
Journal of Magnetism and Magnetic Materials 324 (2012) 3579–3583
Contents lists available at SciVerse ScienceDirect
Journal of Magnetism and Magnetic Materials
0304-88

doi:10.1

n Corr

Science

fax: þ7

E-m
journal homepage: www.elsevier.com/locate/jmmm
Magnetic tunnel structures: Transport properties controlled by bias,
magnetic field, and microwave and optical radiation
N.V. Volkov a,b,c,n, E.V. Eremin a,b, A.S. Tarasov a,b, M.V. Rautskii a, S.N. Varnakov a,b,
S.G. Ovchinnikov a,c, G.S. Patrin a,c

a Kirensky Institute of Physics, Russian Academy of Sciences, Siberian Branch, Krasnoyarsk 660036, Russia
b Siberian State Aerospace University, Krasnoyarsk 660014, Russia
c Siberian Federal University, Krasnoyarsk 660041, Russia
a r t i c l e i n f o

Available online 25 February 2012

Keywords:

Spintronics

Magnetic tunnel junction

High-frequency rectification

Photoelectric effect
53/$ - see front matter & 2012 Elsevier B.V. A

016/j.jmmm.2012.02.095

esponding author at: Kirensky Institute of P

s, Siberian Branch, Krasnoyarsk 660036, Russ

391 243 89 23.

ail address: volk@iph.krasn.ru (N.V. Volkov).
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Different phenomena that give rise to a spin-polarized current in some systems with magnetic tunnel

junctions are considered. In a manganite-based magnetic tunnel structure in CIP geometry, the effect of

current-channel switching was observed, which causes bias-driven magnetoresistance, rf rectification,

and the photoelectric effect. The second system under study, ferromagnetic/insulator/semiconductor,

exhibits the features of the transport properties in CIP geometry that are also related to the current-

channel switching effect. The described properties can be controlled by a bias, a magnetic field, and

optical radiation. At last, the third system under consideration is a cooperative assembly of magnetic

tunnel junctions. This system exhibits tunnel magnetoresistance and the magnetic-field-driven

microwave detection effect.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recent studies have shown that a spin degree of freedom of
charge carriers manifests itself most strikingly and sometimes
unexpectedly in nano-sized magnetic and hybrid structures [1,2].
Spin transport and manipulation by spins in nanostructures have
formed a novel trend in physics of condensed matter, known
currently as spintronics. This field of investigations involves both
fundamental physics of spin-dependent phenomena and applica-
tions based on controlling an electron spin.

Among the most attractive spin-dependent phenomena in the
magnetic nanostructures is the spin dynamics induced by a spin-
polarized current. This phenomenon is related to a so-called spin
transfer torque effect through which electron spins may influence
orientation of magnetization, causing reversal of the latter or
stable high-frequency precession [3]. This precession serves as a
source of microwaves whose frequency can be controlled by a
current and a magnetic field.

The spin transfer torque is responsible also for the inverse
effect, i.e., generation of a dc voltage on a magnetic tunnel
junction under the action of microwaves [4]. This rectification
effect, which can be successfully driven by a magnetic field and a
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current, originates from the interplay between the spin-polarized
current and the spin dynamics in magnetic nanostructures. Thus,
magnetic tunnel and hybrid structures exhibit a variety of the
spin-dependent physical phenomena. In this study, we consider
some spin-dependent phenomena in the magnetic tunnel struc-
tures of different types. From our point of view, these phenomena,
still insufficiently presented in the literature, have a considerable
potential for application. First of all, it concerns a specific res-
ponse of the magnetic tunnel structures to the effect of micro-
wave and optical radiation. The transport properties of the tunnel
structures were studied using unconventional current-in-plane
(CIP) geometry, which was suggested, first, by D. Worledge and
P.L. Trouilloud [5]. We also discuss the spin-dependent phenom-
ena in a cooperative system of the magnetic tunnel junctions.
2. Magnetic tunnel structures in current-in-plane geometry

