches. When the current
j� j0=�hU2

2 /8��L−��3, the current and the electrical field
distribution are unstable. The stable equilibrium is achieved
in the minimum of the voltage U2 with respect to d

�U2

�d
= 0.

The minimum value of U2 is reached at the thickness

dm = a0
−1 ln�1 + 1/��exp��1/2 + �2�1/2 + 1/2 − �� . �23�

It is needed to note that the developed theoretical model of
the avalanche process is analogous to the model of glow
discharge.60,61 The potential drops rapidly in the strong-field
layer with thickness d close to the barrier. The fact that in
SCs voltage drops are concentrated mainly in vicinities of
contacts �strong-field layers�, where the impact ionization
process originates, is experimentally confirmed by the volt-
age contrast method.63 The strong-field layer corresponds to
the cathode dark space in a glow discharge. In the region
��+d ,L� the potential varies slowly. In the glow discharge
this region corresponds to the positive column. The coeffi-
cient of the electron current amplification � is analogous to
the coefficient of the secondary electron emission from a
cathode.

6. IMR effect

The observed IMR effect can be explained by the devel-
oped theoretical model. Action of the applied magnetic field
results in two effects: �1� the domain structure of the granular
film changes and �2� spins of ferromagnetic particles and
localized electrons at the interface are aligned along the field
direction. This leads to the growth of the barrier height, re-
duces the barrier transparency, and decreases the electron
concentration at the barrier region. Due to the feedback
formed in the avalanche process, small variations in the bar-
rier height and its transparency lead to great changes in the
current.

Two ways of the spin-polarized current injected into the
SC can be supposed �Fig. 13�: �1� injected electrons sur-
mount the spin-dependent potential barrier W at the distance
r0 from the interface and �2� spin-polarized electrons tunnel
from sublevels of the exchange-splitted localized states. We
consider the first way and neglect electron tunneling from
localized states. The applied magnetic field reduces the trans-
parency of the barrier. If the magnetic field H is less than the
saturation field Hsat in which domains disappear, the domain
structure of the granular film �Fig. 1� induces corresponding
spin orientations of electrons localized in the accumulation
layer in the SC and this induced domain structure has do-
main walls �Fig. 14�. In this case, electrons injected from the
granular film can cross through the accumulation layer with-
out a loss of their spin polarization and without surmounting
the potential barrier on channels close to domain walls �tra-
jectories with points a�. The average concentration of elec-
trons, which trigger the avalanche process, is given by the
sum of electron concentrations in regions with maximum
height of the spin-dependent potential barrier �surface C in
Fig. 14�
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nC = na�a + nb�b, �24�

where na is the electron concentration in regions of domain
walls, nb is the electron concentration in domain regions, and
�a and �b are contributions of partial concentrations to the
average concentration. In the saturation magnetic field, H
=Hsat, when domains disappear, electrons moving in the SC
from the interface must surmount the potential barrier at the
distance r0 �trajectories with points b� and �a=0 in Eq. �24�.
Taking into account that na�nb and the growth of the mag-
netic field reduces the contribution �a of domain walls, from
Eq. �24� one can find that in the range �0,Hsat� increasing
magnetic field leads to reduction in the electron concentra-
tion nC.

At last, consider the barrier at the magnetic field
H�Hsat. The applied magnetic field H presented in the
Hamiltonian Hs interacts with spins � �r�� and S��r��. For the
magnetic field H�Hsat there is alignment of spins of elec-
trons in the accumulation layer and spins of ferromagnetic
particles in the granular film with increasing magnetic field
�Fig. 15�. Magnetic field polarizes spins along the field di-
rection. The field growth leads to the increase in the
z-projection �Sz�R� ��0, to the growth of the barrier height W
�Eq. �9��, and to the reduction in the concentration nb in Eq.
�24�. In this case, in the absence of domain walls, �a=0 and
�b=1.

