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Abstract

We demonstrate the microwave detection effect in a granular Lag 7Cap3MnO3 sample. Dc
voltage generated by the sample in response to microwave irradiation below the Curie
temperature is found to be dependent on the applied magnetic field. The magnetic field
dependence of the dc voltage has a broad peak resembling an absorption line. The detection
effect depends substantially on the magnetic history of the sample; however, identical
measurement conditions provide reproducibility of the experimental results. The detected dc
voltage increases linearly with microwave power and strongly depends on a bias current
through the sample. According to the results of systematic measurements, there exist two
contributions to a value of the detected output signal. The first is magneto-independent; it can
be explained in the framework of a mechanism used traditionally for description of the
rectification effect in metal-insulator—metal junctions with nonmagnetic metals. The other is
magneto-dependent; it originates from the interplay between the spin-dependent current
through magnetic tunnel junctions and spin dynamics of the grains, which form these junctions

in the sample.

1. Introduction

The phenomenon of the spin-dependent electron transport in
magnetic tunnel structures has received close attention as the
possible basis of a fundamentally new class of electronic
devices [1]. Currently, two unique effects occurring in the
magnetic tunnel structures are being thoroughly studied. They
are the tunnel magnetoresistance (TMR) [2] and the spin-
transfer torque (STT) effect [3] related to a torque exerted by
the spin current on a local magnetic moment. The former
allows controlling the electron current through a structure by
the external magnetic field. The latter makes it possible to
manipulate the magnetic state of a structure by the transport
current. Indeed, in a number of experiments reported in
the literature [4, 5] magnetization reversal of nanomagnets
driven by the spin-polarized electrical current was observed.
Moreover, the torque applied to a nanomagnet by the spin-
polarized current provokes precession of its magnetic moment

0022-3727/08/015004+08$30.00

at microwave frequencies. At certain values of a steady current
and static magnetic field, this precession excited by the spin
transfer is persistent, and, consequently, may cause persistent
microwaves with a frequency tuned by the current and external
magnetic field [6]. In addition, the spin-transfer mechanism
accounts for a reverse microwave effect, which consists of
generation of the dc voltage across a nanometre-scale magnetic
tunnel junction when a structure is externally irradiated with
a microwave [7]. The microwave-frequency current due to
the spin-torque effect excites an oscillation of nanomagnet
magnetization under the resonance conditions, i.e. when the
alternating current frequency coincides with a resonance
frequency of the nanomagnet in the external magnetic
field. This oscillation produces time-dependent resistance
of the structure, which causes the effect of microwave
detection.

It is not surprising that the observation of such unique
and efficient phenomena in individual magnetic tunnel

© 2008 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) SEM image of the La,.7Cay.3MnOj3 polycrystalline sample. (b) Histogram showing the grain size distribution of the sample.
(c) HRTEM image of a single grain. One can clearly see a pronounced surface layer (marked by the circle) of a grain, which is characterized
by disorder of a high level. (d) Resistivity of the sample versus temperature. The inset shows the temperature dependence of magnetization

of the sample.

junctions has stimulated intensive study of the effects of
the spin-dependent electron transport in magnetic granular
systems [8,9]. The principal advantage of granular materials
as systems, which involve a great number of ferromagnetic
metallic grains separated by insulating boundaries, is the
high density of magnetic tunnel junctions that may strengthen
the electron spin-dependent effects. In addition, it is
not improbable that the new effects typical of cooperative
systems, i.e. the systems consisting of a great number of
single-type elements, can be emerged. Indeed, it is well
known that in complex systems under certain conditions
the collectively ordered dynamical states can be revealed.
The striking example is self-synchronizing oscillations in
a large array of the interacting Josephson junctions [10].
Although observation of the spin-dependent electron transport
in an explicit form is limited by technological difficulties
of controlling the grain size and the spacing in the granular
materials, by now the samples of granular systems with a
huge TMR value are known [11, 12]. The presence of the
TMR effect at room temperature in low magnetic fields makes
these systems promising candidates for practical application.
Some authors reported that the magnetoresistive properties
of granular materials could be efficiently controlled via the
selection of technology [13, 14]. The STT effect was also
observed in magnetic granular solids [15, 16]. As was
demonstrated, characteristics of this effect differ significantly
from those previously observed in multilayers.

