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Effect of resonance microwave irradiation on manganite film conductivity around the
ferromagnetic transition
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Increase in the electrical resistance associated with the resonant microwave pumping has been revealed in
La,/3Sr,3MnO; thin films in the temperature range of 310-360 K including the Curie point, 7-=348 K. The
effect can be viewed as the electrically detected electron magnetic resonance and explained with a weak
saturation of the magnetic resonance, subsequent decrease in the magnetization, and colossal magnetoresis-
tance effect. Theoretical calculations made with the account for the Bloch-type spin relaxation in both para-
magnetic and ferromagnetic phases demonstrate satisfactory quantitative agreement with the experimental data

for the whole temperature range studied.
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I. INTRODUCTION

Electrical detection (ED) of electron magnetic resonance
(EMR), both in its paramagnetic and ferromagnetic mod-
ifications (EPR and FMR) recently attracted intense scien-
tific interest, as a clear demonstration of coupling between
spins and electrical effects, and a way to transfer electron-
spin properties to the charge properties in spintronics
applications. Among different realizations of EDEMR, al-
teration of electrical resistivity under resonant microwave
irradiation was reported for various materials including
semiconductors' and ferromagnetic metals.*~® The simplest
mechanism of EDEMR has bolometric origin and caused by
additional heating of a sample by the resonance pumping;
such an effect was reported in ferromagnetic films.%’
More complicated phenomena are associated with interac-
tions between the external dc, microwave eddy currents and
precessing ferromagnetic moment. Beginning from the pio-
neer papers by Juretschke’ and Egan and Juretschke,* the
corresponding description takes into account the specific an-
isotropy of electron scattering due to the spin-orbital cou-
pling (anisotropic magnetoresistance) along with the Hall ef-
fect as applied to the microwave currents. Recently this
model has been successfully advanced under the name “spin
rectification” (“spin dynamo”)'® and applied to some spin-
tronics tricks such as the quantized spin excitation, magneti-
zation switching, and foldover FMR in nanostructured
systems.!1-13

Another possible mechanism of EDEMR in magnetic ma-
terials can be related to the colossal magnetoresistance
(CMR) which was extensively studied during last decades,
especially in rare-earth manganites Ln;_ A, MnO3;, where A
=Ca,Sr,Ba,Pb,... (see, for example, review articles'*!> and
references therein). In contrast with the above-mentioned
phenomena,*’ the CMR effect is nearly isotropic in the sense
that the change in the resistivity does not depend signifi-
cantly on the direction of H relative to the dc I. According to
the present view, the conductivity in CMR materials is gov-
erned by the double-exchange mechanism!® which suggests
an electron transfer between Mn** and Mn** ions having
effective spin values of S=2 and 3/2, respectively. The prob-
ability of such transfer depends on the relative directions of
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the both spins and reaches its maximum at the parallel
orientation.!” In the paramagnetic phase (above the Curie
point T¢), the fraction of spins directed along the external
magnetic field evidently increases with increasing H, leading
to the CMR effect. Similar mechanism can occur in the fer-
romagnetic state as well if the temperature is high enough to
prevent the total spin polarization. In fact, the maximum
CMR effect is observed in a temperature range around Tc.'*

Pumping with the resonant microwave irradiation can
provide another possible way to influence the electrical con-
ductivity of CMR materials. One can suggest that saturation
(at least partial) of the EMR line with a strong enough mi-
crowave field would diminish the electron-spin polarization,
thus leading to an increase in the resistivity. This consider-
ation is certainly applicable to the paramagnetic phase where
the saturation factor s is simply proportional to the magneti-
zation decrement AM. As to the ferromagnetic state, such a
conclusion is less evident. Indeed, according to the Landau-
Lifshits (LL) equation, the resonance saturation of FMR
would merely lead to an increase in the cone angle corre-
sponding to the precession of the total ferromagnetic mo-
ment M around the direction of the effective field H,
whereas the magnetization magnitude M (the length of the
vector M) is keeping constant.'® In this case, individual
atomic spins perform coherent uniform precession and still
retain their mutual alignment. Thus, to realize the EDFMR
associated with the CMR, another relaxation mechanism is
needed, which does not conserve the magnitude of M. Par-
ticularly, presence of the Bloch relaxation term may lead to
both CMR and EDFMR in the ferromagnetic range. As
shown in Ref. 19, this term can be naturally deduced in the
vicinity of T.