The avalanche process originates in the vicinity region of
the barrier. The current density j flowing in the heterostruc-
ture is determined by the concentration of injected electrons
nC �Eq. �24��, the electron mobility �e, and the electrical
field EC at the surface C, j=enC�eEC. Then, taking into ac-
count that na=nint exp�eUC /kT�, nb=nint exp��eUC−W� /kT�,
where nint is the electron concentration at the interface at the
Fermi level, UC is the difference of potentials between the
interface and the surface C, from Eq. �1� for the tunnel
opaque potential barrier we get

IMR�W�H�,T� =
nC�0�EC�0�
nC�H�EC�H�

− 1

=
��a�0� + �b�0�exp�− W�0�/kT��EC�0�

��a�H� + �b�H�exp�− W�H�/kT��EC�H�
− 1. �25�

If W�0��kT, for H�Hsat contribution coefficients �a�H�
=0 and �b�H�=1, and the magnetoresistance IMR �Eq. �25��
is rewritten in the simple form

IMR�W�H�,T� = A exp�W�H�
kT

� − 1, �26�

where A=�a�0�EC�0� /EC�H�. Taking into account that the
energy barrier W�H� sharply depends on temperature,39 in
the first approximation the temperature dependence of the
IMR is determined by the term exp�W�H� /kT�. The depen-
dence of IMR on the applied electrical field is determined by
the coefficient A. It depends on the ratio of the electrical field
EC at the surface C in the absence of a magnetic field and in
the magnetic field H, respectively. When the avalanche pro-
cess has been developed in the absence of a magnetic field,
the voltage U2 �Eq. �21�� is determined by the minimum
value with d=dm �Eq. �23��, U2=Eddm. Therefore, the elec-
trical field EC�0� is high. When the magnetic field suppresses
the onset of the impact ionization, distribution of the applied
voltage U=U1+U2 �Fig. 13� changes. In the absence of the
avalanche process the voltage U2 is equal to a high value.
This causes decreasing the voltage U1 and decreasing the
field EC�H� with respect to the field EC�0� without a mag-
netic field. The coefficient A leads to high values.

B. Explanation of the experiment

In order to explain high values of the IMR effect in
SiO2�Co� /GaAs heterostructures and the temperature-peak-
type character, we use the developed theoretical model. The
developed theory can be applied for these heterostructures, if
the size of Co nanoparticles is less than the thickness l of the
accumulation layer. In this case, the granular film can be
considered as continuous and can be characterized by
statistical-average parameters. The thickness l depends on
the difference of the chemical potentials ��=�g−�s, where
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FIG. 14. �Color online� Trajectories without spin-flip scattering
of injected electrons and without surmounting the potential barrier
on the accumulation layer �points a� and trajectories with surmount-
ing the potential barrier �points b�. Surface C is the surface of
maximum heights of the spin-dependent potential barrier.
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FIG. 15. �Color online� Alignment of spins of ferromagnetic
particles at the interface of the SC/granular film heterostructure
along the magnetic field direction. Distance r between ferromag-
netic particles is a random parameter.
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�s is the chemical potential in the SC and �g is the chemical
potential in the granular film. In the first approximation, the
chemical potential �g is given by

�g = �SiO2
�xSiO2

/100� + �Co�xCo/100� ,

where �SiO2
and �Co are the chemical potentials of the SiO2

matrix and Co nanoparticles; xSiO2
and xCo are the atomic

concentrations of the SiO2 and Co in percents, respectively.
The difference �� between chemical potentials of the GaAs
and the SiO2�Co� granular film and between chemical poten-
tials of the Si substrate and the granular film can be esti-
mated from well-known values of the energy of the thermo-
electron emission. For the given materials the differences of
the chemical potentials are �SiO2

−�Co=0.59 eV, �SiO2
−�GaAs=0.62 eV, �Co−�GaAs=0.03 eV, �SiO2

−�Si

=0.95 eV, and �Co−�Si=0.36 eV.64

In order to solve Eqs. �2�, �3�, and �7� in the approxima-
tion of the continuous granular film model, we need to find
the surface probability of the Co particle distribution at the
interface. We assume that at the interface Co particles are
randomly allocated with the surface probability

s = p̄2/3 = � xCovCo

xCovCo + �100 − xCo�vSiO2

�2/3
,

where p̄ is the relative Co volume; vCo=mCo /�CoNA and
vSiO2

=mSiO2
/�SiO2

NA are atomic and molecular volumes for
the Co and the SiO2 matrix; mCo and mSiO2

are the respective
atomic and molecular masses; �Co and �SiO2

are the densities
of Co particles and the SiO2 matrix; NA is the Avogadro
number. For calculations we use mCo=58.93 a.m., mSiO2
=60.09 a.m., �Co=8.90 g /cm3, �SiO2

=2.26 g /cm3.65 Ac-
cording to the continuous granular film approximation, we
must made substitutions �S��R� ��0→s�S��R� ��0 and �Sz�R� ��0

