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Relaxation processes of the light-induced giant injection magnetoresistance in
semiconductor/granular-film heterostructures with cobalt nanoparticles
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We have studied relaxation processes of the photocurrent and the light-induced giant injection magnetoresis-
tance (IMR ") in SiO,(Co)/GaAs heterostructures, where the SiO,(Co) structure is the granular SiO, film with
Co nanoparticles, and have found that the photocurrent is accompanied by relaxation oscillations. Relaxation
oscillations are caused by transitions between the photocurrent and electrons on the highest level in the interface
quantum well. The light-induced magnetoresistance IMR" reaches the maximum value in the avalanche onset
region and has the local minimum at the higher voltage. It is found that the local minimum can been explained
by delocalization of the highest level in the interface quantum well and by decrease of the probability of the
backscattering process of injected electrons on deeper levels. SiO,(Co)/GaAs heterostructures are proposed to
use as efficient fast-response magnetic sensors operating without hysteresis at room temperature.
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I. INTRODUCTION

Ferromagnet-semiconductor heterostructures are of great
interest because of promising applications for spin-electronic
devices and magnetic sensors [1-3]. Magnetic sensors have
numerous applications in areas such as position sensing, speed
detection, noncontact switching, vehicle detection, space
exploration, electronic compasses, geophysical prospecting,
nondestructive testing, biomedicine, and brain-function map-
ping [4-6].

The necessary condition for magnetic sensors is a high
value of magnetoresistance. Extremely large magnetoresis-
tance can be achieved in SiO,(Co)/GaAs heterostructures,
where the SiO,(Co) is the SiO; film with Co nanoparticles
[7-10]. Since the effect is expressed when electrons are
injected from the granular film into the semiconductor, this
magnetoresistance effect was named the giant injection mag-
netoresistance (IMR effect). For SiO,(Co)/GaAs heterostruc-
tures with Co nanoparticles, the IMR value reaches 1000
(10°%) at room temperature, which is two to three orders
higher than the maximum values of the giant magnetoresis-
tance (GMR) in metal magnetic multilayers [11-14] and the
tunneling magnetoresistance (TMR) in magnetic tunnel junc-
tion structures [15-21]. High values of the IMR effect give
us the opportunity to use the semiconductor/granular-film
heterostructures as magnetic sensors with higher sensitivity.

High values of the IMR effect in Si0,(Co)/GaAs het-
erostructures are explained by the theoretical model of a
magnetic-field-controlled avalanche process provided by elec-
trons passed through the spin-dependent potential barrier in
the accumulation layer at the interface and by the spin-
dependent current reduction caused by the backscattering
process of injected electrons on exchange-split levels of the
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interface quantum well [9,10,22]. Besides the IMR effect, the
interface region of SiO,(Co)/GaAs heterostructures and the
avalanche positive feedback are of great importance in the
negative photoconductance and in the magnetic field enhance-
ment of the photocurrent in the vicinity and above the GaAs
band gap [23-25].

Although high values of the magnetoresistance in
Si0,(Co)/GaAs heterostructures have been obtained, relax-
ation processes accompanying the IMR effect have not been
studied. This study can clarify the nature of transitions occur-
ring in the interface region of SiO,(Co)/GaAs heterostruc-
tures and is important for the production of fast-response
magnetic sensors with higher sensitivity in comparison with
GMR sensors [26,27].

In this paper, we study relaxation processes of the giant
injection magnetoresistance in Si0,(Co)/GaAs heterostruc-
tures induced by femtosecond light impulses. Sample prepa-
ration and characteristics of silicon-dioxide films with cobalt
nanoparticles are presented in Sec. II. In Sec. III, we present
the results of the IMR effect at direct current. Sharp growth of
the magnetoresistance coefficient is observed in the avalanche
onset region. Experimental results of the relaxation processes
induced by femtosecond light impulses are considered in
Sec. IV. Relaxation oscillations of the photocurrent and vari-
ations of the IMR value dependent on the applied voltage
are observed. Experimental results are explained in Sec. V
by a theoretical model based on variations of the density of
electrons on exchange-split levels in the interface quantum
well.

