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An experimental study of the effect of low-frequency transport current on the microwave
conductivity of single-crystal LgPh, sMnO; 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 Physid$$1063-783409)01612-3

Perovskite-structure manganites with a common formuldhe sample as a function of temperature, external magnetic
R;_AMnO; (where R stands for rare-earth ions, and Afield, and the frequency and amplitude of the ac voltage
stands for Sr, Ba, Ca, and Pbave been recently attracting across the sample.
attention due to their unusual magnetic and electronic Itis well knowrf that if the sample dimensions are much
properties: Most of this interest centers on the giant magne-smaller than the wavelength of the electromagnetic radiation,
toresistancéGMR) observed in some compositiohé\t the  and the skin-layer thickness is larger than or comparable to
same time there is still no full understanding of the mechathe smallest sample dimensidim our case this condition
nisms responsible for the GMR and other magnetoelectrisvas me}, the variation ofP, can be related in a single-
effects. A substantial contribution to the solution of this valued way to that of the complex dielectric permittivity
problem could come from invoking nontraditional experi-
mental methods, for instance, those aimed at studying the s=s’—ig”:s’—iml, (1)
response of a system to combined action of various factors. w

Besides, one could expect in this case new mgnifgstations %hereoMW is the conductivity in the microwave range and
the GMR, as well as new effects having application potens,, s the wavelength of the electromagnetic radiation. For
tial. . . . o conducting media one usually has<e”. Indeed, in our

In this connection, the microwave conductivity responsegy periments we did not find any variation of the cavity reso-
to an ac current in single-crystal §.#, MnO; exhibiting  ance frequency which could be related to thai6f The
GMR, which was detected by dsturned out to be very icrowave response signal was generated by variations of
interesting. The nature of the response depended on the ap;, cavity Q-factor. The relative change in the Q-factor

plitude of the ac voltage across the sample and its frequency, sed by a change in the conductivityoryy, can be
as well as on the external magnetic field. This observation i itterp

a one more demonstration of an intimate relation between the
magnetic and electrical properties of perovskite-type manga- AQ Qg
nese oxides. This communication reports the results of a de- Q_o o woWo

: . s . Vs
tailed investigation of this phenomenon.

Equation (2) was derived by the perturbative techniq@,

=woWy/(Pst+P,) is the intrinsic Q-factor of the cavity

complete with the sample&?, and Py are, respectively, the

microwave power losses in the cavity walls and the sample,
The studies were carried out on g®h, MnO; single W, is the power stored in the cavit_y, ang, is the cavity

crystals grown by spontaneous crystallization from a melfSonance frequency. The output signal of the spectrometer

solution® The sample representing a polished plate measurlln,ear microwave d.et.ector is related to the variation of the

ing 4x2x0.1 mn? was placed at the antinode of a micro- Microwave conductivid oy through

wave electric field in a rectangular cavity 10 GH2. The AU 1AQ

cavity was connected in a reflection-type magnetic-resonance = 5 Q_ Q)

spectrometer arrangement. The electric current was fed into 0 0

the sample through spring-loaded needle contacts. One meahereU, is the microwave-detector output voltage, which is

sured the microwave powét, reflected from the cavity with  proportional to the power incident on the cavigy,, and

1. EXPERIMENTAL
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AU is the change of the microwave-detector output voltage
caused by a change ;. Finally we have

AU:CAO'M\N, (4)

units

wherec is a quantity remaining constant during the measure- =
ment.

Determination of the absolute value @f;,, meets with
certain difficulties, but we were interested in the variation of
the conductivityA oy caused by an external actichoy,y
was measured in arbitrary units. For definiteness, we shall
call in what follows the variation of the microwave conduc-
tivity generated by the action of a current the microwave
response of a sample.