It should be noted that the observation of CMR-related
EDEPR in a ceramic manganite sample at 7>T- was
claimed in Ref. 20. However, as will be shown below, the
interpretation of the experimental data proposed in Ref. 20
contradicts with reasonable quantitative estimations and
seems to be inadequate.

The aim of the present work is to study changes in the
electric resistivity in manganite thin films under resonant mi-
crowave pumping in the temperature range covering both
ferromagnetic and paramagnetic states. Below, the observed
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EDEMR signals are described and compared with conven-
tional EMR spectra and colossal magnetoresistance data
measured in the same sample. Various mechanisms of the
reported EDEMR effect are discussed, the most plausible
one being related to the decrement in the magnetization mag-
nitude due to a partial FMR/EPR saturation with the account
made for the Bloch-type relaxation.

II. EXPERIMENTAL

The samples under study were thin epitaxial films of
La;_,Sr,MnO; with x=0.33 grown by laser ablation on
single-crystal substrates; for details, see Ref. 21. The Curie
point of the films was, as a rule, in the range of T
=340-360 K, so they were ferromagnetic at room tem-
perature. Most of the data presented in this paper were ob-
tained in the film with the thickness of about 50 nm depos-
ited on the (110)NdGaO; substrate with the size of 5X35
X 0.5 mm?.

To characterize the sample before the main experiments,
the temperature dependence of the film resistivity was mea-
sured at zero magnetic field in the broad temperature range
(80-370 K). The four-point probe method was used. Contact
electrodes were fabricated by sputtering of platinum through
a metal mask. The accuracy of temperature control was about
*0.1 K.

The static magnetization curves M(H) were registered us-
ing meridional magneto-optical Kerr effect. Changes in the
film magnetization were monitored by measuring polariza-
tion of reflected light generated by a semiconductor laser.?!
These measurements did not provide the absolute values of
M which had to be calibrated using the EMR data.

The conventional EMR spectra were taken with the com-
mercial X-band Bruker spectrometer ER-200 working at the
frequency w/2m=9.7 GHz. The first derivative of the reso-
nance absorption was registered using the standard 100 kHz
field modulation with the amplitude of 10 G. Heating of the
sample in the temperature range of 7=295-360 K was per-
formed through a copper rod employed as a sample holder;
the temperature error was =0.5 K.

The central set of experiments, including the EDEMR and
CMR measurements, was performed with a homemade EPR
spectrometer which allowed electrical current access and ad-
ditional irradiation of the sample with high power micro-
wave radiation (up to 1 W at w/27~9.5 GHz). The film
was placed in the maximum of the microwave magnetic field
H; of the TE,, cavity (the loaded quality factor Q; =400);
the external field H L H; lays in the same plane. The four-
contact method was employed for determination of the film
resistivity R with the measuring dc (/=1-10 mA) directed
along H;. To segregate the effect of microwave pumping, the
square-wave modulation of the microwave power was used
with the almost 100% modulation depth and repetition rate
of 100 kHz. The same electrical voltage signal was used both
to control the p-i-n diode modulator and as a reference in the
lock-in amplifier (SR 844 RF). The input of the amplifier
was connected with the potential contacts of the film under
study. Both the in-phase and out-of-phase components of the
detected signal were monitored at the amplifier outputs.
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FIG. 1. (Color online) The EMR spectra taken at various tem-
peratures (shown in kelvin at the traces).

To search for the effect of the EMR saturation, the exter-
nal magnetic field was being swept through the resonance
value (with the sweep period of 16 s) and modulated simul-
taneously with the frequency of 180 Hz and amplitude of 16
Oe. The second lock-in amplifier working at this frequency
measured the first derivative of the signal. A number of mea-
surements were also performed without the magnetic field
modulation; in this case, the signals proportional to the
change in the resistance were taken directly from the SR 844
outputs. In order to improve the signal-to-noise ratio, com-
puter processing and accumulation has been used at the final
stage (as a rule, number of accumulations was about 100).
Similar sweep procedure without the microwave pumping
and field modulation was used to record the CMR effect.