Here we demonstrate the magnetic-field-driven effect of
microwave detection in a manganite granular system caused
by coupling between the spin dynamics and spin-dependent

electron transport. The choice of a material was conditioned
by its half-metallic nature caused by a high degree of spin
polarization of conduction electrons below the temperature 7¢
of the ferromagnetic transition [17]. By estimate, the spin
polarization value in manganites may reach 100%. Therefore,
the spin-dependent effects in manganite systems are expected
to be more pronounced than those in the granular materials
prepared from 3d-transition metals where spin polarization, as
a rule, does not exceed 40%. Moreover, it is well established
that a thin insulating layer inevitably forms on a grain surface
of manganites due to high concentration of oxygen defects
and faults [18]. Thus, the grains and their natural boundaries,
which act as potential barriers between adjacent grains, create
a vast array of tunnel junctions [19-21].

2. Experimental details

A polycrystalline Laj 7Cap 3MnO3 sample was prepared from
high-purity La;(CO3);, CaCOs;, and MnO, reagents by
a conventional solid-state reaction, with a final sintering
treatment for 24 h at 800 °C. The phase purity of the sample
was checked with a Brucker D§ ADVANCE diffractometer.
The powder x-ray diffraction patterns show that the sample has
a single-phase perovskite-type structure without any impurity
phase. The sample microstructure, i.e. the size and shape of
grains and grain boundaries, was determined by an x-ray line
broadening method, as well as by scanning and transmission
electron microscopy (SEM and TEM, respectively). The
SEM images show the abundance of nearly spherical particles
(see figure 1(a)) whose size distribution is given as a histogram
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Figure 2. (a) A scheme of the circuit used for measurement of the
microwave detection effect. (b) Experimental geometry: h,. and j,.
denote microwave magnetic field and surface current patterns,
respectively. In (b), the top view of the sample relative to (a) is
presented.

in figure 1(b). It is seen that the average size of the particles is
0.20 m, which is in close agreement with an x-ray diffraction
result. The high-resolution TEM image (figure 1(c)) of a
single grain clearly demonstrates its inner single-crystal nature
and the presence of a disordered outer shell with an average
thickness of 2nm. Most likely, such grain boundaries, being
insulating and nonmagnetic, form potential barriers between
the neighbouring contacting grains. Indeed, large low-
field magnetoresistance originating from the spin-polarized
tunnelling of carriers across grain boundaries indicates the
developed structure of the magnetic tunnel junctions in the
sample.

Characterization resistivity measurements were per-
formed using a standard four-probe configuration within the
limits from 4.2 K to room temperature in the applied magnetic
fields up to 80kOe. Magnetization was determined with a
vibrating sample magnetometer in the same temperature and
field ranges. In figure 1(d), temperature dependences of resis-
tivity and magnetization are presented. It is well known that
the magnetic and transport properties of the polycrystalline and
single-crystal manganites can substantially differ from each
other, which is confirmed in our case. The mentioned dif-
ference is caused by the granular-like microstructure of the
polycrystalline samples [18].

The experimental setup used for registration of the
microwave detection effect is illustrated in figure 2. The
sample in the form of a thin plate with two leads attached
by silver epoxy is placed inside a microwave cavity operating
at a frequency f = 10GHz in the T Ejp; mode, as shown

schematically in figure 2(a). To exclude an electric contact
between the sample and the lower wall of the cavity, a thin
dielectric film is used. The sample is located in the antinode of
a high-frequency magnetic field /,., which induces a surface
high-frequency current j,. in the sample plane. The depth of
the j,. penetration into the sample depends on the resistivity
and the magnetic permeability of the sample. The &,. and j,.
patterns in the sample are given in figure 2(b). The j,. direction
coincides with the direction of the applied external magnetic
field H as well as with the direction along which the detected
dc voltage V. across the sample is measured.

The electric circuit described above permits application
of a dc bias current I4. through the sample during Vi
measurement. To measure the radiation-induced dc voltage
across the sample only and to reduce noise, microwave
irradiation is chopped at 1 kHz and the dc signal proportional
to Vg is recorded with the use of a lock-in amplifier. All
the measurements of the microwave detection effect were
performed in a helium cryostat in the temperature range from
4.2 to 300K and the magnetic field range —10kOe < H <
10kOe.