The dc resistivityp and the magnetoresistan¢g(0)
—p(H)1/po=Aplp, were measured by the standard four- 00 ' 3'0 ' 6IO - 9'0
probe technique. £, kHz

Amplitude, arb
[\4
o

120

FIG. 1. Amplitude of the microwave-conductivity response sighal,, vs
frequencyf of the ac voltage) acting on a sample. External magnetic field
2. EXPERIMENTAL RESULTS H=0, U_=500 mV, T=300 K. Solid line: approximatior{see text for
explanation.
Our study of the effect of transport current on the con-

ductivity of Lay ,Phy, ;MnO; single crystals in the microwave

range revealed the following. If one applied across a Samp'ﬁuency. Namely, one detected sample response peaks at fre-

an ac voltagel .. of frequencyf, the microwave response qenciesf /3 andf,/5, with higher-order multiples also ob-
signal corresponding td oy could be represented as a gaped sometimes.

sum of harmonic components of the modulating voltage fre-  \ye studied the behavior of the resonant microwave-

quency response enhancement in a figld=7 kOe at different tem-
n peraturegFig. 2). In these measurements, the voltage across

AUMW(t)=Zl A;cogift), (5)

wherei is the harmonic number, ard is the amplitude of fo 100 K
theith harmonic component in the response signal. f‘"
In the absence of an external magnetic figtt=0), the 0
microwave response signal contains only even harmonics,
with the main contribution being due to the component of the fo
2f frequency. This is a direct consequence of the response ——t A

being independent of the polarity of the voltage applied to
the sample. The temperature dependenc ®f,, was pre- fol5 foi3 J\

" ~ 250K
fo

—eeeste 20 10k

200K

sented in Ref. 3. We may recall that it coincided completely
with the behavior of the sample magnetoresistance. As for
the dependence of the microwave response signal on the fre-
quencyf of the applied voltagdJ, it is shown in Fig. 1. The
data are given folf =300 K. We see thatr,y iS most sen-
sitive to low-frequency currents. The amplitude &tryy

falls off rapidly with increasing frequency.

When an external magnetic field is applied, the response
signal amplitude decreases slightly throughout the frequency ~ 300 K
range covered while remaining a smooth functior. &t the Jfo et Rl
same time at a certain frequenty there appears a peak of
the resonantly enhanced microwave-response amplitude. T=35K
Note that it is the first harmonisee Eq.(5)] of the signal, [ tesstessspsscstesetesassormtsstenstesivosssesseny
which was absent in thel=0 case, that contributes to the 0 300 600 900 1200 1500
response enhancement. Asincreases, the amplitude of the f, Hz
resonance peak grows to exceed considerablyHtke) re-
sponse. Indeed, at=300 K and a fieldtH =7 kOe the signal FIG. 2. Amplitude of the microwave-cqnductivity response sighal, vs_

) bv nearlv 10 times. Besides the direct resonatr}e freq_uer_wyf of the voItageUN applied across the sam_ple placgd in a
InCcreases by y I;}mgnenc fieldH=7 kOe. Different curves are plots obtained at different

change_A omw "_it frequenCYan_ the spgctrum contains also temperatures fot) . =500 mV. f, is the main-peak frequency; also shown
harmonics of higher frequencies multiples of the current fre-are peaks of the sample response to frequency multiplég. of

Amplitude, arb. units
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Q 200 — < different values ofJ _ in an external magnetic field =7 kOe atT =300 K.
T i Solid lines: calculations made in the nonlinear-oscillator approximdtiea
3 text for explanations
100 150 200 250 300 350 ) )
T, K lower frequencies. The peaks at thg3 andf /5 frequencies