It should be noted that the dc used to register EDEMR
could cause some heating of the sample, especially at
I>3 mA. Extra heating was also produced by strong
enough microwave pumping. All the data presented below
correspond to the steady-state regime, where the temperature
corresponds to the combined effect of the dc, microwave
power, and, in some cases, additional heating or cooling.
Accurate measurements of the film temperature were per-
formed using the preliminary calibration of the R(T) depen-
dence; thus, the film under study worked as a self-
thermometer.

III. RESULTS

First we present the results of some preliminary measure-
ments (EMR, resistivity, and static magnetization) aimed to
characterize magnetic and transport properties of the film
under study. EMR spectra of the Lag 4751, 33MnO; film taken
at various temperatures around the ferromagnetic phase tran-
sition are shown in Fig. 1. The external magnetic field H
is in the film plane, and the temperature-dependent shift
H.,—H, of the resonance field relative to its high-
temperature value Hy=w/y (v is the gyromagnetic ratio) is
primarily caused by the demagnetizing field. An additional
shift due to the crystalline anisotropy in the ferromagnetic
phase was found to be much less than that caused by the
shape anisotropy.?! Thus, the magnetization can be consid-
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FIG. 2. (Color online) Temperature dependencies of the magne-
tization magnitude (black squares, left scale) and peak-to-peak
EMR width (circles, right scale). Curves are guides for the eyes.
The Curie point is indicated by the arrow.
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The magnitude M of the magnetization calculated from Fig.
1 and Eq. (1) is shown in Fig. 2 as a function of the tem-
perature. In the same figure, the peak-to-peak width A, of
the EMR line is plotted, revealing typical maximum while
passing through the phase transition temperature. The posi-
tion of the maximum coincides with the maximum slope in
the dependence M(T), thus determining the Curie point T
=348 K.

Figure 3 shows the electrical resistance of the sample
(measured at H=0) as a function of the temperature. The
dependence R(T) reveals a metal-like behavior (R increases
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FIG. 3. (Color online) Electrical resistance of the film at H=0
(left scale) and its derivative dR/dT (right scale) versus
temperature.
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FIG. 4. Typical magnetization curves taken in the film plane at
different temperatures (indicated at the traces).

upon heating). The maximum is not achieved even at T that
is typical for similar manganite films.?!

Some static magnetization curves measured in the film
plane at various temperatures are shown in Fig. 4. A decrease
in the saturated magnetization when approaching T is
clearly seen. At the same time, a slight, nearly constant slope
remains in the M(H) curves even after closing the hysteresis
loop. This slope becomes more pronounced at higher tem-
peratures.

Now we pass to the main part of the work, the searching
for the effect of the EMR pumping on the electrical resistiv-
ity. A typical trace obtained at T=319 K (well below T),
I=4.7 mA, and P=500 mW is presented in Fig. 5 (herein-
after P denotes the pulse value of microwave power).

Here the field-modulated technique has been used, regis-
tering the first derivative, dUr/dH, where Ug=IR is the volt-
age measured between the potential contacts. The signal
shown in Fig. 5 was taken using the in-phase detection rela-
tive to the power modulation. The out-of-phase signals dem-
onstrated the same shapes as the in-phase signals but had
significantly lower amplitudes (in 4-5 times). In what fol-
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FIG. 5. (Color online) The EDEMR (upper trace) and conven-
tional EMR (lower trace) signals taken at 319 K. Inset: peak mag-
nitude of EDEMR as a function of dc (7=330 K; P=500 mW).
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FIG. 6. (Color online) Increment of the voltage across the film
(pulse amplitude at the lock-in input) caused by microwave pump-
ing under EMR conditions. 7=325 K, /=556 mA, and P
=500 mW. The smooth curve represents the Lorentzian fit.