II. SAMPLE PREPARATION AND CHARACTERISTICS
OF SILICON-DIOXIDE FILMS WITH
COBALT NANOPARTICLES

The (Si03)100—xCo, [SiO,(Co)] films were prepared
by the ion-beam deposition technique using a composite

©2019 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.99.134433&domain=pdf&date_stamp=2019-04-23
https://doi.org/10.1103/PhysRevB.99.134433

LUTSEV, SHELUKHIN, STOGNIJ, AND NOVITSKII

PHYSICAL REVIEW B 99, 134433 (2019)

TABLE 1. Properties of SiO,(Co) films sputtered on GaAs
substrates.

No. Film thickness Co concentration
(nm) x (at.%)

1 86 38

2 81 45

3 90 60

4 95 71

5 95 82

cobalt-quartz target onto GaAs substrates heated to 200 °C
[9]. The Co concentration in the SiO, matrix was specified
by a proportion of cobalt-quartz surface areas. n-GaAs sub-
strates with thickness of 0.4 mm were of the (100)-orientation
type. The substrate electrical resistivity was equal to 0.93 x
10°  cm. Prior to the deposition process, substrates were pol-
ished by a low-energy oxygen ion beam [28]. The roughness
height of the polished surfaces was less than 0.5 nm.

The film composition was determined by the nuclear
physical methods of element analysis [29]. The cobalt-to-
silicon atomic ratio in the samples (SiO;);00—Co,/GaAs was
measured by the Rutherford backscattering spectrometry of
deuterons. For the samples studied, the relative content of
cobalt x and the film thickness are listed in Table I. The
average size of the 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.%.

A protective Au layer with the thickness of 3-5 nm
was deposited on the SiO,(Co) films. The Au layer formed
one ohmic contact in experiments, while the second con-
tact was on the GaAs substrate. Electrical resistivity of
Si0,(Co) films was measured by the dc four-probe method
on Si0,(Co)/quartz heterostructures at room temperature.
As the Co content increased, the resistivity of the SiO,(Co)
films decreased from 1.46 x 10> Qcm (38 at.%) to 1.1 Qcm
(82 at.%). The film resistivity is much smaller than the resis-
tivity of the GaAs. In this case, in experiments the applied
voltage U primarily falls on the GaAs substrates.

It was found that SiO,(Co) films sputtered on GaAs
are inhomogeneous through the thickness. Small-angle x-ray
scattering of synchrotron radiation in the grazing incidence
geometry (GISAXS) and x-ray reflectivity showed a specific
interface layer 7075 A thick separating bulk SiO,(Co) gran-
ular film from the semiconductor substrate [30—32]. This layer
was formed by a monolayer of flattened Co particles, which
were laterally spaced apart much further than the particles in
the bulk film. Using temperature-dependent polarized neutron
reflectometry and magnetization measurements performed by
a superconducting quantum interference device (SQUID), one
found the occurrence of two types of magnetic nanoparticles
with different blocking temperatures and magnetization.

The magnetic properties of SiO,(Co) films have been stud-
ied by the ferromagnetic-resonance (FMR) spectra technique
over frequency ranges of 3741 GHz and 25-28 GHz at
room temperature [33,34] and by the Brillouin light scatter-
ing (BLS) method [35-37]. A sharp increase in the FMR
linewidth AH with a decreasing concentration of cobalt
nanoparticles was found [33]. The effect of considerable FMR

linewidth broadening has been accounted for by the spin-
polarized relaxation mechanism [38]. The anomalous local
fall in the dependence of the magnetization of SiO,(Co) films
on the Co concentration of granular nanostructures has been
detected in the range of 50-60 at.% Co [34]. The observed pe-
culiarity of the magnetization dependence has been explained
by the influence of the semiconductor substrate on the spin
polarization of Co particles in the granular film.