Note that, along with epoxy glue, we used different
materials of contact pads. In addition, different sample
locations with the contact pads being outside the cavity were
probed. The similarity of the results obtained in all the
cases leads us to conclude that the microwave detection effect
is independent of the contact phenomena and represents an
intrinsic property of the sample itself.

3. Results

In figure 3 we plotted the dc voltage Vg4 generated by
the sample in response to microwave irradiation versus a
magnetic field H. The dependences were obtained at different
temperatures for the dc bias current Iy = 0. For clarity, the
curves are shifted by a certain offset. The inset in figure 3
shows the change in Vg, with temperature at H = 0 and
the temperature dependence of the value AVy. = Vg (Hy) —
Ve (0), where Hy, denotes the magnetic field corresponding to
the maximum in the V4.(H) curves. The AV, value defines,
in fact, a measure of sensitivity of the detection effect to the
applied magnetic field. Generally, the detected dc voltage
Vi arises below 250 K. However, the pronounced effect of
a magnetic field on the V. value becomes apparent at lower
temperatures, below 180 K. The magnetic field dependence of
Ve has the shape of a broad peak resembling an absorption
line. The strongest influence of a magnetic field is found
around 100 K. With a further decrease in temperature, the peak
spreads and becomes less distinct, which results in the AV,
decreasing. Seemingly, there are two contributions to the Vg,
value: the dc voltage response independent of a magnetic field
and the additional part of the signal which can be controlled
by the applied magnetic field. From our point of view, this
response is the magneto-dependent response, which is of the
most interest.

The systematic measurements showed that the behaviour
of Vg versus H depends considerably on the magnetic history
of the sample, i.e. on the value and direction of the magnetic
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Figure 3. The detected dc voltage V. as a function of magnetic
field at a bias current /4. = 0; the dependences measured at different
temperatures are shown. For clarity, the curves are shifted by a
constant offset. Inset: the temperature dependences of the detected
voltage at H = 0, V4.(H = 0) and A Vg, = Vy.(Hp) — Vg (0) where
H,, is the magnetic field corresponding to the maximum in the

Vi (H) curves.

field at which the sample is cooled down. At zero-field cooling
the magneto-dependent contribution to the detected signal
was weakly measurable and reproducibility of the results was
lacking. We obtained the maximal effect using the following
procedure: the sample was cooled in a magnetic field of
10kOe directed transversely to the measuring field, while the
dependences of Vg on H were recorded in a heating mode. All
the experimental data presented were obtained just under these
conditions. Such a procedure provides reproducibility of the
measurement results. The strong dependence of the detection
effect on the magnetic state of the sample was revealed upon
inversion of the applied magnetic field. Figure 4 shows that the
reverse sweeping of the magnetic field from a high value to zero
does not change the Vy4.(H ) dependence, whereas the inversion
of a magnetic field sign provokes principal changes in the
Vac(H) curve. One can clearly see that magnetization reversal
changes the sign of the magneto-dependent contribution to the
detected voltage and the shape of the V4. (H) curve.

In figure 5(a), the typical V. versus magnetic field curves
recorded at different levels of microwave power P, are
shown. We used these data to plot the power dependences
of V4. (H = 0) and the AV, value; the former dependence is
associated with the magneto-independent contribution to the
detected voltage, while the latter characterizes the contribution
depending on the applied magnetic field. It is seen from
figure 5(b) that both V4. (0) and AVj. increase linearly with
Py /PR (PTE* = 10mW), which means that the sample

40 T T
N
T=60 K /'
E 20| 1
>'C
0 7
-10 -5 0 5 10

H (kOe)

Figure 4. The detected dc voltage V. as a function of the magnetic
field cycling first from zero to the maximum positive value and then
to the maximum negative value as indicated by the arrows; the bias
dc current through the sample is /3. = 0; the measurement
temperature is 60 K.

behaves like a square-law detector regardless of whether the
magneto-independent or magneto-dependent contribution to
the detected voltage is taken into consideration.