lows only the in-phase signals are considered. For compari-
son, the EMR line recorded at the same conditions is also
shown in Fig. 5. Excellent agreement of the ED and ordinary
detected EMR spectra is clearly demonstrated. It should be
emphasized that both signals were registered below T and
correspond to the ferromagnetic resonance. The EDEMR can
be also observed without the field modulation. In this case,
the dc signal from the output of the first (100 kHz) lock-in
amplifier was fed directly to the accumulation system. A
typical signal (recalculated to the input of the lock-in ampli-
fier) is shown in Fig. 6. The observed EDEMR line can be
fitted by Lorentzian shape which well agrees with the FMR
absorption line. The ordinate in Fig. 6 allows direct calcula-
tion of the resistance change under the EDEMR conditions,
AR, ,=AUr/I=1.1 m() at the resonance. As expected, a
partial FMR saturation leads to an increase in the film resis-
tance (AR>0). Note that at the temperature used (325 K)
one has R=315 () so that the value of AR, /R amounts to
about 3.5 X 1075,

A typical dependence of the EDEMR magnitude (the peak
value of the dUy/dH signal) on the dc at P=500 mW and
T=330 K is plotted in the inset of Fig. 5. It is seen that the
magnitude of the EDEMR signal is nearly proportional to the
current, though some deviations are present at lower I.
Likely, this nonlinearity is due to rectification of microwaves
at the non-Ohmic electrical contacts (see the Sec. IV below).
In what follows, the data are slightly corrected to obey the
proportionality represented by the straight line in the figure.
The dependence of the EDEMR signals on the microwave
power in the range of 100-600 mW was found to be propor-
tional within +10%.

The temperature dependence of the EDEMR effect is pre-
sented in Fig. 7. The peak amplitude of the derivative
dUgr/dH and absolute change AR, in the film resistance
under the resonant pumping are plotted. Supposing that these
values are proportional to both P and I, the corresponding
normalization was executed. One can see that the AR data
demonstrate a maximum near 7=330 K whereas the magni-
tude of the derivative falls down monotonically upon heat-
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FIG. 7. (Color online) Peak values of the derivative dUy/dH
(triangles, left scale) and the resonance change in the film resistivity
(black squares, right scale) as a functions of temperature. The data
are normalized to P=500 mW and, for the derivative ones, to [
=5 mA. The curves are calculated using Egs. (2)—(6) with T,
=1.8 ns and other parameters obtained from independent experi-
ments, see the text.

ing. Obviously, this difference is caused by the temperature
dependence of the EMR linewidth, see Fig. 2.

Further scaling can be performed supposing that the
EDEMR magnitude is proportional to the resonant micro-
wave absorption, that is to the magnitude of the conventional
EMR signal. In order to obtain the “totally normalized”
EDEMR values, one should divide amplitudes of the
EDEMR derivatives (Fig. 7, left scale) by corresponding am-
plitudes of the EMR. Since the same modulation technique is
used in both the EMR and EDEMR experiments, this proce-
dure provides cancellation of the factors depending on the
absorption magnitude and linewidth. The normalized data are
shown in Fig. 8.

Compare now the temperature dependence of the normal-
ized EDEMR amplitude with that of the static magnetoresis-

o

o

S

®
1

/o/ \

[ ]
[ ]
\ﬁ’\
]
]
n
- Lo /
/
B
-dR/dH [mOhm/Oe]

0.006 1 " = O

0.004 4 ] O

Normalized EDEMR amplitude [arb. units]

S O
e 12
[ ]
'q‘p n LI

0.002 4 ﬁ -
o lc 11
0.000 T T T T T T T — T T T 0

310 320 330 340 350 360
T K]

FIG. 8. (Color online) Temperature dependencies of the totally
normalized EDEMR magnitude (black squares, left scale) and the
differential CMR, dR/dH (circles, right scale). The arrow indicates
Tc.
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tance (CMR) measured under the same conditions. The dif-
ferential CMR values, dR/dH, measured by means of
sweeping H around H,., without the microwave pumping are
also plotted in Fig. 8. Strong correlation between both sets of
data is evident.

IV. DISCUSSION

In Fig. 8, a striking agreement can be seen between the
EDEMR and CMR temperature dependencies. In particular,
both the effects have their maxima near 7. This can be
considered as a strong argument for the common origin of
these phenomena. Nevertheless, some other EDEMR mecha-
nisms are known*® which can contribute, at least partly, to
the observed data. Thus, not only a qualitative resemblance
but rather a quantitative (at least, the order-of-magnitude)
analysis is needed.