→s�Sz�R� ��0 in relations �6� and �9�, respectively.
Using the developed model, we have found the electron

wave function ���x� �Eq. �2��, the inner self-consistent elec-
trical field ��r�� �Eq. �3��, and the energy barrier W �Eq. �9��.
Calculations have been made for the effective exchange in-
teraction J0�r�−R� �=J0 exp�−�r�−R� � with J0=2 eV and �
=2 nm−1.59 For SiO2�Co� /GaAs heterostructures at the
given temperatures 160–340 °C the thickness l of the accu-
mulation layer is in the range 8–50 nm. The size of Co nano-
particles is less than the thickness l and the approximation of
the continuous granular film is truthful. Heterostructures pos-
sess localized electron states in the accumulation layer at the
interface. In contrast, for SiO2�Co� /Si heterostructures due
to higher values of the difference of the chemical potentials
�� at the interface the potential depth of the accumulation
layer is deeper. This leads to higher electron concentration at
the interface and to more efficient shielding of Co spins. As
a result of this, the accumulation layer has small thickness
without any localized states. The absence of localized states
in SiO2�Co� /Si heterostructures explains small values of the
barrier W �Eq. �9��. Small height of the barrier results in
small variations in W, when the magnetic field is changed,
and small values of the IMR effect �Figs. 6 and 7� in com-
parison with IMR values in SiO2�Co� /GaAs heterostructures

�Figs. 4, 5, 8, and 9�. Let us consider IMR dependencies on
the Co concentration, temperature, and the magnetic field.

1. IMR dependence on the Co concentration

The dependence of the IMR on the Co concentration x for
SiO2�Co� /GaAs structures, when electrons are injected from
the SiO2�Co� film �Fig. 5�, demonstrates high IMR values for
the concentration range x=54–71 at. % and low IMR values
for lower and higher Co concentrations. From the developed
model it is found that structures with x=54–71 at. % have
one to two electron localized states with high energies ��

�ex�

�Eq. �6��, which leads to high barrier W at room temperature.
Heterostructures with lower Co concentration �x
�54 at. %� possess greater number of localized states in the
accumulation layer with energies ��

�ex� of small values. For
these structures the barrier height is small and the IMR co-
efficient is low. If the Co concentration x�71 at. %, the
accumulation layer has small thickness without localized
states and is transparent for current. This leads to small IMR
values, too.

2. Temperature dependencies of the IMR

At the interface the electron concentration increases with
temperature increasing. At low temperatures the accumula-
tion layer contains large number of exchange-splitted local-
ized states with small energies ��

�ex�. Temperature increasing
induces thinning of the accumulation layer, a decrease in the
localized state number, an increase in energies ��

�ex�, and a
growth of the barrier W. At a certain temperature the accu-
mulation layer contains one exchange-splitted level and the
magnitude of W reaches the maximum value. The further
temperature growth gives higher electron concentration at
the interface, more efficient shielding of Co spins, and thin-
ner thickness of the accumulation layer. When the sublevel,
on which electrons have spin orientations opposite to Co
spins, crosses the Fermi level, the height of the potential
barrier W sharply decreases. In Fig. 2 for the
SiO2�Co� /GaAs structure with the Co content 71 at. %
crossing of the Fermi level is manifested as a fall on the
temperature dependence of the inject current at T=320 K at
the applied voltage U=70 V. This fall in the current corre-
sponds to the disappearance of the IMR effect at 320 K, U
=70 V in Fig. 8.

The temperature-peak-type character of the IMR effect is
presented in Figs. 8 and 9. Maxima of peaks correspond to
one exchange-splitted level in the accumulation layer. Ne-
glecting spin-polarized tunneling from exchange-splitted lo-
calized states, we fit experimental results using the relation
�26�. The barrier W is given by Eq. �9� and the amplitude A
in the relation �26� is determined to reach the best fit of the
peak height. According to the developed model, the peak
width is inversely proportional to the magnitude of the sur-
face probability s of the Co particle distribution at the inter-
face. Decreasing the Co content results in the decrease in the
surface probability s: from s=0.52 �x=71 at. % Co� to s
=0.26 �x=38 at. % Co�. This corresponds to the observed
increase in the peak width with Co concentration decreasing:
from �T=37 K �x=71 at. % Co� to �T=62 K �x
=38 at. % Co�.
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Locations of IMR temperature peaks can be shifted by the
applied electrical field. These shifts can be explained by the
change in the electron concentration at the interface under
the electrical field action. The applied field causes to an elec-
tron depletion in the SC at the interface. As a result of this, at
high-field magnitudes it needs higher temperatures to form
the accumulation layer with one exchange-splitted level. In
order to take into account the action of the electrical field for
the SiO2�Co� /GaAs structure with the Co content 71 at. %
in Fig. 8, we use the following differences of the chemical
potentials �� :0.201 eV �U=40 V�, 0.197 eV �U=50 V�,
0.187 eV �U=60 and 70 V�.