The BLS method gives the possibility to study dipole-
exchange spin waves propagated in SiO,(Co) films [35-37].
The BLS measurements were carried out in the Damon-
Eshbach geometry. The saturating magnetic field H was ap-
plied parallel to the plane of the film and the direction of
propagation of the spin waves was normal to H. Since spin
waves are very sensitive to the inhomogeneity of magnetic
parameters, spin disorder, and conductivity of an object near
or inside which these waves propagate, they can be used
to determine magnetic and electrical characteristics of the
objects under investigation. The analysis of dispersion curves
obtained in [35-37] has been used to determine parameters of
heterostructures consisting of a SiO, film with Co nanopar-
ticles on a GaAs substrate [39]. It has been found from the
shape of dispersion curves of the surface spin waves that in the
film near the interface, spins of the Co nanoparticles are close
to a ferromagnetic ordering, whereas near the free surface,
the spin orientation of nanoparticles is more chaotic. It has
been revealed that a conducting layer is formed in GaAs,
and the Si0,(Co) film near the interface has an increased
conductivity.

The field dependencies of magnetization have been mea-
sured at 300 K with the applied magnetic field parallel and
perpendicular to the SiO,(Co) films [35]. It was found that
films are fully saturated for an applied field of 2000 Oe for the
parallel orientation. With the field perpendicular to the film,
the value of 9000 Oe is necessary to reach the saturation.

III. IMR EFFECT AT DIRECT CURRENT

We have studied current-voltage characteristics and mag-
netoresistance in SiO,(Co)/GaAs heterostructures (Table I)
at direct current. One contact was on the semiconductor
substrate, and the other was on the SiO,(Co) granular film.
The first contact was prepared by a silver paste on the GaAs
back surface. Figure 1(a) illustrates the effect of the magnetic
field on the current-voltage characteristic at room temperature
in the case of the electron injection into the GaAs substrate
for the Si0,(Co)/GaAs structure (sample no. 4) with 71 at.%
Co. For U > 55 V, a sharp increase in the 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.

One can observe that the current density j decreases with
growth of the magnetic field H [Fig. 1(b)]. The further mag-
netic field lowering increases the current, but the descending
and ascending current branches do not coincide with forming
a hysteresis. The hysteresis is caused by the avalanche process
developed in the GaAs. At the growth of the magnetic field,
the quenching of the avalanche occurs at higher field values
than the onset of the avalanche at magnetic field lowering. If
the avalanche process is stable (for example, for the voltage
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FIG. 1. (a) Current-voltage characteristic for the electron injec-
tion into the semiconductor for the SiO,(Co)/GaAs structure with
71 at.% Co (sample no. 4) at the magnetic field H = 7.35 kOe and
without a magnetic field. (b) Current density j flowing in the sample
no. 4 at the voltage U = 60, 65, and 70 V vs the magnetic field H at
field growth and at decrease of the magnetic field, respectively. H is
parallel to the surface of the SiO,(Co) film.

70 V in the range 150-1000 Oe), then there is no hysteresis
and the branches coincide.

The injection magnetoresistance coefficient IMR is defined
by the ratio [7-10]

IR = RED —RO) _j(©) — jH)
R(©) j(H)

where R(0) and R(H) are the resistances of the
Si0,(Co)/GaAs 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 SiO,(Co)/GaAs heterostructures (Table I) versus the
applied voltage U at room temperature at the magnetic
field H = 7.35 kOe is shown in Fig. 2. The magnetic field
H is parallel to the film. As seen from Fig. 1, the applied
magnetic field suppresses the avalanche process and the
current flowing in the heterostructure decreases. As a result,
the suppression of the avalanche process causes a sharp
growth of the magnetoresistance coefficient in the avalanche
onset region, where the magnetoresistance reaches highest

, ey

40

30

20+

IMR

10

O | 1 | 1
50 60 70 80 90 100
Voltage U (V)

FIG. 2. The injection magnetoresistance IMR vs the applied
voltage U at room temperature for the SiO,(Co)/GaAs structures
at the magnetic field H = 7.35 kOe. H is parallel to the surface of
the SiO,(Co) film.

values (Fig. 2). The location of the IMR coefficient maximum
depends on the Co content x. For samples no. 3 and no. 4 with
60 at.% Co and 71 at.% Co, respectively, the IMR maximum
is observed at the voltage U = 75 V. For higher (sample no.
5 with 82 at.% Co) and lower (samples no. 1 with 38 at.% Co
and no. 2 with 45 at.% Co) cobalt concentrations, the voltage
at which the magnetoresistance reaches maximum is shifted
to higher values.