According to the double-exchange model,!” the CMR ef-
fect is related to spin polarization of manganese ions and
depends on the absolute value of the magnetization magni-
tude M. Suppose that our EDEMR signals are of the same
origin and caused by the change in the magnetization mag-
nitude (AM) produced by the resonant microwave pumping.
Let |[AM|<M,, where M, is the equilibrium magnetization
and consider first the paramagnetic state (7>T7). Then,
making use of the standard Bloch equations with the longi-
tudinal and transverse relaxation times T, and 7,,%? in the
steady-state regime one gets

AM T 1

— =—s5=——(yH))? T(a——), 2
M, () g(@)Tr\a-2 (2)
where s<<1 is the saturation factor, y is the gyromagnetic
ratio, g(w) is the normalized form factor of the EPR line
(Lorentzian with the half width of 1/T,), and a=T,/T,. In
particular, at the strict resonance, Eq. (2) can be simplified to

1 1
So=1(7H1)2T§<a—5>- 3)
Note that the relative decrease in the longitudinal magneti-
zation AM,/M is described by the same Egs. (2) and (3)
except for the term 1/2 in parentheses.

In the ferromagnetic phase (I'<<T), the situation be-
comes more complicated. The FMR dynamics is described
by the LL equation'® which differs from the Bloch equations
in two aspects. First, the external magnetic field H is
changed to the effective field H, which depends on M and
accounts for the shape and crystalline anisotropy. Though
this factor may be substantial, we will neglect it for simplic-
ity sake, keeping in mind that, in our case, H exceeds
strongly the overall anisotropy field H,. The second issue is
the LL relaxation term which has the form of —aM X (M
XH,)/ M?, where « characterizes the relaxation rate. Evi-
dently, this term conserves the magnetization magnitude and
can be valid at sufficiently low temperatures only, when the
spin polarization is close to unity and all atomic spins are
precessing coherently. In such a case, both the CMR and
related EDFMR mechanisms are inefficient.

At higher temperatures, and especially while approaching
the Curie point, thermal fluctuations of ferromagnetic order
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result in decreasing M against its low-temperature limit. The
magnitude of M becomes field dependent, giving rise to
CMR. At the same time, progressive change occurs from the
LL to Bloch relaxation mechanism leading to the so-called
LLB equation.” Thus, to calculate the steady-state magneti-
zation decrement caused by the resonant microwave pump-
ing, the LLB equation with both the LL and Bloch relaxation
terms!® should be considered. For a crude estimation, one
can account for the interplay between these relaxation
mechanisms by multiplying the Egs. (2) and (3) by a coeffi-
cient 8= 1 which tends to unity near 7 and vanishes at low
temperatures. Thus, the effective saturation factor reads

Ser=Ps. (4)

Let the dependence of the sample resistance on M be
characterized by some function R(M). Experimentally, the
function R on H is determined from the magnetoresistance
measurements. So it is convenient to use the relation

= fan (5)

ﬁ_%<ﬂ)‘l
Xdif

oM~ 9H\ oH

(partial derivatives correspond to a fixed T). Here rcygr and
Xair Characterize the differential values of the CMR and mag-
netic susceptibility, respectively. It should be emphasized
that yg;r is related to the change in the absolute magnitude of
the magnetization. In the ferromagnetic phase, it is deter-
mined by the nonsaturated slope of the static magnetization
curve taken at H> H,. Combining Egs. (2), (4), and (5), one
gets finally

_ BsMrewr
Xdif

AR = (6)

Now, let us compare the predictions of Egs. (2)-(6) with
the experimental data. For definiteness, choose 7=325 K
where the resonance increment of resistivity AR, amounts
to about I mQ (Figs. 6 and 7). Using P=500 mW and other
parameters given in Sec. II, one gets H;=1.27 Oe. Further,
supposing a=1 and T,=2/\3(yA,))'=0.52X107 s, we
have sy=1.7 X 107>, Thus, the inequality s<1 is surely ful-
filled. Note that the obtained s value evidently contradicts
with the possibility of strong EMR saturation in ceramic
manganites at much less microwave power as was claimed in
Ref. 20.

Further, we have M=165 emu (Fig. 2) and reyr=
-2 m{)/Oe (Fig. 8) whereas yyi can be determined as the
asymptotic high-field slope of the M(H) curve. The accuracy
in measuring this quantity is rather poor, but, approximately,
Xait Was found to rise linearly in the range of 0.01-0.03 when
T increases from 290 K to T (see Fig. 4). As to the factor S,
it cannot be measured directly.