Next, we studied the effect of a bias current /4. through the
sample on the dc voltage generated in response to microwave
irradiation. Figure 6(a) shows the Vg, versus magnetic field
curves obtained for several Iy, values. The Vj. value strongly
increases with I4. until the saturation current reaches about
2mA, while the shape of the V4. (H) curves is not appreciably
affected by the bias current. As Iy increases from 0 to
2mA, the detected output grows on average by a factor of
20. Figure 6(b) demonstrates the evolution of the detected
voltages Vy.(H = 0) and AVy. as the current Iy through
the sample increases. It should be noted that in both cases
the detected output first increases with /. and then saturates
at about the same value of the bias current, but the low-
current (I3 < 2mA) behaviors of the output in the first and
second cases are substantially different. Apparently, the latter
may indicate the different origin of the magneto-independent
and the magnetic-field-driven contributions to the dc voltage
generated by the sample in response to microwave irradiation.

4. Discussion

It is obvious that the polycrystalline sample under study is a
remarkably complex granular system, which is characterized
by a wide distribution of grain sizes and shapes. Since
grains possess the core-shell structure (ferromagnetic cores
with the metallic-type conductivity coated with thin insulating
nonmagnetic shells), they form a strongly inhomogeneous,
randomly distributed network of magnetic tunnel junctions
in the sample. The microstructure of the sample influences
the static and dynamic magnetic properties of the system.
First of all, nonmagnetic grain boundaries significantly weaken
the magnetic coupling between grains; the widely spread
ferromagnetic transition observed in the sample indicates the
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Figure 5. (a) The detected dc voltage V. as a function of the
magnetic field measured at different levels of microwave power at a
temperature of 110 K and the dc bias current through the sample

I, = 0. (b) The dependences of the detected voltage Vy.(H = 0)
and the AVy, = Vg (Hp) — Vae = 0 value on microwave power; Hy,
is the magnetic field corresponding to the maximum in the Vy.(H)
curves.

distribution of values of this coupling. In fact, each crystallite
in the sample is in a characteristic effective magnetic field
determined by the inter-grain interactions, crystallographic
anisotropy, demagnetizing fields and external magnetic field.
This leads to the difference in the magnetization processes and
distributions of ferromagnetic resonance fields of individual
crystallites.

Nevertheless, we believe that the detection mechanisms
in granular materials may be illustrated qualitatively by an
example of single tunnel transitions. Actually, the detection
effect in the system we investigated may be understood by
attracting a classical model of the voltage rectification in
a tunnel junction [22]. A tunnel junction formed by two
metal electrodes with a thin insulating barrier between them
(the M—I-M structure) possesses the nonlinear voltage—current
characteristic and, thereby, can cause the rectification of the
high-frequency current flowing through the structure. In the
case of a granular system, the dc voltage generated by the
sample is a total response of the set of tunnel junctions to the
high-frequency current induced by microwave irradiation. All

Figure 6. (a) The detected dc voltage V. as a function of the
magnetic field measured at different values of the bias current at
temperature 20 K. (b) The dependences of the detected voltage
Vac(H = 0) and the AVy. = Vg (Hpn) — Vi (0) value on bias current
through the sample /4.; Hy, is the magnetic field corresponding to
the maximum in the V4. (H) curves.

the experimentally observed peculiarities in the behaviour of
Ve, in particular, polarity reversal with temperature at ;. = 0,
can be attributed to the geometrical asymmetry of the junctions,
nonidentity of the junction electrodes and the distribution of
characteristics of the tunnel junctions in a sample [23,24].

At the same time, the mechanism, which is traditionally
used to describe the detection effect in the M—I-M structures,
does not help to explain the strong dependence of the
effect on magnetic field. We suppose that in this case
we should consider the spin-dependent electron tunnelling,
which has to develop inevitably in the tunnel junctions with
ferromagnetic electrodes. Let us recall that the magneto-
dependent contribution to V. for the sample under study
arises only at temperatures below T¢, when the high degree
of spin polarization is realized in the manganite materials,
and the enhanced spin-dependent transport phenomena should
take place in the structures involving these materials. Below
we suggest a mechanism, which may be responsible for the
magneto-dependent contribution to the detected voltage in
the magnetic tunnel junctions. The mechanism is based
on the interplay between the spin dynamics and spin-
dependent transport. The principal details of the mechanism
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Figure 7. (a) The schematic of adjacent magnetic grains in the
sample. The arrows §; and §; indicate the unit vectors along
magnetization of the ith and jth grains; §; has a fixed direction, but
§; is under resonance conditions and oscillates at a frequency f
around the magnetic field direction. (b) The sketch representing a
change in the energetic structure of the junction resulting from

the bias.

