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Resonant microwave conductivity response to ac current in La 0.7Pb0.3MnO3 crystals

N. V. Volkov, G. A. Petrakovski , and K. A. Sablina
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660036 Krasnoyarsk, Russia
~Submitted April 20, 1999!
Fiz. Tverd. Tela~St. Petersburg! 41, 2187–2192~December 1999!

An experimental study of the effect of low-frequency transport current on the microwave
conductivity of single-crystal La0.7Pb0.3MnO3 is reported. In the absence of an external magnetic
field, the microwave conductivity response to a current follows a relaxation behavior. In a
nonzero external magnetic field, the response spectrum exhibits a peak of resonant amplitude
enhancement. The resonant response has a nonlinear nature. The temperature and field
dependences of the main parameters of the microwave response correlate directly with the behavior
of the magnetoresistance. The results obtained are analyzed within the oscillator
approximation. Electronic phase separation is proposed as a possible mechanism for the current
action. © 1999 American Institute of Physics.@S1063-7834~99!01612-3#
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Perovskite-structure manganites with a common form
R12xAxMnO3 ~where R stands for rare-earth ions, and
stands for Sr, Ba, Ca, and Pb! have been recently attractin
attention due to their unusual magnetic and electro
properties.1 Most of this interest centers on the giant magn
toresistance~GMR! observed in some compositions.2 At the
same time there is still no full understanding of the mec
nisms responsible for the GMR and other magnetoelec
effects. A substantial contribution to the solution of th
problem could come from invoking nontraditional expe
mental methods, for instance, those aimed at studying
response of a system to combined action of various fact
Besides, one could expect in this case new manifestation
the GMR, as well as new effects having application pot
tial.

In this connection, the microwave conductivity respon
to an ac current in single-crystal La0.7Pb0.3MnO3 exhibiting
GMR, which was detected by us,3 turned out to be very
interesting. The nature of the response depended on the
plitude of the ac voltage across the sample and its freque
as well as on the external magnetic field. This observatio
a one more demonstration of an intimate relation between
magnetic and electrical properties of perovskite-type man
nese oxides. This communication reports the results of a
tailed investigation of this phenomenon.

1. EXPERIMENTAL

The studies were carried out on La0.7Pb0.3MnO3 single
crystals grown by spontaneous crystallization from a m
solution.3 The sample representing a polished plate mea
ing 43230.1 mm3 was placed at the antinode of a micr
wave electric field in a rectangular cavity (n510 GHz!. The
cavity was connected in a reflection-type magnetic-resona
spectrometer arrangement. The electric current was fed
the sample through spring-loaded needle contacts. One m
sured the microwave powerPc reflected from the cavity with
2001063-7834/99/41(12)/6/$15.00
a

ic
-

-
ic

e
s.
of
-

e

m-
y,
is
e

a-
e-

lt
r-

ce
to
ea-

the sample as a function of temperature, external magn
field, and the frequency and amplitude of the ac volta
across the sample.

It is well known4 that if the sample dimensions are muc
smaller than the wavelength of the electromagnetic radiat
and the skin-layer thickness is larger than or comparable
the smallest sample dimension~in our case this condition
was met!, the variation ofPc can be related in a single
valued way to that of the complex dielectric permittivity

«5«82 i«95«82 i
sMW

v
, ~1!

wheresMW is the conductivity in the microwave range an
v is the wavelength of the electromagnetic radiation. F
conducting media one usually has«8!«9. Indeed, in our
experiments we did not find any variation of the cavity res
nance frequency which could be related to that of«8. The
microwave response signal was generated by variation
the cavity Q-factor. The relative change in the Q-fac
caused by a change in the conductivityDsMW can be
written5

DQ

Q0
5

Q0

v0W0
DsMW E

VS

E2dV. ~2!

Equation ~2! was derived by the perturbative technique,Q0

5v0W0 /(Ps1Pr) is the intrinsic Q-factor of the cavity
complete with the sample,Pr and Ps are, respectively, the
microwave power losses in the cavity walls and the sam
W0 is the power stored in the cavity, andv0 is the cavity
resonance frequency. The output signal of the spectrom
linear microwave detector is related to the variation of t
microwave conductivityDsMW through

DU

U0
5

1

2

DQ

Q0
, ~3!

whereU0 is the microwave-detector output voltage, which
proportional to the power incident on the cavityPin , and
8 © 1999 American Institute of Physics
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DU is the change of the microwave-detector output volta
caused by a change insMW . Finally we have

DU5cDsMW , ~4!

wherec is a quantity remaining constant during the measu
ment.