According to [7], the IMR effect is observed at any orien-
tation of the magnetic field. But, due to the demagnetization
factor of the film, the highest value of the IMR coefficient is
reached at a magnetic field parallel to the film surface.

The above-mentioned study of current-voltage character-
istics and magnetoresistance in SiO,(Co)/GaAs heterostruc-
tures performed at direct current shows that the IMR depen-
dencies are similar for samples with different cobalt concen-
trations. The only difference is in the location of the IMR co-
efficient maximum. Taking this into account, in order to study
relaxation processes induced by femtosecond light impulses,
we have chosen the SiO,(Co 60 at.%)/GaAs heterostructure
(sample no. 3).

IV. RELAXATION PROCESSES INDUCED BY
FEMTOSECOND LIGHT IMPULSES

To study the injection magnetoresistance IMR and relax-
ation processes induced by femtosecond impulses, we used
the setup presented in Fig. 3. According to the theoretical
model developed in [9,10,22], due to the exchange inter-
action between electrons in the interface quantum well in
the semiconductor and d electrons of Co, the quantum well
in GaAs contains exchange-split levels partially filled by
electrons. Therefore, one can expect an appearance of spin-
dependent effects. For this purpose, in order to detect possible
spin-dependent effects, we used circularly polarized light in
Faraday’s geometry in which the magnetic field was normal to
the SiO,(Co) film surface. The duration of the light impulses
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FIG. 3. Block diagram of the setup used for the study of the
injection magnetoresistance IMR and relaxation processes induced
by femtosecond light impulses.

was equal to 180 fs and the pulse repetition was of 5 kHz.
In experiment, we used the light beam with helicities of
two signs: the helicity vector has been chosen parallel and
antiparallel to the orientation of the magnetic field. The light
fluence was equal to 5 mJ/cm?. The light beam has been
passing through the Au contact layer, the SiO,(Co) film, and
the GaAs substrate.

The current flowing in the SiO,(Co)/GaAs structure was
the sum of the direct current jy and the photocurrent j(¢).
The photocurrent dependencies were obtained for photon
energies £ = 1.35 and 1.4 eV. The GaAs band-gap energy
E,=~1.4 eV was determined as a maximum of the deriva-
tive of the optical density [23]. The highest growth of the
photocurrent exists in the narrow range of photon energies of
1.38-1.41 eV near the band-gap energy E, of the GaAs. Re-
laxation processes induced by femtosecond impulses of light
were detected by a microwave frequency band oscillograph.
Parameters of the low-pass RC filter have been chosen such
that RC > 10 ms.

The relaxation process of the current flowing in the
Si0,(Co 60 at.%)/GaAs heterostructure (sample no. 3) in-
duced by light impulse at different applied voltages in the
magnetic field H = 12 kOe and without a magnetic field at
the photon energy 1.35 eV is shown in Fig. 4. In the start
region of the relaxation process, relaxation oscillations are
observed. After the light impulse, at the time #,, the pho-
toinduced current reaches its maximum value j,. At the time
t > 1, the photoinduced current exponentially decreases. One
can observe that the magnetic field suppresses the current. The
current suppression reaches its maximum at t = .

Figure 5 presents amplitude j; of the current peak in
the start region of the relaxation process and the maxi-
mum of the photoinduced current j, flowing in the SiO,(Co
60 at.%)/GaAs heterostructure (sample no. 3) versus the
applied voltage U at photon energies £ = 1.35 and 1.4 eV
in the magnetic field H = 12 kOe. Within the experimental
error, the photoinduced currents do not depend on the sign of
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FIG. 4. Relaxation process of the current flowing in the SiO,(Co
60 at.%)/GaAs heterostructure (sample no. 3) induced by light im-
pulse at different applied voltages in the magnetic field H = 12 kOe
[curves 30 V(H), 60 V(H), 100 V (H)] and without a magnetic field
[curves 30 V(0), 60 V (0), 100 V(0)] at the photon energy 1.35 eV.
(a) Large timescale; (b) start region of the relaxation process. The
curve fitting is presented for the 60 V (0) dependence.

the light helicity. One can see that at E = 1.4 eV, the current-
voltage dependencies have maximum points. For the current
Jj1, this maximum point is observed at U = 80 V, and for the
current j,, the maximum is located at U = 90 V, respectively.
In contrast with this, at £ = 1.35 eV the current-voltage
dependencies have no maximum points. The photoinduced
currents j; and j, increase with growth of the voltage.