The first system to consider is the manganite-based magnetic
tunnel structure La0.7Sr0.3MnO3 (100 nm)/manganite depleted
layer (5 nm)/MnSi (10 nm) in unconventional CIP geometry [6].
Here, the depleted layer is an insulator; therefore, it forms a
potential barrier between the La0.7Sr0.3MnO3 (LSMO) ferromag-
netic electrodes with TC¼250 K and MnSi with TC¼30 K. Fig. 1a
demonstrates the geometry used in measurements. An equivalent
electrical scheme of the structure for the CIP geometry is shown
in Fig. 1b.
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Fig. 1. (a) Magnetic tunnel junction in CIP geometry; FM1 and FM2 are the

ferromagnetic LSMO and MnSi layers and an insulator is the depleted manganite

layer; the arrows indicate current channels. (b) Equivalent electrical scheme.
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Fig. 2. (a) V–I curves for H¼0 and for an applied magnetic field of 100 mT at

T¼10 K. (b) Dependence of the magnetoresistance (TMR) on bias current I through

the structure.
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Fig. 3. (a) Detected dc voltage Vdc as a function of the magnetic field measured for

different bias current at T¼30 K. (b) V–I characteristic for H¼0 and in a field of

500 mT at T¼30 K.
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The top and bottom conducting layers in the structure are
separated by a potential barrier preventing current passage in the
bottom layer. When I applied to the structure is small, the current
flows mainly in the top layer, i.e., in the manganite film (initial
linear portion of the V–I characteristic). An increase in I leads to
the occurrence of bias voltage VT on the tunnel junctions under
the current contacts and, consequently, a decrease in junction
resistance RT. At a certain value of current Ith, RT becomes lower
than resistance RFM1 of the top layer, so the current starts flowing
mainly in the bottom layer, whose resistance RFM2 is small as
compared to RFM1 (RFM25RFM1). One should expect a sharp
change in the V–I characteristic of the structure.

The described scenario was observed in full in the structure
under study [6]. The V–I characteristics of the structure have the
initial, almost linear portion corresponding to the case when the
current flows mainly through the top layer of the structure. At some
threshold current Ith, the slope of the dependences sharply changes
(Fig. 2, dependence for H¼0). This is caused by current channel
switching between the layers of the structure (at I4Ith, the current
flows mainly through the bottom layer with higher conductivity).

Approximation of the V–I characteristics in accordance with
the equivalent scheme (Fig. 1b) yields satisfactory results [7]. For
tunnel current IT the Simmons formula was used [8] and the
current through the upper layer was described according to the
Ohm’s law.

The measurements of the V–I characteristics showed that the
effect of the magnetic field is more pronounced at To30 K and for
I4 Ith (Fig. 2a). At T¼10 K in a magnetic field of 100 mT, the V–I

characteristic, initially strongly nonlinear, becomes nearly linear.
This is due to an increase in RT at parallel orientation of
magnetizations MM and MS of the ferromagnetic layers LSMO
and MnSi, respectively, in a magnetic field; RT becomes higher
than RFM1, the current channels switch, and the current starts
flowing mainly in the top layer, even at I4 Ith. This scenario
causes the tunnel magnetoresistance (TMR¼(R(H)–R(0))/R(0))
effect whose value depends on a bias current applied to the
structure (Fig. 2b).
Considering the dependence of IT on relative orientation of
MM and MS, we should suggest that, in our case, the ferromagnets
are of different types: LSMO is a MASC (majority spin carriers)
ferromagnet, where spins of the carriers are mainly parallel to the
direction of magnetization. MnSi should be attributed to a MISC
(minority spin carriers) type, where spins are mainly antiparallel
to magnetization, which is confirmed by the DOS calculation [9].
Only for a tunnel junction with one MISC and one MASC
ferromagnetic electrode, RT will be higher at parallel orientation
of the electrodes (in a magnetic field) than at the antiparallel one
(magnetic field is zero), i.e., the magnetoresistance is positive
(TMR40) [10].

Now let us consider the effect of microwave radiation on the
transport properties of the magnetic tunnel structure under
study. As before, we used planar geometry when a current flows
parallel to the interfaces. During the measurements, the structure
was placed inside a microwave cavity (TE102 mode, f¼10 GHz) in
a nodal position of the maximum rf magnetic field. The rf
magnetic field hac was maintained along the structure plane;
static in-plane magnetic field H was also applied perpendicular to
hac. At such a configuration, the microwave magnetic field induces
microwave current Iac in the tunnel structure.

