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Two types of spintronic devices on the basis of magnetic nanostructures containing
silicon dioxide films with cobalt nanoparticles SiO,(Co) on GaAs substrate, magnetic
sensors and magnetically operated field-effect transistor, were studied. Action of magnetic
sensors is based on the injection magnetoresistance effect. This effect manifests itself in
avalanche suppression by the magnetic field in GaAs near the SiO,(Co)/GaAs interface.
Field-effect transistor contains SiO,(Co) heterostructure under gate. It was found that the
magnetic field action leads to significant changes in electron mobility in the channel due
to interaction between spins of Co nanoparticles and electron spins.

UccnenoBadbl ABAa BHUAA CIMHTPOHHBLIX YCTPOMCTB HA OCHOBE MATHUTHBIX HAHOCTPYKTYD,
Coflep:KaIINX IJIeHKH AUOKCHAA KpeMHHA ¢ HaHouactunamu kKobamsra SiO,(Co) Ha mommosx-
ke GaAs — MarHMTHBIX CEHCOPOB M MAarHUTOYIIPABJIAEMOI'O II0JIEBOr0 TpaHaucTopa. JleicT-
BUe MAarHUTHBLIX CEHCOPOB OCHOBAHO Ha 3(P(eKTe MHMKEKIMOHHOI'0O MarHUTOCOIPOTHUBJIEHUS,
KOTODBI# 3aKJI0YaeTcsd B TOM, YTO MAUHUTHOE II0JIe IIONABJSeT JaBUHHBLIA mpoiecc B GaAs
BOausu uHTepdeiica SiO,(Co)/GaAs. IloneBoil TPAaHBMCTOD COJEPIKHUT TI'eTePOCTPYKTYPY
Si0,(Co) mox sarBopom. OGHapyskeHO, uTO Giarogapa 3(G(eKTy B3aMMOJeHCTBHA CIIIHOB
Harouactull, CO co cuMHaMu 3J€KTPOHOB KaHajia, MAarHUTHOE II0jie IPUBOJUT K CYII[eCTBEeH-
HOMY M3MEHEHUIO IMOJBUMKHOCTU 3JEeKTPOHOB.
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1. Introduction

Operation of carrier spins in ferromag-
netic/semiconductor heterostructures offers
enhanced functionality of spin-electronic de-
vices such as spin transistors, sensors, and
magnetic memory cells [1, 2]. This manipu-
lation can be realized on the basis of mag-
netic nanostructures by use of magnetore-
sistance effects and due to interactions be-
tween magnetic nanostructures and electron
spins in field-effect transistors. Magnetore-
sistance effects are attracting much atten-
tion in a view of their various applications.
An extremely large magnetoresistance
(10° %) has been observed at room tempera-
ture in GaAs/granular film heterostruc-
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tures in the avalanche state, in which a
granular film contains ferromagnetic metal
nanoparticles or ferromagnetic islands on
semiconductor interface. The value of this
effect is two-three orders higher than the
maximum values of the giant magnetoresis-
tance in the metal magnetic multilayers and
the tunnelling magnetoresistance in the
magnetic tunnel junction structures. Mag-
netoresistance effects of high values have
been found in GaAs/granular film heteros-
tructures with granular films containing
ferromagnetic metal MnSb nano-islands [3,
4] and ferromagnetic MnAs clusters [5]. The
high values of the magnetoresistance based
on the avalanche breakdown has been ob-
served in the SiO,(Co)/GaAs heterostrue-
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tures, in which SiO,(Co) is the granular
SiO, film containing Co nanoparticles [6—
9]. This effect has been called the injection
magnetoresistance (IMR). It appears, when
electrons are injected from the granular
film into the GaAs.

Field-effect high electron mobility tran-
sistor (HEMT) devices with spin polarized
electron channels are promising due to the
possibility to change electron spins in chan-
nels by magnetic field action. In this paper,
we studied devices based on magnetic nanos-
tructures with silicon dioxide films with co-
balt nanoparticles SiO,(Co) on GaAs sub-
strate — magnetic sensors and magnetically
operated field-effect transistor. Magnetic
sensors are based on the IMR effect. The
field-effect transistor contains SiO,(Co) het-
erostructure under gate. The magnetic field
action leads to significant changes in the
electron mobility in the channel due to in-
teraction between spins of CO nanoparticles
and electron spins.