At the time t,, the photoinduced current reaches its maxi-
mum value j,. Figure 6 presents the time #, versus the applied
voltage U for the SiO,(Co 60 at.%)/GaAs heterostructure
(sample no. 3) at photon energies E = 1.35 and 1.4 eV in the
magnetic field H = 12 kOe. One can see that the time #, de-
creases with growth of the voltage U. Similar to dependencies
in Fig. 5, within the experimental error the time #, does not
depend on the sign of the light helicity.

The photoinduced current j, flowing in the SiO,(Co 60
at.%)/GaAs heterostructure at the time f, increases with in-
crease of the applied voltage U. As we can see from Fig. 7(a)
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FIG. 5. Amplitude j; of the current peak in the start region of
the relaxation process and the maximum of the photoinduced current
j» flowing in the SiO,(Co 60 at.%)/GaAs heterostructure (sample
no. 3) vs the applied voltage U at photon energies 1.35 and 1.4 eV
in the magnetic field H = 12 kOe. Squares (M) and circles (o) are
experimental points obtained at different signs of the light helicity:
the helicity vector is parallel and antiparallel to the orientation of the
magnetic field, respectively.

(sample no. 3), the photoinduced current is suppressed by the
magnetic field.

It should be noted that the injection magnetoresistance co-
efficient IMR " [Fig. 7(b)], which is calculated in accordance
with relation (1),

J2(0) — jo(H)
J2(H)

IMRP =

s

1.0

o2-Lt— 1.

|
40 80 120
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FIG. 6. Time #, of appearance of the maximum photoinduced
current flowing in the SiO,(Co 60 at.%)/GaAs heterostructure (sam-
ple no. 3) vs the applied voltage U at photon energies 1.35 and 1.4 eV
in the magnetic field H = 12 kOe. Squares (M) and circles (o) are
experimental points obtained at different signs of the light helicity:
the helicity vector is parallel and antiparallel to the orientation of the
magnetic field, respectively.
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FIG. 7. (a) Maximum of the photoinduced current j, flowing in
the SiO,(Co 60 at.%)/GaAs heterostructure (sample no. 3) vs the
applied voltage U in the magnetic field H = 12 kOe and without
a magnetic field at the photon energy 1.35 eV. (b) The injection
magnetoresistance IMR”" vs the applied voltage U measured at
the time #,. The error estimation is presented for the photoinduced
current at the applied voltage U = 70 V in the zero magnetic field.

reaches the maximum value in the avalanche onset region
(U =60 V) and is equal to zero at the voltage U =80 V.
This feature of the IMR”" dependence is caused by delocal-
ization of the highest level in the interface quantum well and
by decrease of the probability of the backscattering process
of injected electrons on deeper levels. This phenomenon is
considered in the next section.

V. DISCUSSION

Explanation of the experiment is based on the theoreti-
cal model developed in [9,10,22]. In SiO,(Co)/GaAs het-
erostructures, the difference of chemical potentials between
the SiO,(Co) film and the GaAs determines bending of the
semiconductor conduction band (Fig. 8) and forms a quan-
tum well (accumulation electron layer) in the semiconductor
near the interface. Due to the exchange interaction between
electrons in the quantum well in the semiconductor and d
electrons of Co, the quantum well contains exchange-split
levels.
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FIG. 8. Electronic energy band structure and exchange-split lev-
els in the quantum well at the interface region in the granular-film
Si0,(Co)/GaAs heterostructure. 1 and 2 mark exchange-split levels.

High values of the magnetoresistance effect in
Si0,(Co)/GaAs heterostructures have been explained by
magnetic-field-controlled onset of the impact ionization and
by the electron accumulation in the quantum well in the
semiconductor interface region induced by the backscattering
process of injected electrons on exchange-split levels. The
spin-dependent potential barrier is formed in the accumulation
electron layer in the semiconductor near the interface. The
potential barrier is due to the exchange interaction between
electrons in the accumulation electron layer in the GaAs
and d electrons of Co. The impact ionization induced by
injected electrons produces holes, which move and are
accumulated in the region of the potential barrier. Due to the
formed hole 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 model developed
in [9,10,22] can explain some features of the experimental
results. Specifically, the existence of localized electron
states in the accumulation layer results in high values
of the barrier in the SiO,(Co)/GaAs. This leads to the
temperature-peak-type character of the IMR observed in [9].
Maxima of IMR peaks correspond to one exchange-split level
in the accumulation layer.