can be clarified by an example of an individual magnetic
tunnel junction formed by two adjacent ferromagnetic grains
separated by a thin insulating boundary. In figure 7, the
sketch of such a junction along the current path is presented.
As mentioned above, each of the grains possesses the
characteristic effective magnetic field, therefore, the behaviour
of magnetization and magnetic resonance conditions should
differ for different grains. Let us assume that at a certain
value of the external magnetic field directed along the current
path the magnetic moment of the ith grain is pinned at an
angle of « relative to the direction of the applied field, whereas
the jth grain is under resonance conditions, and its moment
oscillates at a frequency f around the magnetic field direction.
This oscillation produces the time-dependent resistance of the
magnetic tunnel junction, which can be expressed as

AR A
RU)ZRTT"’T(I_S!"SJ)' (D)

Here §; and §; are the unit vectors along magnetization of the
ith and jth grains, respectively; the equilibrium direction of §;

is determined by §; = (€, cos¢p+é, sin¢) sina+é, cosa (¢ is
the angle between the §; projection onto the xy-plane and e, ),
but §; oscillates as §; = (&, cos(2r 1) + &, sin(27 f1)) sin 6 +
é, cos 0 (6 is the precession angle); Ry is the resistance of the
junction when §; and §; are parallel, AR = Ry, — Ry is the
resistance increase when §; and § ; are antiparallel. Considering
that the high-frequency magnetic field /,. induces the high-
frequency current I (t) = I,. sin(2x ft — §) (6 is the possible
phase shift between the oscillating §; and I) passing through
the junction, the voltage V (r) = I(¢) R(¢) will contain a term
involving mixing between /,. and A R(¢), and thus the rectified
voltage will be

I, AR

Vae = (I(OR(®))r =

sinf sina cos(¢p —6). (2)

Figure 7 makes it easier to interpret qualitatively the recti-
fication mechanism based on the spin-transfer phenomenon.
Indeed, let us assume for simplicity that ¢ — 6 = 0; then the
resistance for the spin current flowing from the ith to jth grain
is lower due to a smaller angle between §; and § ;3 however,
for the opposite direction of the alternating current, the resis-
tance is higher, owing to a larger angle. This mechanism of
the microwave detection is similar to that proposed by Tula-
purkar et al [7] to explain the diode effect in a single magnetic
tunnel junction. There is, however, a notable difference: in
their case, the resonance oscillation of magnetization in the
electrode of the junction is excited by a high-frequency spin-
polarized current passing through the junction, while in our
case, the oscillation is caused by a magnetic microwave field.

Certainly, for the random network of magnetic tunnel
junctions implemented in a granular system the physical
picture would be more complicated. The magnetic tunnel
junctions are not identical, and the differences in their
characteristics are described by certain distribution functions.
First and foremost, the Vg, behaviour versus magnetic field is
defined by a distribution function for the resonance fields of
individual grains in the system. Thus, the spread of the peak-
like V4.(H) dependence at low temperature is related to the
growth of magnetization and anisotropy fields of individual
grains that results in a wider spread in the values of the
resonance field of grains in the sample. This conclusion is
consistent with data of the magnetic resonance measurements
we carried out on our sample. The spectra obtained exhibit
substantial broadening of the magnetic resonance signal below
about 100 K. Since the broadening is more gradual in the case
of single crystals, we can attribute the linewidth behaviour
anomaly to the spread in values of the resonance fields of
individual grains.

Further, the distribution of grain magnetizations in the
¢ angle for a statistical set is expected to be symmetrical
for an arbitrary o value and a fixed § value. Consequently,
the summation of the rectified voltages over all the tunnel
junctions in the system should result in the zero magneto-
dependent contribution to Vg, for the entire sample. For the
magnetic-field-driven part of V4. to be nonzero, the angle
distribution of grain magnetization should be asymmetrical.
In our case, such an asymmetrical distribution is provided
by the difference in coercive fields of individual grains and
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magnetic history of the sample (cooling in a magnetic field
of the preferential direction). The pronounced hysteretic
behaviour of the magnetization versus magnetic field indicates
that the asymmetry in the distribution of grain magnetization
is actually realized in our sample under the field-cooling
conditions selected. The changes in the sign of the effect
and the shape of the V4. (H) curve when a magnetic field is
inverted in sign (see figure 4) indicate the change either in
the magnetization distribution of the grains forming magnetic
tunnel junctions or in the set of the junctions involved in a
rectification process upon magnetic reversal.