Determination of the absolute value ofsMW meets with
certain difficulties, but we were interested in the variation
the conductivityDsMW caused by an external action.DsMW

was measured in arbitrary units. For definiteness, we s
call in what follows the variation of the microwave condu
tivity generated by the action of a current the microwa
response of a sample.

The dc resistivityr and the magnetoresistance@r(0)
2r(H)#/r05Dr/r0 were measured by the standard fou
probe technique.

2. EXPERIMENTAL RESULTS

Our study of the effect of transport current on the co
ductivity of La0.7Pb0.3MnO3 single crystals in the microwav
range revealed the following. If one applied across a sam
an ac voltageU; of frequencyf, the microwave respons
signal corresponding toDsMW could be represented as
sum of harmonic components of the modulating voltage
quency

DsMW~ t !5(
i 51

n

Aicos~ i f t !, ~5!

wherei is the harmonic number, andAi is the amplitude of
the i th harmonic component in the response signal.

In the absence of an external magnetic field (H50), the
microwave response signal contains only even harmon
with the main contribution being due to the component of
2 f frequency. This is a direct consequence of the respo
being independent of the polarity of the voltage applied
the sample. The temperature dependence ofDsMW was pre-
sented in Ref. 3. We may recall that it coincided complet
with the behavior of the sample magnetoresistance. As
the dependence of the microwave response signal on the
quencyf of the applied voltageU, it is shown in Fig. 1. The
data are given forT5300 K. We see thatsMW is most sen-
sitive to low-frequency currents. The amplitude ofDsMW

falls off rapidly with increasing frequency.
When an external magnetic field is applied, the respo

signal amplitude decreases slightly throughout the freque
range covered while remaining a smooth function off. At the
same time at a certain frequencyf 0 there appears a peak o
the resonantly enhanced microwave-response amplit
Note that it is the first harmonic@see Eq.~5!# of the signal,
which was absent in theH50 case, that contributes to th
response enhancement. AsH increases, the amplitude of th
resonance peak grows to exceed considerably theH50 re-
sponse. Indeed, atT5300 K and a fieldH57 kOe the signal
increases by nearly 10 times. Besides the direct reso
changeDsMW at frequencyf 0, the spectrum contains als
harmonics of higher frequencies multiples of the current f
e
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quency. Namely, one detected sample response peaks a
quenciesf 0/3 and f 0/5, with higher-order multiples also ob
served sometimes.

We studied the behavior of the resonant microwa
response enhancement in a fieldH57 kOe at different tem-
peratures~Fig. 2!. In these measurements, the voltage acr

FIG. 1. Amplitude of the microwave-conductivity response signalDsMW vs
frequencyf of the ac voltageU acting on a sample. External magnetic fie
H50, U;5500 mV, T5300 K. Solid line: approximation~see text for
explanation!.

FIG. 2. Amplitude of the microwave-conductivity response signalDsMW vs
the frequencyf of the voltageU; applied across the sample placed in
magnetic fieldH57 kOe. Different curves are plots obtained at differe
temperatures forU;5500 mV. f 0 is the main-peak frequency; also show
are peaks of the sample response to frequency multiples off 0.
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the sample was maintained constant (U;5500 mV!. The
peak in the dependence ofDsMW on the frequencyf of the
voltage acting on the sample becomes noticeable atT;100
K. As the temperature increases, the peak grows in inten
and shifts toward lower frequencies. The peak of the re
nant DsMW amplitude enhancement reaches the maxim
intensity at aboutT;3002320 K. The peak amplitude de
creases rapidly with a further increase of temperature.
variation of the resonant response frequencyf 0 is the stron-
gest within the temperature region from 150 to 300 K. Figu
3a and 3b illustrates graphically the phenomenon. Note
coincidence of the main features in the above-mentioned
lations with the behavior of the magnetoresistanceDr/r0 in
the crystals studied~Fig. 3c!. The peak of the resonance r
sponse reaches a maximum atT;300 K, whereDr/r0 starts
to grow rapidly. The drop in the response intensity is acco
panied by a decrease ofDr/r0. None of these two effects i
observed forT.Tc;360 K.