do not change position in the spectrum. This behavior is
FIG. 3. Temperature dependences of the intensiand frequencyb) of - typjcal of forced oscillations in nonlinear systems under har-
the peak in the microwave-conductivity resonance respdnisgy of & ynic excitation. It can be added that at latge amplitudes
sample to an ac voltagé) _=500 mV,H=7 kOe;(c): temperature depen- - . . o
dence of the resistivity, and magnetoresistancep/p, in a field H=7 the resonance curve exhibits a slight hysteresis with increas-
kOe. ing and decreasing frequenéyThis deviation of the reso-
nance curve from single-valuedness is also a consequence of
the nonlinearity of the system under study.
the sample was maintained constatt_(=500 mV). The Interestingly, if one fixedJ _ at a given temperature but
peak in the dependence afoy,,y on the frequency of the  varies the external magnetic field, a similar family of reso-
voltage acting on the sample becomes noticeablB~at00  nhance curves is obtaind&ig. 5. This permits a conclusion
K. As the temperature increases, the peak grows in intensitihat the amplitude of the exciting force depends on a combi-
and shifts toward lower frequencies. The peak of the resonation of the quantitiesi andU _ .
nant Aoy amplitude enhancement reaches the maximum Note that different samples could differ slightly in the
intensity at aboufT~300-320 K. The peak amplitude de- magnitude off,, the width and shape of the resonant re-
creases rapidly with a further increase of temperature. Théponse peaks at a fixed temperature. At the same time the
variation of the resonant response frequehgys the stron-  pattern of the above effects did not change in any way. We
gest within the temperature region from 150 to 300 K. Figureassociate the observed differences with the quality of the
3a and 3b illustrates graphically the phenomenon. Note th&ingle crystals used, including nonuniform impurity distribu-
coincidence of the main features in the above-mentioned rgion over the sample. This conclusion is corroborated indi-
lations with the behavior of the magnetoresistangép, in rectly by studies of the magnetic resonance in the crystals.
the crystals studiedFig. 309. The peak of the resonance re-
sponse reaphes a maX|mqua% 300 K, Wh(lareAp/.pO .starts 3. DISCUSSION
to grow rapidly. The drop in the response intensity is accom-
panied by a decrease dfp/p,. None of these two effects is The influence itself of both dc and ac transport current
observed fofT>T.~360 K. on the electrical properties of haPh, sMnO5 single crystals
Figure 4 presents a part of the family of resonant microturned out to be unexpected. The observed effect is appar-
wave response curves obtained by varying the ac volthge ently one more manifestation of the unusual electrical and
across the sample. The temperatlire300 K and the mag- magnetic properties of perovskite-like manganese oxides, so
netic fieldH=7 kOe were fixed. One readily sees thaths  that the mechanisms of the current action and of the GMR in
increases, the resonance line increases in intensity too, aride crystals under study have the same nature. This is sup-
becomes distorted. The maximum of the curve shifts towargborted, first, by all the main features found in the study of the
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ductivity to which the system relaxes. We shall assume the
perturbation to be small, in which case the response can, in a
first approximation, be presented®as

oaw= U2+ o, (7)

where ¢ is a constant, the quadratic dependencelois a
consequence of the independencéofy,, of the polarity of
the applied voltage, and, is the dc component of the mi-
crowave conductivity, which is not seen in an experiment.
We present the ac voltage in the form

U=Uye'. (8

Because of the lag, the microwave conductivity can be writ-
ten

Amplitude, arb. units

O'MW:Azei(zft_a)‘l‘O'o, (9)

where Z corresponds to the response at the doubled pertur-
bation frequency, and, is the response amplitude. Substi-
tuting (7), (8), and(9) into Eq. (6) yields

0 200 400 600

/. Hz 1K
A,= (coss+ 2f 7,sind), (10
FIG. 5. Microwave-conductivity resonance respomse,,,, obtained for 1+ (2fTr)2
different strengths of external magnetic field, =500 mV, andT =300 K.
Solid lines: calculations made in the nonlinear-oscillator approximatiea tan 8)=2f7,, (11

text for explanations . . . .
The relations thus obtained fit with a good accuracy to

experimental data foré=162 (U_=500 m\V) and 7,
=4.4x107 % s.

temperature dependences being correlated, and, second, by Thus invoking only one time constant, is a good
the behavior of the above effects in an external magnetignough approximation to determine the response time of a
field. sample to an applied voltage. We have essentially employed