To overcome this difficulty, we make use of the fact that
Xdir and B are resulted from the same origin, namely, non-
conservation of the magnetization magnitude due to thermal
fluctuations of ferromagnetic order. Evidently, both g4 and
B tend to zero at low enough temperatures and have their
maxima near 7 where S=1. In a crude approximation, one
can suggest that these quantities are proportional to each
other in the temperature range studied. Then one gets
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Xair/ B=const=0.03 to be substituted into Eq. (6). The result
is AR..,=0.2 m{) that is about five times less than the ob-
served EDEMR signal. Further calculations show that the
discrepancy rises progressively at higher temperatures.

Most likely, this disagreement is caused by the assump-
tion of T,=T, (that is, a=1) accepted above. In fact, this
equality, though commonly considered as a natural one, was
not supported experimentally. To the contrary, direct mea-
surements of 7 in several manganite ceramics performed by
means of modulation technique with longitudinal
detection®*~2¢ showed an increase in the T,/T, ratio from 1
to 2-5 when approaching T from the paramagnetic phase.
In the ferromagnetic state, the longitudinal relaxation time
was found to be independent of temperature within the range
from T down to about 50 K below T (Ref. 25) and
amounts to 1-5 ns in various samples.

Unfortunately, the sensitivity of the modulation technique
is not high enough to allow similar 7 measurements in our
thin films. Nevertheless, one can suppose that both the abso-
lute values and temperature dependence of 7 in our samples
are not very different from those reported in Refs. 24-26.
Returning to the present work and substituting the constant
value of 1.8 X107 s for 7, in Eqs. (2) and (6), one gets a
good quantitative agreement with the experiment in the
whole temperature range up to 7, see the curves in Fig. 7.
Above T, the experimental points start to fall below the
calculated curve; evidently, this can be attributed to decreas-
ing T in the paramagnetic phase, just as reported in Refs.
24-26.

At a>1, as seen from Egs. (2) and (6), the totally nor-
malized EDEMR magnitude, AR/[PMg(w)], becomes pro-
portional to Breyr/ Xgir and expected to nearly reproduce the
CMR behavior. This is consistent with Fig. 8. Again, a
sharper decrease in EDEMR above T is seen that might be
due to increasing TTI. Thus, the analysis supports the validity
of the CMR-based EDEMR mechanism on each side of the
transition temperature.

Let us discuss some other phenomena which might con-
tribute to the observed EDEMR signals. We will not consider
the anisotropic magnetoresistance and dynamic Hall effect*’
since the observed temperature dependence with maximum
near T (Figs. 7 and 8) is not characteristic for these mecha-
nisms. In what follows, two other alternatives will be dis-
cussed.

The most trivial source of additional signals which could
affect the EDEMR registration might be the microwave de-
tection at the non-Ohmic contacts used for measuring the
film resistance. In such a case, the sample works as an ordi-
nary detector, and the signals are the standard EMR (but not
EDEMR) ones. The distinctive feature of this parasitic detec-
tion should be its nonlinear dependence on the current flow-
ing through the film. We suspect that just this mechanism is
responsible for the resonance signals treated as the EDEMR
in the ceramic LaSrMnO manganite in Ref. 20. In that work,
strong nonlinearity was observed relative to both the dc and
microwave power, including saturation at rather moderate /
and P values. A pronounced asymmetry relative to the cur-
rent reverse was also found. The effect was observed in the
paramagnetic phase only; nothing was registered below 7.
The authors tried to explain the observed nonlinear peculiari-
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ties by the EMR saturation. However, as was shown above,
the saturation factor s in manganites remains much less than
unity up to practically unattainable microwave levels on the
order of kilowatt. Thus, the interpretation suggested in Ref.
20 cannot be accepted, and the effect reported there should
be attributed to the parasitic detection.

Unlike Ref. 20, we used the four-point probe with spe-
cially prepared platinum contacts for measuring the film re-
sistivity. As a result, nonlinear distortions in the current de-
pendence of the resonance magnitude were sufficiently weak
(Fig. 5) and did not affect the basic EDEMR interpretation.
Note that we were still able to detect high enough microwave
power by directly monitoring the dc voltage on the film con-
tacts. Weak signals detected were asymmetric relative to the
direction of the current and became saturated very similarly
to those reported in Ref. 20.