Figure 4 presents a part of the family of resonant mic
wave response curves obtained by varying the ac voltageU;

across the sample. The temperatureT5300 K and the mag-
netic fieldH57 kOe were fixed. One readily sees that asU;

increases, the resonance line increases in intensity too,
becomes distorted. The maximum of the curve shifts tow

FIG. 3. Temperature dependences of the intensity~a! and frequency~b! of
the peak in the microwave-conductivity resonance responseDsMW of a
sample to an ac voltage;U;5500 mV,H57 kOe;~c!: temperature depen
dence of the resistivityr0 and magnetoresistanceDr/r0 in a field H57
kOe.
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lower frequencies. The peaks at thef 0/3 andf 0/5 frequencies
do not change position in the spectrum. This behavior
typical of forced oscillations in nonlinear systems under h
monic excitation. It can be added that at largeU; amplitudes
the resonance curve exhibits a slight hysteresis with incre
ing and decreasing frequencyf. This deviation of the reso-
nance curve from single-valuedness is also a consequen
the nonlinearity of the system under study.

Interestingly, if one fixesU; at a given temperature bu
varies the external magnetic field, a similar family of res
nance curves is obtained~Fig. 5!. This permits a conclusion
that the amplitude of the exciting force depends on a com
nation of the quantitiesH andU; .

Note that different samples could differ slightly in th
magnitude off 0, the width and shape of the resonant r
sponse peaks at a fixed temperature. At the same time
pattern of the above effects did not change in any way.
associate the observed differences with the quality of
single crystals used, including nonuniform impurity distrib
tion over the sample. This conclusion is corroborated in
rectly by studies of the magnetic resonance in the crysta

3. DISCUSSION

The influence itself of both dc and ac transport curre
on the electrical properties of La0.7Pb0.3MnO3 single crystals
turned out to be unexpected. The observed effect is ap
ently one more manifestation of the unusual electrical a
magnetic properties of perovskite-like manganese oxides
that the mechanisms of the current action and of the GMR
the crystals under study have the same nature. This is
ported, first, by all the main features found in the study of

FIG. 4. Microwave-conductivity resonance responseDsMW obtained for
different values ofU; in an external magnetic fieldH57 kOe atT5300 K.
Solid lines: calculations made in the nonlinear-oscillator approximation~see
text for explanations!.
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temperature dependences being correlated, and, secon
the behavior of the above effects in an external magn
field.

In order to describe in detail the response of a system
a change in an external parameter, one has to know its in
nal structure, i.e., its inherent interactions and the mec
nisms by which the current and magnetic field act on
state of the substance. Unfortunately, the main questio
the mechanisms of the current action on microwave cond
tivity, as of the nature of the other magnetoelectric pheno
ena in manganites, remains unanswered.

On the other hand, the internal structure of a system
be judged from its response to a perturbation. Thus an an
sis of the dynamic behavior ofsMW as a function of the
amplitude and frequency of the modulating voltage, tempe
ture, and magnetic field may provide additional informati
concerning the nature of interactions in the system un
study.

Consider first theH50 case. The dependence of th
response amplitude on the frequency of the ac voltage
plied to the sample~Fig. 1! is characteristic of the case whe
the processes accounting for the variation of the propetie
the system occur at a finite rate. As a result, the respons
the system lags behind the external perturbation~the mag-
netic aftereffect is a particularly revealing example of suc
behavior!. In the simplest case, thesMW(t) function is de-
termined only by one relaxation timet r . This can be written
mathematically as follows6

]sMW

]t
52

sMW2sMW
e

t r
, ~6!

wheresMW
e is the equilibrium value of the microwave con

FIG. 5. Microwave-conductivity resonance responseDsMW obtained for
different strengths of external magnetic field,U;5500 mV, andT5300 K.
Solid lines: calculations made in the nonlinear-oscillator approximation~see
text for explanations!.
by
ic

to
r-

a-
e
of
c-
-

n
ly-

a-

er

p-

of
of

a

ductivity to which the system relaxes. We shall assume
perturbation to be small, in which case the response can,
first approximation, be presented as3

sMW
e 5jU21s0 , ~7!

wherej is a constant, the quadratic dependence onU is a
consequence of the independence ofDsMW of the polarity of
the applied voltage, ands0 is the dc component of the mi
crowave conductivity, which is not seen in an experime
We present the ac voltage in the form

U5U0ei f t . ~8!