In order to describe in detail the response of a system tg c|assical relaxation model of an overdamped oscillator, in
a change in an external parameter, one has to know its intefghich the friction coefficient is much larger than the charac-
nal structure, i.e., its inherent interactions and the mechagristic oscillator natural frequency. Actually, the processes
nisms by which the current and magnetic field act on thestfecting the variation of the electrical properties of a mate-
state of the substance. Unfortunately, the main question qfz| under study should most likely be characterized by a
the mechanisms of the current action on microwave conducspectrum of time constantavhich corresponds to an en-
tivity, as of the nature of the other magnetoelectric phenomsemple of oscillators with a certain distribution function
ena in manganites, remains unanswered. The approximation we have used is equivalent to introducing

On the other hand, the internal structure of a system cagome average effective time constant. A more substantial
be judged from its response to a perturbation. Thus an analysonclusion could be drawn after a special investigation of the
sis of the dynamic behavior ofyy as a function of the  pehavior of the system response to a perturbation in time.
amplitude and frequency of the modulating voltage, tempera- e shall instead dwell on the microwave response of a
ture, and magnetic field may provide additional informationsarm)|e to an ac current in an external magnetic field. Of
concerning the nature of interactions in the system undeparticular significance here is the resonant enhancement of
study. the response amplitude at tiig, fy/3, andfy/5 frequencies,

Consider first theH=0 case. The dependence of the yhjle at all other frequencies the response signal exhibits
response amplitude on the frequency of the ac voltage asual relaxation. Thus the dynamic behavior of the micro-
plied to the sampléFig. 1) is characteristic of the case where wave conductivity of a sample in an external magnetic field
the processes accounting for the variation of the propeties g§ characterized by two time constants €10 3 s and,
the system occur at a finite rate. As a result, the response of 1f — 1072 ) differing by two orders of magnitude. This
the system lags behind the external perturbafitve mag- gifference permits one, in a first approximation, to consider
netic aftereffect is a particularly revealing example of such ahe processes responsible for each of the times separately.

behavioy. In the simplest case, theyw(t) function is de- As follows from the above experimental data, we have
termined only by one relaxation timg . This can be written  here obviously forced oscillations in a nonlinear dynamic
mathematically as follow’s system. It appears only natural to choose as a first step the
Jouw Taw— TSw simp.lest.model, ie., a nonlinear oscillator. Within. this ap-
Franiaie . , (6) proximation, the equation of motion for the dynamic behav-

ior of the microwave conductivityry,,, of the system under
where oy, is the equilibrium value of the microwave con- study can be written
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d2x was pointed out more than once, the understanding of the

—2+Zéa+f§x+ g(x)=Pcog Qt). (12 mechanisms involved is far from being unambiguous.

dt As before® we espouse the viewpoint that the mecha-

nism underlying the phenomena considered here is phase

separation® Our opinion is supported by additional

magnetic-resonance studies of single-crystg] Py, sMnO

3. Within a broad temperature range bel@w one observes

g(x)=—aU(x)/dx is a function characterizing the nonlin- two magnetic-resonance_absorption Iines_, which correspond
to two magnetic phases in the sample. Field-frequency rela-

earity, andU(x) is the oscillator potential energy. ) ) L > LY
The properties of the system determining the natural ostions permit their identification as the ferromagnetieM)

cillation frequencyf, vary with temperature, and at a fixed and paramagnetic phases. Moreover, the relation between the

temperaturef, remains constant. This can be seen from thePhase volumes at a fixed temperature is governed by the

constancy of the peak positions at thg3 andf /5 frequen- external magnetic field. It is this phenomenon that underlies
cies in the response spectrum. The variation of the oscillatgi'® Mechanism accounting for the GMR. ,
frequency with oscillation amplitude is a consequence of the N our case, the transport current, as well as the magnetic
nonlinearity(nonisochronist The presence in the response f€ld, influences the volume ratio of the phases differing in
spectrum of odd harmonics only permits a conclusion thafhe magnetic state and, accordingly, in the conductivity. This

theg(x) function must be odd. The nonlinear relations char-2ff€cts the microwave conductivity of a samﬁlmciden-_
acterizing the properties of a system are usually approxiza"y’ the response of a sample to the action of a current is of

mated with a polynomial. Thus we can write to the seventHN€ OPPOSite sign to that of the magnetic field. This can be
qualitatively understood based on the following consider-