Let us consider the power behaviour of the detected output
voltage. According to the proposed model, the magneto-
dependent contribution to Vg should depend linearly on
microwave irradiation power; in other words, the sample
should behave like a square-law detector, Vg, ~ hi. Indeed,
each of the /,. and sin 8 values in (2) is directly proportional
to h,., although, in the latter case, it is valid only at low
power levels. Figure 5(b) shows that in our sample the
magneto-dependent contribution to V. increases linearly with
an increase in microwave power. The power dependence of
Vac(H = 0) presented in the same plot is also linear. The latter
is the expected result if the magneto-independent part of Vg
is defined by the classical rectification mechanism in M—I-M
junctions, since, in this case, the detected output voltage is
Vie ~ IazC at a low power level of microwave irradiation [22].

As for the influence of the bias current on the detected
dc voltage, we suppose that the 1. effect on a V. value
may be explained using a model of elastic tunnelling through
the M-I-M junction with nonmagnetic electrodes [22]. An
increase in Iy, causes the lowering of the Fermi level of one
electrode relative to the other by a value eV}, where V;, is the
corresponding bias voltage across the junction (see figure 7(b)).
This results in the tunnelling asymmetry, i.e. the difference in
resistivity of the junction for the forward and backward currents
(Rr and Rg, respectively). Then the detected dc voltage for
a single junction can be expressed as Vy. = (I (V(t)t)R)r =
Iy L sin@rf1)Red 2 f1) — fj" I sin(27 ft) Rgd (27 f1).
In the low-voltage limit, an increase in the bias across a
junction enhances the difference between Rp and Rp, which
causes amplification of the dc output voltage. The total bias
dependences of Rr and Rp are determined by the electronic
structure of the metallic electrodes and the barrier parameters.
In general, the experimental dependences of V. on /4. obtained
for our sample at H = 0, where the classical model of
rectification is apparently valid, exhibit a behaviour similar to
that of the dependences calculated for a single junction on the
basis of a free-electron model of metals [23]. We believe that
the approach described here can be applied to the analysis of the
magneto-dependent V. part at the increasing of the bias current
through a sample. By analogy with the classical model, the
tunnelling asymmetry arising due to the bias can be formally
taken into account assuming R44, Ry, and, hence, AR in (1)
to be dependent on a direction of the high-frequency current in
a junction. At the same time, the difference in the behaviours
of Vae(H = 0) and AV versus Iy (see figure 6(b)) implies
that the mechanisms responsible for the magneto-dependent
and magneto-independent contributions to the detected voltage

may differ in origin. We should note here that the magneto-
independent contribution to V. is determined by a complete set
of the tunnel junctions in the system, while, in accordance with
the proposed mechanism, only the limited and strictly defined
set of the junctions can contribute to the magnetic-field-driven
part of Vg.. It is possible that the difference in behaviours of
Vi at H = 0 and AV, is related to this fact.

5. Conclusion

We have observed the effect of microwave-frequency detection
in the polycrystalline Lagy 7Cag3sMnOj3; sample. The examined
sample is a granular system consisting of ferromagnetic
grains with the metallic conductivity coated with nonmagnetic
insulating layers. Such a pattern implies the formation of
a set of magnetic tunnel junctions in the sample. At these
junctions the rectification of the high-frequency alternating
current induced by a magnetic microwave field occurs. The
detected dc voltage across the sample can be presented as the
sum of two contributions, one being magnetically independent
and the other being dependent on the external magnetic field.
We suppose that the first contribution can be explained in the
framework of a mechanism, which is traditionally used for
the description of the rectification effect at metal-insulator—
metal junctions with nonmagnetic metals. As for the magneto-
dependent contribution, we propose a mechanism based on
the interplay between the spin-dependent current through the
magnetic tunnel junctions and the spin dynamics of the grains
forming these junctions in the sample.
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