Because of the lag, the microwave conductivity can be w
ten

sMW5A2ei (2 f t2d)1s0 , ~9!

where 2f corresponds to the response at the doubled per
bation frequency, andA2 is the response amplitude. Subs
tuting ~7!, ~8!, and~9! into Eq. ~6! yields

A25
jU0

2

11~2 f t r !
2
~cosd12 f t rsind!, ~10!

tan~d!52 f t r , ~11!

The relations thus obtained fit with a good accuracy
experimental data forj5162 (U;5500 mV! and t r

54.431025 s.
Thus invoking only one time constantt r is a good

enough approximation to determine the response time o
sample to an applied voltage. We have essentially emplo
a classical relaxation model of an overdamped oscillator
which the friction coefficient is much larger than the chara
teristic oscillator natural frequency. Actually, the process
affecting the variation of the electrical properties of a ma
rial under study should most likely be characterized by
spectrum of time constants~which corresponds to an en
semble of oscillators with a certain distribution function!.
The approximation we have used is equivalent to introduc
some average effective time constant. A more substan
conclusion could be drawn after a special investigation of
behavior of the system response to a perturbation in tim

We shall instead dwell on the microwave response o
sample to an ac current in an external magnetic field.
particular significance here is the resonant enhancemen
the response amplitude at thef 0 , f 0/3, andf 0/5 frequencies,
while at all other frequencies the response signal exhi
usual relaxation. Thus the dynamic behavior of the mic
wave conductivity of a sample in an external magnetic fi
is characterized by two time constants (t r;1023 s andt0

;1/f 0;1023 s! differing by two orders of magnitude. Thi
difference permits one, in a first approximation, to consid
the processes responsible for each of the times separate

As follows from the above experimental data, we ha
here obviously forced oscillations in a nonlinear dynam
system. It appears only natural to choose as a first step
simplest model, i.e., a nonlinear oscillator. Within this a
proximation, the equation of motion for the dynamic beha
ior of the microwave conductivitysMW of the system under
study can be written
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d2x

dt2
12d

dx

dt
1 f 0

2x1g~x!5Pcos~Vt !. ~12!

Herex5sMW /sn is a dimensionless variable,sn is an arbi-
trary normalization factor,d is the damping parameter,f 0 is
the natural frequency of a linear oscillator,P is the amplitude
of the external force, V is its frequency,
g(x)52]U(x)/]x is a function characterizing the nonlin
earity, andU(x) is the oscillator potential energy.

The properties of the system determining the natural
cillation frequencyf 0 vary with temperature, and at a fixe
temperaturef 0 remains constant. This can be seen from
constancy of the peak positions at thef 0/3 andf 0/5 frequen-
cies in the response spectrum. The variation of the oscill
frequency with oscillation amplitude is a consequence of
nonlinearity~nonisochronism!. The presence in the respon
spectrum of odd harmonics only permits a conclusion t
theg(x) function must be odd. The nonlinear relations ch
acterizing the properties of a system are usually appr
mated with a polynomial. Thus we can write to the seve
power ofx

g~x!5ax31bx51gx7. ~13!

Further analysis shows that within the model considered h
d also remains constant at a fixed temperature. The quan
U; andH determine the amplitude of the external force

P5P~U; ,H !. ~14!