Herex=oyw/ 0, is a dimensionless variable,, is an arbi-
trary normalization factorg is the damping parametefr is

the natural frequency of a linear oscillatérjs the amplitude
of the external force, ) is its frequency,

power ofx . T
ations. The total free energy of a two-phase system is given
g(x) = ax®+ Bx>+ yx'. (13 by the expressioh
Further analysis shows that within the model considered here E=E,+Eg+Eq+Ey . (17)

¢ also remains constant at a fixed temperature. The quantiti

U_ andH determine the amplitude of the external force %—?ere Ev and Es are, respectively, the volume and surface

energies of the conduction electrolig, is the Coulomb in-
P=P(U_,H). (14)  teraction energy between regions with different electron con-
. . ) centrations, andky, is the magnetic energy, which includes
We restrict ourselves to obtaining the solution of Ek) for the energies of the—d exchange, direct exchange coupling,
the frequency of the external force. In the case of weak NoNz . jnteraction with the external field. A variational analysis
linearity it can be solved, for instance, by harmonic ¢ £ (17) yields the equilibrium dimensions of the phase
approximatio nonuniformities. External magnetic field acts on the mag-
p2 netic part of the free energy,,, which results in an in-
f2=(f2-256%) = \/__452(f2m_ 82), (15  crease of the FM-phase volume of the cry$falransport
A? current increases the kinetic energy of the conduction-band
electrons(through the change d&, andEg), which brings

where about destruction of the ferromagnetism and, accordingly, a
s 3 5 35 decrease of the FM-phase volume in the crystal.
fn="fol 1+ ZaAZJF §,3A4+ a)’Aﬁ (16) The response of a system to ac current is governed by

the dynamics of phase volume variation. In this case the
is the squared frequency of the same nonlinear system fdrequencyf, should apparently reflect the characteristic size
6=0 andA is the amplitude. Using the skeleton curve equa-of the phase nonuniformity. As the temperature increases,
tion (16), one can readily find the experimental values of thethe volume of the minor phase increases and, as a result, the
a, B, and y parameters. The best fit was obtained forfrequencyf, decreases, while the resonance response grows
a=-1.25<10"° B=2.45<10 0 and y=-1.5x10 1'%  inintensity(Fig. 3. AboveT,, the sample becomes spatially
irrespective of which external perturbation parameéter,or  uniform.
H, was varied. Next, by fitting the solution @5) to experi- Within the oscillator approach, a two-phase system can
mental data(Figs. 4 and 5 one obtains the form of the be described in terms of the bistable oscillator model. In this
relation(14). Calculations show that the external fofeés a  case the presence of two characteristic time scajesnd 7o,
linear function of bothU . andH. Note that within the ap- can be explained as follows. The relaxation behavior corre-
proximation employed here the theoretical resonant-responsponds to motion in the vicinity of one of the equilibrium
curves reproduce well enough the experimental relations. states(intrawell dynamicg whereas the other scale charac-
Knowing g(x), one could reconstruct the potential func- terizes the average time required to cross the potential barrier
tion of the system under study and reproduce qualitativelyglobal dynamics
the complete pattern of the motion of the nonlinear oscilla-  Thus our experimental studies have revealed two char-
tor. We are more interested, however, in the physical mearacteristic scenarios of the behavior of microwave conductiv-
ing of the relations obtained, because they are connectdty in single-crystal Lg Pk, ;MnO; samples acted upon by
with actual interactions in the material. Unfortunately, as thisan ac current. In the absence of an external magnetic field,
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