2. Giant injection
magnetoresistance and magnetic
sensors

High values of the IMR-effect in the
SiO,5(Co)/GaAs heterostructures are ex-
plained by the magnetic-field-controlled
process of impact ionization in the viecinity
of the spin-dependent potential barrier
formed in the semiconductor (Fig. 1). The
spin-dependent potential barrier is formed
near the interface by an exchange interac-
tion between the electrons in localized
states in the electron accumulation layer in
the semiconductor and d-electrons of Co [8,
10]. The avalanche process is induced by
electrons, which (1) surmount over the spin-
dependent potential barrier formed by ex-
change-splitted localized states and (2) tun-
nel from the localized states. The impact
ionization induced by the injected electrons
produces holes, which move, are accumu-
lated in region of the potential barrier and
lower the barrier height [8]. Owing to the
formed hole feedback, small variations in
the barrier height lead to significant
changes in the current and in the avalanche
process. Applied magnetic field increases
the barrier height, reduces the transparency
of the barrier, and suppresses the onset of
the impact ionization.

Magnetic sensors were produced on the
samples SiO,(Co)/GaAs with the n-GaAs
substrates. Carrier concentrations in the n-
GaAs are equal to 1012 cm™3. The SiO,(Co)
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Fig. 1. Schematic energy band diagram of the
magnetoresistive sensor based on the heteros-
tructure with a quantum well near the inter-
face and a hole trap in the avalanche regime.

films were deposited by the ion-beam co-
sputtering of the composite cobalt-quartz
target onto the GaAs substrates heated to
200°C. The concentration of Co nanoparti-
cles in silicon dioxide was varied by chang-
ing the ratio of target areas of cobalt and
quartz areas. The film composition was de-
termined by the nuclear physical methods of
element analysis using a deuteron beam of
the electrostatic accelerator (Rutherford
backscattering spectrometry and nuclear re-
action with oxygen). For the samples used
in magnetic sensors, a relative Co content is
in the range of 45-71 at.% and film thick-
ness is 40 nm. An average size of Co parti-
cles, determined from the low-angle X-ray
scattering measurements, increases with Co
content: from 2.9 nm at 45 at.% to 3.9 nm
at 71 at.%. As the Co content increases,
the resistivity of the SiO,(Co) films de-
creases from 0.3 Q- cm (45 at.%) through
3.0-1073 Q- cm (60 at.%) to 1.4-1073 Q - cm
(71 at.%). Protective Au layer of a thick-
ness 3-5 nm have been sputtered on
SiO,(Co) films.

Sizes of the samples in magnetic sensors
were equal to 3x8x0.4 mm3. One contact
was on GaAs substrate, and the other one
— on Au layer sputtered on the granular
film. Magnetic sensors are characterized by
the injection magnetoresistance, which is
defined by the coefficient

R(H) — R(0) _ j(0) — j(H)
R(0) 020 N

where R(0) and R(H) are the resistances of
Si05(Co)/GaAs heterostructure without a
field and in the magnetic field H, respec-
tively; j(0) and j(H) are the current densi-
ties flowing in the heterostructure in the

IMR=
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Fig. 2. Injection magnetoresistance ratio, of
magnetic sensors versus the applied voltage
U in the magnetic field H = 2.1 kOe for
Si0,(Co)/GaAs heterostructures with Co con-
centrations: 1 — 54 at.%, 2 — 60 at.%, 3 —
71 at.%.

absence of a magnetic field and in the field
H. The IMR ratio for SiO,(Co)/GaAs het-
erostructures with different Co concentra-
tions versus the applied voltage U in the
magnetic field H = 2.1 kOe at room tem-
perature is shown in Fig. 2. The magnetic
field H is parallel to the film. For magnetic
fields of high values (>10 kOe) the IMR co-
efficient increases with the growth of the
applied voltage [8]. In contrast to this, for
low magnetic fields the IMR reaches the
highest values in the region of avalanche
onset. As one can see from Fig. 2, in order
to reach high sensitivity of sensors it is
need to apply the voltage in this region.
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3. Magnelically operated
field-effect transistor

The field-effect HEMT device with a spin
polarized electron channel was developed on
the basis of the n-type GaAS/A|027GaASO73/
Ing 18Gag goAs  heterostructures grown on
semi-insulator GaAs substrates (Fig. 3).
Two-dimensional electron gas is formed at
A|0_27GaASO_73/In0_18Gao_82AS interface. ngh].y
mobile conducting electrons with very high
concentration in two-dimensional electron
gas form the channel with very low resistiv-
ity. This device contains an amorphous
granular SiO,(Co) film with cobalt nanopar-
ticles under the gate electrode. Thickness of
the granular film is equal to 40 nm. An
average size of Co particles is about
3.5 nm. SiO,(Co) film polarizes electron
spins in the channel under the gate.