We restrict ourselves to obtaining the solution of Eq.~12! for
the frequency of the external force. In the case of weak n
linearity it can be solved, for instance, by harmon
approximation7

f 25~ f m
2 22d2!6AP2

A2
24d2~ f m

2 2d2!, ~15!

where

f m
2 5 f 0

2S 11
3

4
aA21

5

8
bA41

35

64
gA6D ~16!

is the squared frequency of the same nonlinear system
d50 andA is the amplitude. Using the skeleton curve equ
tion ~16!, one can readily find the experimental values of t
a, b, and g parameters. The best fit was obtained
a521.2531025, b52.45310210, and g521.5310215,
irrespective of which external perturbation parameter,U; or
H, was varied. Next, by fitting the solution of~15! to experi-
mental data~Figs. 4 and 5!, one obtains the form of the
relation~14!. Calculations show that the external forceP is a
linear function of bothU; and H. Note that within the ap-
proximation employed here the theoretical resonant-respo
curves reproduce well enough the experimental relations

Knowing g(x), one could reconstruct the potential fun
tion of the system under study and reproduce qualitativ
the complete pattern of the motion of the nonlinear osci
tor. We are more interested, however, in the physical me
ing of the relations obtained, because they are conne
with actual interactions in the material. Unfortunately, as t
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was pointed out more than once, the understanding of
mechanisms involved is far from being unambiguous.

As before,3 we espouse the viewpoint that the mech
nism underlying the phenomena considered here is ph
separation2,8. Our opinion is supported by additiona
magnetic-resonance studies of single-crystal La0.7Pb0.3MnO

3. Within a broad temperature range belowTc one observes
two magnetic-resonance absorption lines, which corresp
to two magnetic phases in the sample. Field-frequency r
tions permit their identification as the ferromagnetic~FM!
and paramagnetic phases. Moreover, the relation betwee
phase volumes at a fixed temperature is governed by
external magnetic field. It is this phenomenon that under
the mechanism accounting for the GMR.

In our case, the transport current, as well as the magn
field, influences the volume ratio of the phases differing
the magnetic state and, accordingly, in the conductivity. T
affects the microwave conductivity of a sample.3 Inciden-
tally, the response of a sample to the action of a current i
the opposite sign to that of the magnetic field. This can
qualitatively understood based on the following consid
ations. The total free energy of a two-phase system is gi
by the expression9

E5EV1ES1EQ1EM . ~17!

Here EV and ES are, respectively, the volume and surfa
energies of the conduction electrons,EQ is the Coulomb in-
teraction energy between regions with different electron c
centrations, andEM is the magnetic energy, which include
the energies of thes–d exchange, direct exchange couplin
and interaction with the external field. A variational analys
of Eq. ~17! yields the equilibrium dimensions of the pha
nonuniformities. External magnetic field acts on the ma
netic part of the free energy,EM , which results in an in-
crease of the FM-phase volume of the crystal.10 Transport
current increases the kinetic energy of the conduction-b
electrons~through the change ofEV and ES), which brings
about destruction of the ferromagnetism and, accordingl
decrease of the FM-phase volume in the crystal.

The response of a system to ac current is governed
the dynamics of phase volume variation. In this case
frequencyf 0 should apparently reflect the characteristic s
of the phase nonuniformity. As the temperature increas
the volume of the minor phase increases and, as a result
frequencyf 0 decreases, while the resonance response gr
in intensity~Fig. 3!. AboveTc , the sample becomes spatial
uniform.

Within the oscillator approach, a two-phase system c
be described in terms of the bistable oscillator model. In t
case the presence of two characteristic time scales,t r andt0,
can be explained as follows. The relaxation behavior co
sponds to motion in the vicinity of one of the equilibrium
states~intrawell dynamics!, whereas the other scale chara
terizes the average time required to cross the potential ba
~global dynamics!.

Thus our experimental studies have revealed two ch
acteristic scenarios of the behavior of microwave conduc
ity in single-crystal La0.7Pb0.3MnO3 samples acted upon b
an ac current. In the absence of an external magnetic fi
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the response has a relaxation pattern with a character
relaxation timet r;1025 s. When placed in an external ma
netic field, the low-frequency response spectrum exhib
superposed on the relaxation behavior, peaks of resona
enhanced response amplitude. An analysis of the res
made in terms of the oscillator approach yielded the par
eters of the system determining the nature of possible in
actions, which are responsible for the observed magnetoe
tric effects.

It may be pointed out in conclusion that the tempo
behavior of the conductivity of manganites subjected to
magnetic field presents a certain interest. As far as we kn
no relevant studies have thus far been carried out, altho
this aspect of the problem is crucial from the standpoint
applications of the GMR effect.
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