In order to explain the relaxation processes of the pho-
tocurrent, we consider the action of the light impulse on the
Si0,(Co)/GaAs heterostructure (Fig. 8). The voltage U is
applied on the heterostructure contacts and, consequently, the
current flows through the heterostructure. We consider a small
contact area and, after this, generalize results on the het-
erostructure contact. The light impulse generates additional
electrons in the conduction band and induces a photocurrent.
The dynamics of the photocurrent caused by these additional
electrons and variations of densities of electrons on exchange-
split levels 1 and 2 can be determined by the equation

on L -
— =Dn+ f(), ()
Jat
where
nj
71 =1m
np

Here, n; is the density of electrons induced by light.
The photocurrent is determined by n;, j = en;v, where e is
the electron charge and v is the electron velocity. n; is the
variation of the density of electrons on level 1 (first level) in
comparison with the thermodynamic equilibrium density. By
analogy, n; is the variation of the density of electrons on level
2 (second level). The matrix D is

doo  dot  do
D= \do din dp
dyo dy  dy
—(a1+a) (b1 —=Vi) (ba—W)
= ai —(c+by) 0 , 3)
as c —b2

where a; and a, are the probabilities of transitions of pho-
tocurrent electrons on the first and second levels per unit of
time, respectively. V| and V, determine the Coulomb influ-
ence of electrons localized on the first and second levels,
respectively, on the photocurrent j. The increase of electrons
on the levels leads to a decrease of the current j. by and b,
are the probabilities of electron tunneling per unit of time
through the barrier from levels 1 and 2, respectively. c is the
probability of the electron transition per unit of time from the
first level on the second level.

The term f(¢) denotes the generation of the photocurrent
by the light. Taking into account that the impulse width of
light is, to a great extent, les§ than the observed relaxation
times, one can write the term f(¢) as

. AS(t)

fo=1{ 0 |
0

where A is the coefficient.
After the action of the light impulse, the solution of Eq. (2)
can be written in the form [40]

i) =y CVE® exp(h.br), @)
k=1

where the eigenvalues A*) are determined by the equation
det(D — A7)
= (doo — 2" (di1 = 19)(da2 = 1Y) — diadai (dgo — 11)
— doadao(dii — 2 — dyodoy (daa — 1)
+ doidizdao + dopdaidio = 0, 5

where T is the identity matrix. The eigenvectors &*) are found
from the equation

(D — A 0OTE® = 0.

In the experiment, we observe relaxation oscillations; con-
sequently, one of the eigenvalues must be complex (A" =
ReA™® 4 iImA®, ReAD #£ 0, and ImA(" # 0). The second
eigenvalue A® is real. Since the probability b; of electron
tunneling from the first level is, to a great extent, higher
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than the probability b, of electron tunneling from the deeper
second level, and taking into account that the probabilities of
transitions on the deeper second level are smaller than the
probabilities of transitions on the higher first level (¢ < by,
ay < ay), from Eq. (5) one can approximately calculate the
relaxation time t; and the circular frequency of relaxation
oscillations,

-1 2
T = = N
"TRex®D T g + by
1
o =Im\V = 5[4alv1 — (a1 + b)*1V2. (6)

In this case, we take into account only the interaction
between the photocurrent and the variation of the electron
density n;. The influence of the second level on the pho-
tocurrent j and, consequently, the term (b, — V,) in the D
matrix (3) is ignored. Relaxation oscillations are observed if
the Coulomb term satisfies the inequality

1
Vi > —(a; + b))%
4(11

In our experimental study, we observe relaxation oscilla-
tions (6) with the frequency of w/2mr = 100 MHz. Within the
experimental error, the relaxation oscillation frequency w/2mw
is not varied under the magnetic field action and with increase
of the applied voltage U.