The structure exhibits the effect of rectification of Iac, but at
To30 K the value of detected voltage Vdc depends on H (Fig. 3a).
Bias current Idc through the structure strongly affects Vdc and its
behavior in a magnetic field. The maximum value of Vdc corre-
sponds to Idc, for which the maximal nonlinearity is observed in
the V–I characteristics (Fig. 3b). Upon detuning of the Idc in the
regions where the V–I characteristics are more smooth, Vdc

decreases and at zero bias no rectification effect is observed.
It is apparently nonlinearity of the V–I characteristics that deter-
mines the detection properties of the structure under study.
The magnetic-field dependence of the effect appears due to modifi-
cation of the V–I characteristics in the applied magnetic field. Thus,
we believe that, in our case, the same mechanism as in the case of
classical (nonmagnetic) tunnel junctions works. At the same time,
we should note that it is the magnetic-field dependence of the
resistance of the magnetic tunnel transitions that is the origin of
the change in the V–I characteristics (as was discussed above).

Electromagnetic radiation in the optical range also affects the
transport properties of the investigated structure in the CIP
geometry [11]. The photoinduced changes in the transport prop-
erties are reversible and tend to saturation with increasing
radiation power density P (Fig. 4). This suggests that the observed
changes are not related to trivial heating due to radiation
absorption. This suggestion is confirmed by a measured spectral
dependence of the photoelectric effect. The spectral dependence
has a threshold character, as the photoinduced changes are
observed at the photon energies (hn)th41.17 eV.
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The analysis of the experimental results allows us to con-
clude that here interband light absorption in the dielectric layer
occurs. The light with energy hn higher than dielectric band gap
Eg generates electron-hole pairs in the dielectric layer. Photo-
generated carriers contribute to the total current through the tunnel
junctions, thus controlling current channel switching between
the top and bottom layers of the structure. Under the action of
radiation, the V–I characteristics strongly change. Rapid saturation
with increasing P and some peculiarities of the photoelectric effect
can be attributed to the features of generation and recombination of
photoelectrons and photoholes in the tunnel structure.
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Fig. 6. Temperature dependences of resistance of the gap-film structure at H¼0

and H¼9 T; the bias current is I¼1 mA. Inset: the geometry of the experiment.
3. Hybrid structure with a tunnel barrier in current-in-plane
geometry

The hybrid multilayer nanostructures consisting of magnetic
elements and nonmagnetic semiconductor layers combine a huge
potential of conventional semiconductor electronics and advan-
tages of magnetic materials whose transport properties can be
controlled via spin states of electrons. The study of the hybrid
structure Fe (5 nm)/SiO2 (1.5 nm)/p-Si (substrate) shows that,
similar to the case of magnetic tunnel junctions, features of its
transport properties in CIP geometry are related to the effect of
current channel switching [12].

The temperature dependences of resistance R for the structure
with the continuous Fe film are shown in Fig. 5. The main feature in
the R behavior is a sharp jump at 250–200 K. This feature is
attributed to current channel switching between the semiconductor
substrate and the iron film. At high temperatures (T4250 K),
resistance of the Fe/SiO2/p-Si transition is lower than that of the
ferromagnetic film and the current flows mainly in the semicon-
ductor substrate. Below 250 K, resistance of the transition starts
rapidly growing; at 200 K, the current path in the upper iron film
becomes more favorable, since R of the iron film appears lower than
the transition resistance.

We studied also a simplest lateral device: two electrodes
separated by a gap of 20 mm were formed from a continuous iron
film. The experimental results obtained for the gap-film structure
is an additional argument for the scenario at which current
channel switching occurs between the semiconductor substrate
and the Fe film in the continuous-film structure. As one could
expect, the behavior of resistance of the gap-film structure at
T4250 K repeats qualitatively that of the continuous-film struc-
ture (Fig. 6). However, below 250 K, R starts continuously grow-
ing, which is caused by the absence of the Ohmic contact between
Fe electrodes on the structure surface.