3. IMR dependencies on the magnetic field

At last, we consider IMR dependencies on the magnetic
field for SiO2�Co� /GaAs structures. As we can see from Fig.
4, at magnetic fields of low values the IMR grows greater
than at high magnetic fields. The high growth of the IMR can
be explained by changes in the domain structure, which dis-
appears at Hsat=4 kOe. Slow IMR increasing at the mag-
netic field H�Hsat can be due to alignment of different spin
orientations of randomly allocated Co particles at the inter-
face �Fig. 15�. Magnetic field polarizes spins along the field
direction. This leads to the increase in the z-projection
�Sz�R� ��0 and to the increase in the barrier height W �Eq. �9��
with growth of the magnetic field. Higher barrier height sup-
presses the onset of the avalanche process. This changes the
potential distribution and decreases the electrical field EC�H�
�Figs. 13 and 14� in comparison with the electrical field
EC�0� in the absence of a magnetic field. As a result of this
the value of the coefficient A in Eq. �26� becomes higher
with magnetic field increasing.

IV. EXTENSION OF THE IMR EFFECT ON
HETEROSTRUCTURES WITH OTHER

SEMICONDUCTORS

We have considered SiO2�Co� /GaAs heterostructures and
have come to the conclusion that these heterostructures can
be used as �1� spin-polarized electron injectors and �2� effi-
cient magnetoresistive sensors. Spin-polarized electron injec-
tion can be observed at low voltages in the absence of an
avalanche process. Electrons tunnel from exchange-splitted
localized states in the accumulation layer �Fig. 13�. If the
tunneling transparency in the region ��1 ,�2� from the highest
sublevel is greater than the transparency from lower sublev-
els, then the spin injection reaches high values. Magnetore-
sistive sensors are based on the IMR effect in
SiO2�Co� /GaAs heterostructures, which is observed at high
voltages above the threshold of the avalanche process. The
developing impact ionization produces holes, which move
and are accumulated in the region of the potential barrier.
Formed positive feedback leads to great changes in the flow-
ing current. But this process has some deficiencies. �1� The
IMR effect in SiO2�Co� /GaAs heterostructures has the
temperature-peak-type character. �2� This effect is observed
in heterostructures with semi-insulating GaAs and in hetero-
structures with n-GaAs of high resistivity.

It is very important to extend the IMR effect observed in
SiO2�Co� /GaAs heterostructures to heterostructures with
other SCs and to reach the IMR coefficient of high values in
a broad temperature range. One of the promising semicon-
ductor for spintronics with enhanced lifetime and transport
length is silicon, Si.19,46,66 Spin-orbit effects producing spin
relaxation are much smaller in Si than in GaAs owing to the
lower atomic mass and the inversion symmetry of the crystal
structure maintaining spin-degenerate bands. Furthermore,
the most abundant isotope 28Si has no nuclear spin, suppress-
ing hyperfine interactions. These properties make relatively
long spin lifetimes in Si.

Considering the IMR effect in SiO2�Co� /GaAs hetero-
structures, we can result in conclusion that for the efficient
magnetoresistance in FM/SC heterostructures it is needed to
fulfill the following requirements. �1� The SC contains a
quantum well at the interface. �2� The quantum well must
contain localized electron levels. �3� Localized levels must
be exchange splitted by the FM. Interaction with electrons on
these levels forms the spin-dependent barrier. �4� Giant mag-
netoresistance effect can be achieved in the presence of the
impact ionization process. �5� The trap for holes produced by
the impact ionization must be placed in the region of the
potential barrier. Holes lower the barrier height. This forms
the positive feedback and results in great changes in the cur-
rent.