In contrast with the relaxation time 7, which can be found
by relation (6), in order to find the eigenvalue A® and the
relaxation time 17, it is necessary to solve the cubic equation
(5) without any approximations.

Taking into account the form of the relaxation solution (4)
and the complex-valued form of the eigenvalue A", we can
find the relaxation of the photocurrent j(¢) as

B B
jit) = —?1 exp(AVr) — 71 exp(AV*1) + By exp(APr)
—t —t
= —Bjexp (—) cos(wt) + B exp (—), (7)
T (%]

where AV = —1/7; +iw and A» = —1/1,. B, and B, are
coefficients connected with the current j; (Fig. 4) by relation
J1=B> — Bj.

The above-mentioned consideration has been done for
small contacts and interface areas. Relaxation times 7;, 7, and
the oscillation frequency w/27 in relation (7) may be different
at different interface points. Integrating the current j(t) (7)
over the interface surface S, we find the current flowing in the
heterostructure,

Jj(t) = =B\Ei(1) + B2Ex (1), ®)

where

—t
E @)= /exp (—) cos(wt)p; (1), w)dtidw,
s T

Ex(t) = / exp (l’)m(rz)drz,
S T

and p;(t1, w), p2(12) are distributions. Integrations are per-
formed over the interface surface S. Deviation of the distri-
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FIG. 9. Relaxation time 7; of the photoinduced current flowing
in the SiO,(Co 60 at.%)/GaAs heterostructure (sample no. 3) in the
magnetic field H = 12 kOe [e: curve 1.35 eV(H)] and without a
magnetic field [l: curve 1.35 eV(0)] at the photon energy 1.35 eV.

bution p;(t;, @) from the homogeneous distribution §(7; —
1'1(0))5(&) — w©), where rl(o) and »® are average values
of the relaxation time 7; and the relaxation oscillation w,
respectively, results in decrease of the relaxation oscillation
amplitude.

The maximum of the photoinduced current j, at t =1,
in Fig. 4(a) can be determined as the zero derivative of the
current j(¢) (8) with respect to the time 7,

3j@)
ar

In order to find the relaxation times 7; and 7, we have
fitted experimental relaxation curves of the photocurrent by
the theoretical dependence j(t) given by relation (8) with
distributions,

0.

p1(11, ) = ()s(r1 — 1),

pa(12) = 8(r2 — 1}”),

j@6) = —Byexp <1> + Byexp <_—’> ©)

13! T2

The coefficient B, in relation (9) is the constant obtained
by time averaging of the relaxation oscillations,

B, = Bl<f cos(wt)u(w)dw> .

s 1

In this case, we ignore oscillations. The curve fitting is
shown in Fig. 4 for the 60 V (0) dependence. The relaxation
time t; of the photoinduced current flowing in the SiO,(Co
60 at.%)/GaAs heterostructure in the magnetic field H =
12 kOe and without a magnetic field at the photon energy
1.35 eV is presented in Fig. 9. One can see that within the
experimental error, the relaxation time t; does not depend on
the magnetic field. At high values of the applied voltage U >
90 V, the small decrease of the relaxation time 7, is observed.
According to relation (6), the relaxation time 7 is determined
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FIG. 10. Relaxation time 7, of the photoinduced current flowing
in the SiO,(Co 60 at.%)/GaAs heterostructure (sample no. 3) in
the magnetic field H = 12 kOe [curves 1.35 eV(H) and 1.4 eV(H)]
and without a magnetic field [curve 1.35 eV(0)] at photon energies
1.35and 1.4 eV.

by transitions and influence between the photocurrent and
electrons on the first level.

Dependencies of the relaxation time 7, of the photoinduced
current flowing in the same heterostructure in the magnetic
field H = 12 kOe and without a magnetic field at photon
energies 1.35 and 1.4 eV versus the voltage U are presented
in Fig. 10. It should be noted that the voltage growth
results in a significant decrease of the relaxation time 7.
In addition, in the magnetic field, the relaxation time T,
increases. In contrast with the relaxation time 7;, high values
of the time 7, are caused by electron transitions occurring on
the deeper second level.