The planar geometry in which we studied the transport
properties of the gap-film structure suggests that the current
path lies through the Fe/SiO2/p-Si junctions and the p-Si semi-
conductor substrate volume. The SiO2 layer forms a potential
barrier and, consequently, the tunnel transition separates the
upper Fe film and the semiconductor substrate in the structure.
Nevertheless, the role of principal is played by a Schottky barrier
formed near the SiO2/p-Si interface. Its resistance strongly
depends on temperature and bias current; these dependences
determine the transport properties of the gap-film and contin-
uous-film structures. In the latter case, redistribution of the
current between the iron film and the semiconductor substrate
occurs with varying resistance of the Schottky barrier at the
SiO2/p-Si interface.

The V–I characteristics and temperature dependences of R for
the gap-film and continuous-film structures which were calcu-
lated using the general expression for the current via the metal/
insulator/semiconductor junction reproduce all the features of the
experimental results well.

Regarding the effect of the magnetic field, noticeable positive
magnetoresistance MR for both types of the structures is observed
only at high temperatures (T4200 K), i.e., before the sharp
growth of resistance of the Fe/SiO2/p-Si transition. Below 250 K,
MR rapidly decreases. Typical field dependences of R are given in
Fig. 7.

To explain the observed magnetoresistive properties, we may
address to the theory [13], where positive magnetoresistance is
implemented in a weakly disordered medium with regard to the
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electron interaction. A silicon crystal (substrate) doped with
boron can be considered as a medium where carriers have
random potentials, which is formed by random distribution of
impurities over a crystal volume. This theory predicts the

ffiffiffiffi

H
p

dependence within the strong-field limit, the H2 dependence in
weak fields, and the crossover point near H¼ kBT=gmB (�2.2 T at
T¼300 K). This is consistent with the experimental magnetic-field
dependences of resistance.
4. Cooperative system of magnetic tunnel junctions

The third system under study is a granular manganite material
that represents a cooperative assembly of the magnetic tunnel
junctions. This system exhibits a great value of magnetoresistance
and the magnetic-field-driven microwave detection effect [14,15].
The magnetoresistance and rectification effects in the granular
manganite sample are caused by a ramified network of the
magnetic tunnel junctions, which are formed by ferromagnetic
conducting grains with insulator boundaries. Magnetoresistance
originates from the spin-dependent tunnel current between the
grains, while the rectification effect is based on the interplay
between the spin-polarized current through the tunnel junctions
and magnetic resonance induced inside the grains forming the
junctions.

Typical dependences of detected voltage Vdc on magnetic field
are shown in Fig. 8. The dependences measured at different
microwave frequencies from 8 to 12 GHz represent a broad peak
resembling an absorption line.

With an increase in microwave radiation frequency, the peak
broadens, its intensity decreases, and its position shifts toward
stronger magnetic fields, as could be expected for a magnetic
resonance absorption line. The latter suggests that, indeed, the
nature of the rectification effect is related to the magnetic
dynamics in the tunnel junctions of the system.

Briefly, the essence of the mechanism is the following: a
microwave magnetic field induces microwave current Iac through
the tunnel junctions and, on the other hand, precession of
magnetization in the FM grains. At specified conditions, for two
grains forming a junction, magnetization of one grain is fixed but
that of the other processes with a magnetic resonance frequency.

Since the resistance of the magnetic tunnel structure depends
on relative orientation of magnetization of the ferromagnetic
electrodes, the temporal dependence of the resistance appears
for the current flowing through the junction. This gives rise to the
diode effect and, consequently, to rectification of the microwave
current in the magnetic tunnel junction. It is clear that a rectified
voltage on the sample is a total response of a set of the tunnel
junctions formed in a granular system.
5. Summary

In this paper, we reported some novel phenomena observed in
several systems with the magnetic tunnel junction. All these
phenomena are determined by the features of the spin-polarized
transport in magnetic nanostructures. We believe that these
examples convincingly show that the potential of the magnetic
tunnel structures is not completely exhausted and they will bring
many new interesting discoveries both for fundamental physics
and spintronics applications.
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