The studied SiO2�Co� /GaAs heterostructures contain
quantum wells formed by the SiO2�Co� film due to the dif-
ference of the chemical potentials between the SiO2�Co� and
the GaAs. Width and form of these quantum wells are
strongly dependent on the electron concentration at the inter-
face and, therefore, on temperature. Using another methods
to form quantum wells at interfaces in SCs �molecular-beam
epitaxy and metal-organic chemical-vapor deposition�, we
can obtain quantum wells with desired width, depth, and
number of localized electron levels. Magnetoresistive sen-
sors with use the impact ionization process can be con-
structed on the base of heterostructures with hole traps and
quantum wells near the interface �Fig. 16�. Localized levels
can be splitted by the exchange interaction with a FM grown
at the interface or by the interaction with a granular film
containing FM nanoparticles. It is needed to note that the
latter technology method—sputtering of the granular film

semiconductor

d-electrons �� ��

�
�� ��

�

quantum
well

conduction band

valence band
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process

holes

ferromagnetic
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-

+

FIG. 16. �Color online� Schematic band diagram of the magne-
toresistive sensor on the base of the heterostructure with quantum
well and hole trap in the avalanche regime.
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can solve the problem of the efficient spin injection difficulty
due to the inherent conductivity mismatch between FM met-
als and SCs.67 Variation in the FM nanoparticle concentration
leads to considerable variation in the conductivity of the
granular film and we can reach conductivity correspondence
between the FM and the SC. The additional barrier formed
near the quantum well in the region of the hole trap makes
possible to improve the onset of the impact ionization Ap-
plied voltage drops on the barrier and, thus, forms high elec-
trical field in this region sufficient to start the avalanche pro-
cess.

It can be expected that the proposed magnetoresistive sen-
sor possesses the magnetoresistive effect of high values in a
broad temperature range. The quantum well has fixed width
and depth. This leads to a fixed number of localized levels,
which are responsible for the formation of the spin-
dependent barrier. The number of levels is slightly dependent
on temperature. There is the reason to believe that the mag-
netoresistive sensor based on this heterostructure can operate
at a broader temperature range in comparison with sensors
based on SiO2�Co� /GaAs heterostructures in which the
quantum well at the interface is formed by the difference of
chemical potentials of the GaAs and the granular film.

V. CONCLUSION

We have studied the electron-spin transport in
SiO2�Co� /GaAs and SiO2�Co� /Si heterostructures, where
the SiO2�Co� structure is the granular SiO2 film with Co
nanoparticles and have obtained the following results.

�1� In SiO2�Co� /GaAs heterostructures the giant IMR ef-
fect is observed. The IMR effect has positive values and the
temperature-peak-type character. The temperature location of
the effect depends on the Co concentration and can be shifted
by the applied electrical field. For the SiO2�Co� /GaAs het-
erostructure with 71 at. % Co the IMR value reaches 1000
�105%� at room temperature, which is two to three orders
higher than maximum values of GMR in metal magnetic
multilayers and TMR in magnetic tunnel junctions. On the
contrary, for SiO2�Co� /Si heterostructures magnetoresistance
values are very small �4%� and for SiO2�Co� films the intrin-
sic magnetoresistance is equal to opposite values.

�2� High values of the magnetoresistance effect in
SiO2�Co� /GaAs heterostructures have been explained by
magnetic field-controlled onset of the impact ionization. The
spin-dependent potential barrier is formed in the accumula-

tion electron layer in the semiconductor near the interface.
The impact ionization induced by injected electrons produces
holes, which move and are accumulated in the region of the
potential barrier. Existence of holes in the region of the bar-
rier lowers the barrier height, grows the electron current
flowing through the barrier, and leads to the enhancement of
the avalanche process. Due to the formed positive feedback
small variations in the barrier height give great changes in
the current. The applied magnetic field increases the height
and reduces the transparency of the barrier. This suppresses
the onset of the impact ionization and changes the potential
distribution. The developed model can explain some features
of experimental results. The spin-dependent potential barrier
is due to the exchange interaction between electrons in the
accumulation electron layer in the SC and d electrons of Co.
Existence of localized electron states in the accumulation
layer results in high values and the temperature-peak-type
character of the barrier in the SiO2�Co� /GaAs. This leads to
the temperature-peak-type character of the IMR. Maxima of
IMR peaks correspond to one exchange-splitted level in the
accumulation layer. The temperature peak width is inversely
proportional to the surface probability of the Co particle dis-
tribution at the interface. In contrast, for SiO2�Co� /Si hetero-
structures the accumulation layer has small thickness without
any localized states, is tunnel transparent and does not influ-
ence on the injection current.

�3� FM/SC heterostructures with quantum wells contain-
ing spin-polarized localized electrons in the SC at the inter-
face are proposed as efficient room-temperature spin injec-
tors. In the avalanche regime heterostructures with holes
traps and spin-dependent potential barrier in quantum wells
can be used as efficient magnetic sensors.
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