The above-mentioned model of the dynamics of the pho-
tocurrent with exchange-split levels in the interface quantum
well [Eq. (2)] can explain the zero value of the injection
magnetoresistance coefficient [Fig. 7(b)] at the voltage U =
80 V. Indeed, voltage growing bends the semiconductor con-
duction band. As a result of the bending, the higher first
level (Fig. 8) can be delocalized. In this case, the first level
drops out from the photocurrent dynamics model and, besides
the second level, it is necessary to take into consideration
deeper levels in the quantum well. The probability of the
backscattering process of injected electrons on deep levels is
small [10]. This leads to small variations of the density of
electrons on these levels, and, therefore, to low values of the
magnetoresistance IMR "), The further growth of the voltage
results in increase of bending of the conduction band and the
subsequent level lifting. As a result, the IMR" coefficient
increases.

From Figs. 5 and 6, one can see that photoinduced currents
do not depend on the sign of the light helicity. Taking into
account the developed theoretical model, the current inde-
pendence on the light helicity can be explained as follows.
Circularly polarized photons generate electrons with spin

polarization (Fig. 8). After the time At, photoinduced elec-
trons can fall on exchange-split levels. The probability to
occupy one of the exchange-split levels depends on electron
spins. The current independence on the light helicity leads us
to a conclusion that the spin-relaxation time 7 of photoin-
duced electrons is much less than the time At, t¢? <« Art.

Completing the consideration of the photocurrent dynam-
ics model, we note that Si0,(Co)/GaAs heterostructures can
be used as efficient fast-response magnetic sensors. The upper
frequency bound f of sensors is determined by the time
t, (Fig. 4). From Fig. 6, one can evaluate this frequency,
f =1/t = 1-5 MHz. If we use linear segments of current—
magnetic field dependencies without hysteresis [for example,
the current dependence at the voltage 70 V in the range of
150-1000 Oe in Fig. 1(b)], then high values of the current
controlled by the alternating magnetic field H(¢),

J®) = jo — g joH(1) (10)

can be achieved. In relation (10), jo is the direct current,
¢ joH (¢) is the alternating current, and

1)
S =, oH

is the coefficient of the sensitivity. For the current dependence
presented in Fig. 1(b) at the voltage 70 V and at the applied
magnetic field H in the range of 150-1000 Oe, the sensitivity
coefficient ¢ is equal to 0.66 x 1073 0e~"'. In this case, we
obtain the highest sensitivity for the alternating magnetic field
H (¢) and reach the linearity of the sensor.

In comparison with GMR sensors, for magnetic sensors
based on the IMR effect, one can attain better character-
istics. The disadvantages of GMR sensors are their non-
linearity (2% for commercial devices AA002 manufactured
by NVE) and hysteresis, which can reduce measurement
accuracy [5,6,41-43]. The highest applicable frequency of
GMR current sensors is usually lower than megahertz. In
contrast to GMR sensors, for IMR sensors we can use op-
erating conditions without hysteresis [Fig. 1(b)]. Moreover,
the magnetoresistance and the linear range (850 Oe for IMR
sensors versus 10.5 Oe for GMR commercial devices AA002
manufactured by NVE) are higher.

VI. CONCLUSION

We have studied relaxation processes of the light-induced
giant injection magnetoresistance (IMR) in SiO,(Co)/GaAs
heterostructures, where the SiO,(Co) structure is the granular
Si0O; film with Co nanoparticles, and have obtained the fol-
lowing results.

(1) Relaxation processes of the photocurrent in
Si0,(Co)/GaAs heterostructures induced by femtosecond
light impulses are accompanied by relaxation oscillations.
This phenomenon can be explained by the photocurrent
dynamics model with exchange-split levels in the interface
quantum well. Relaxation oscillations are caused by
transitions between the photocurrent and electrons on the
highest level in the well.

(2) The light-induced magnetoresistance IMR”" reaches
the maximum value in the avalanche onset region and has
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the local minimum at the higher voltage. The local minimum
of the IMR”" dependence is caused by delocalization of the
highest level in the interface quantum well and by decrease
of the probability of the backscattering process of injected
electrons on deeper levels.

(3) Si0;,(Co)/GaAs heterostructures can be used as ef-
ficient fast-response magnetic sensors operating without

hysteresis at room temperature. The upper frequency bound
of the sensors is of 1-5 MHz.
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