Another alternative EDEMR mechanism might be the bo-
lometric effect.>® The EMR absorption of microwaves leads
to some additional heating of the sample, resulting, in its
turn, to the change in resistivity. As one can see from Fig. 3,
the derivative dR/dT is positive in the whole temperature
range studied in our work. Hence, the sign of the bolometric
effect should coincide with that caused by the CMR-based
EDEMR: in both cases, AR>0. The strongest bolometric
effect can be expected at the temperature where dR/dT at-
tains its maximum. As seen from Fig. 3, this point is close to
Tc.

To discriminate between the CMR and bolometric mecha-
nisms, we performed numerical calculation of heat transfer
across the manganite film under our experimental conditions.
The standard heat-transfer equation with realistic boundary
conditions was solved with the account made for the densi-
ties, heat capacities, and thermal conductivities of both the
manganite film and NdGaO; substrate (for the parameters
see Refs. 27-29). The heat source was assumed to be distrib-
uted uniformly inside the film volume and supplied by the
square-wave resonant pumping with the repetition frequency
of 100 kHz. The heat generation was determined by the
imaginary part of resonance susceptibility X;’eS=M0\53/ App.lg
The result for the steady-state regime at 7=325 K and P
=500 mW is shown in Fig. 9. The temperature inside the
film oscillates synchronously with the microwave pulses.
The oscillations range to about 0.08 mK; according to Fig. 3,
this corresponds to AR ~0.4 m(). Thus, the calculated bolo-
metric effect is less than the experimentally observed resis-
tance change AR=1.1 mQ (Fig. 6), though the both values
are of the same order of magnitude.

Of a great importance is the phase of the signals under
consideration. Since the spin-relaxation times are much less
than the pulse period, the oscillations of R induced by the
square-wave EMR saturation should be practically in phase
with the pulses. Unlike this, the oscillations shown in Fig. 9
are shifted in phase relative to the pumping power. This
phase shift, as well as a relatively small amplitude of the
temperature oscillations, are due to very fast heat transfer
from the extremely thin film to a much thicker substrate so
the film has no enough time to be heated during a pulse.
Analysis shows that the phase shift corresponding to Fig. 9 is
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FIG. 9. Calculated steady-state oscillations of the film tempera-
ture under square-wave resonance microwave irradiation (the upper
trace shows the pumping wave form). The time origin is arbitrary.
The temperature increment AT is measured from the steady-state
level.

about 45° and does not depend strongly on the parameters
varying within a realistic range. This means that the bolom-
etric signal should be divided equally between the in-phase
and out-of-phase channels of the lock-in amplifier. As it was
mentioned in the preceding section, the measured out-of-
phase signals were found to be 4-5 times lower than the
in-phase ones. It seems plausible that this proportion reflects
the real contribution of the bolometric effect in our experi-
ments. Thus, the main part of the EDEMR signal observed
by the in-phase detection is related to the CMR mechanism.

PHYSICAL REVIEW B 82, 144414 (2010)

In conclusion, an increment in electrical resistivity due to
microwave pumping under the EMR conditions (EDEMR)
has been found in thin manganite films both below and
above the Curie point. The shapes of the EDEMR and con-
ventional EMR spectra are identical. The effect is caused
primarily by decreasing the magnetization magnitude that, in
its turn, suppresses the conductivity in the frames of the
CMR mechanism based on the double exchange. To compare
the observed signals with those predicted by the model, the
quantitative estimations were performed, using the param-
eters obtained from independent measurements. The essen-
tial feature of the interpretation is the allowance for the
Bloch-type spin relaxation with 7', > T, which is supposed to
exist along with the Landau-Lifshits mechanism even below
Tc. As a result, satisfactory agreement has been demon-
strated between the experimental and calculated data, includ-
ing the absolute values of the EDEMR signals and their tem-
perature dependence both in the ferromagnetic and
paramagnetic phases. Thus, the validity of the CMR-based
EDEMR is experimentally confirmed, though some contribu-
tion of the bolometric effect cannot be excluded.
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