Current-voltage curves of field-effect de-
vices have two different parts [11]. If the
voltage between the source and the drain
U,y is less than the saturation voltage
U, then the current-voltage curve is sub-

linear and the current J flowing in the
channel is determined as

g O [Uy - UGN~ 50%) )
where Ugs is the voltage between the gate
and the source, Ugshn is the threshold volt-
age between the gate and the source, when
there is no current in the channel, C is the
specific capacity between the gate and the
channel, p is the electron mobility, b and 1
are the channel width and the length, re-
spectively. When U, = U$#), the channel

becomes blocked at the drain contact and an

Fig. 3. Field-effect HEMT device with spin polarized electron channel under gate electrode. (a)

Schematic structure, (b) topology of contacts.
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electrical field of high values appears in
this region. In this case, the saturation
voltage is

UG = Uy, - U

For Uy, >UEM the drain current J is

weakly dependent on the voltage U,; and
the current-voltage curve can be approxi-
mated by a line with a weak slope. In the
first approximation this sloping part of the
current-voltage curve can be written as

(2)

J - “2—Clb(U - Ugsh')f.

The current-voltage dependences of the
developed field-effect HEMT structure
(Fig. 4) contain two parts of the current-
voltage curve described by relations (1) and
(2). The saturation voltage is in the range
0.4-0.7 mV. As one can see from Fig. 4,
the drain current of the field-effect transis-
tor presents strong dependence on the gov-
erned external magnetic field H. The elec-
tron mobility p in the channel decreases
with the growth of the applied magnetic
field. This property can be used in magneto-
sensitive devices.

4. Conclusions

We studied devices based on magnetic
nanostructures containing silicon dioxide
films with cobalt nanoparticles SiO,(Co) on
GaAs substrate — magnetic sensors and
field-effect transistor. Magnetic sensors are
based on the injection magnetoresistance ef-
fect at the avalanche onset regime. The
field-effect transistor contains SiO,(Co)
film under gate. The both structures exhibit
high magnetic sensitivity at room tempera-
ture.

This work was supported by the Russian
Foundation for Basic Research, grant 10-
02-00516, and by the Ministry of Education
and Science of the Russian Federation, pro-
ject 2011-1.3-513-067-006.
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Fig. 4. Current-voltage dependences of the
field-effect HEMT device in the magnetic
field H =2 kOe and without a magnetic
field. U,; is the drain voltage, Ugs is the
voltage at the gate electrode.
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CuoiHTpoHHI mMpHUCTPOi HA OCHOBI
MAarHiTHUX HaAHOCTPYKTYP

J.B.JIlymyee, O.1.Cmoznii, M.M.Hoeimcoruii, O.C.Illynenkxoé

Hocaig:keHo ABa BUAM CIIHTPOHHMX IIPHUCTPOIB HA OCHOBI Mar"HiTHUX HAHOCTPYKTYD, IIO
MicTATE IJIBKM JioKcHAy KpeMHilo 3 HaHouacTHHKaMu KobanbTy SiO,(Co) ma mizkmammi
GaAs — marmiTHUX ceHCOpiB i MarHiTOKepoBAHOTO IOJBOBOTO TpaHaucropa. i MarHiTHUX
CeHCOpiB BacHOBaHA Ha e(eKTi iHKeKIifHOro MarHiToomopy, AKHWH IoJArae y TOMY, II0
MarHiTHe moje npurmiuye saBuHHUNI mpoumec B GaAs mo6nusy imrepdeiicy SiO,(Co)/GaAs.
IonpoBuit Tpamsucrop Micturk rerepocTpykrypy SiO,(Co) mixm sarsopom. Busasmeno, mio
daBaAKu edeKry Bsaemofnii cnuuiB HanouactTmHOK CO 81 cmuHaMu eJIeKTPOHIB KaHauy,
MarHiTHe IToJie IIPU3BOAUTL O iCTOTHOI 3MiHM PYXJIMBOCTi eJIeKTPOHiB.
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