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Conductivity and switching phenomena in Mn-doped perovskite single crystals
and manganite thin films
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For better understanding of the charge-transport mechanisms in perovskite manganites, along with colossal
magnetoresistance~CMR! materials, such as La12xSrxMnO3, we study systems with decreased content of Mn
ions, such as single crystals of LaGa12xMnxO3 (0,x,0.5). The conductivity of all the systems in study can
be described adequately with a nonadiabatic approximation of the hopping model with the values of the
activation energy and resistivity coefficient strongly dependent on the concentration of Mn ions. Nonlinear
voltage-current characteristics demonstrated switching to the low-resistivity state at high current density in
LaGa12xMnxO3 crystals as well as in CMR films of low crystallinity. We explain the obtained results based on
the small-polaron-hopping model, taking into account the heating processes and percolation effects.

DOI: 10.1103/PhysRevB.63.174414 PACS number~s!: 75.30.Vn, 72.20.2i, 72.80.Ga
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INTRODUCTION

In the past few years, perovskite manganites~such as
La12xSrxMnO3, La12xCaxMnO3, etc.! have attracted much
scientific attention due to discovery of the colossal mag
toresistance~CMR! effect and rich complex diagram o
phase transitions in these materials~see, for example, Refs.
and 2!. Below a transition temperature, the materials dem
strate ferromagnetism and metalic behavior. At higher te
peratures they are insulators with conductivity determined
a small polaron-hopping mechanism. According to the m
theoretical models, magnetic and transport properties
these compounds are determined by magnetic interact
and electron exchange between Mn ions. Significant effe
of electron-lattice interactions observed in CMR manganit3

point to the important role of the lattice in transport and oth
properties of these materials. In spite of a great amoun
experimental and theoretical studies devoted to CMR eff
many aspects of charge transport and electron-lattice inte
tions are still unclear.

On the other hand, high-resistivity perovskite materi
with a very low concentration of Mn ions also exhibit inte
esting properties, related to charge transport and lattice
tortion effects. As was recently found, the Mn-doped yttriu
orthoaluminates, Mn:YAlO3, demonstrate significan
changes of absorption spectrum and refractive index un
laser light illumination4,5 and are of the great interest fo
holographic applications. A nonlocal photorefractive effe
observed in Mn:YAlO3 crystals is associated with distortion
of the crystal lattice and processes of photoionization, e
tron transfer and trapping with participation of different M
ion centers.4 Finding of inter-relation between these pheno
ena and conductivity properties is of a great interest fr
both fundamental and applied points of view.

To better understand the mechanism of charge trans
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and related role of lattice effects in perovskites with differe
content of Mn ions, we have studied the intermediate cas
well: materials with moderate concentration of Mn ion
single crystals of Mn-doped LaGaO3 with concentration of
Mn ions varying from 0.5% to 50%. In contrast to the we
known manganite CMR systems, in our single-crystal ma
rials Mn ions are diluted by nonmagnetic Ga ions, whi
enter the same place in the crystal structure as Mn io
Study of the conductivity and switching phenomena in the
materials provides us with more detailed understanding
the transport mechanism in both the CMR materials a
manganite perovskite materials without the coexistence
charge- and magnetic-ordering~Mn:LGO!. As we show be-
low, the switching phenomena in both these classes of m
ganite perovskites have the similar origin and are related
the percolation nature of the conductivity and existence
the macroscopic size clusters.

SAMPLES AND EXPERIMENTAL TECHNIQUES

Single crystals LaGaO3, undoped and doped with 0.5%
2%, 10%, 50% Mn, were grown by Czochralski techniqu
The undoped and 0.5% doped crystals have brownish co
the 2% crystal is dark-violet, the 10% and 50% doped cr
tals are black. In the crystals Mn ions could be expected
enter the Ga31 sites and be in Mn31 valence state. However
the spectroscopic studies6 demonstrated also a presence
different valence states, such as Mn21, Mn41, and even
small amount of Mn51. Likely, the other valences are pro
duced by the excess of oxygen or the reaction of disprop
tionation in vicinity of the defects. According to Refs. 4,
and 8, the presence of different valence states of Mn is ty
cal in perovskite materials even in the case of high-qua
optically transparent crystals.

In the experiments with the thin epitaxial films we us
©2001 The American Physical Society14-1
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La0.7Sr0.3MnO3 grown on LaAlO3, MgO, and Al2O3 sub-
strates, fabricated by metal-organic chemical vapor dep
tion ~MOVCD! method. The thickness of the films was abo
600 nm. A comparable study of the similar CMR films o
Al2O3 and LaAlO3 substrates9 demonstrated that the films o
Al2O3 substrates had much lower crystallinity and broa
transition temperature range than high-quality films
LaAlO3 substrates.

The conventional four-point contact technique was u
in the conductivity measurements on the films, 50% and 1
Mn:LaGaO3 samples. In conductivity measurements w
low-doped Mn:LaGaO3 crystals, we used single-crysta
plates with the thickness of 0.2–0.4 mm with two electric
contacts mounted on the opposite sides.

EXPERIMENTAL RESULTS

A. Temperature dependence of low field conductivity

The voltage-current characteristics were linear at l
enough currents. For currents higher than some critical va
Jc , the resistance started to decrease. The value ofJc de-
pended on the Mn-doping concentration. For 50% dop
LaGaO3, Jc'1025 A ( j c'1023 A/cm2) for 10% and 2%
doped samplesJc was less than 1027 A ( j c'1025 A/cm2).
For CMR thin filmsJc was about 0.05–0.5 mA. Nonlinea
behavior at higher currents will be discussed in next sect

To study temperature dependence of the resistivityr(T),
the current was chosen in the rangeJ!Jc . Temperature de-
pendences of the resistivity for Mn-doped LaGaO3 crystals
are shown in Fig. 1. The dependences are very simila

FIG. 1. Temperature dependence of the resistivity in LaGa3

crystals with 2% Mn ions doping concentration~1!, 10% doping
concentration~2!, and 50% doping concentration~3!. Solid curves
are theoretical fits withEg5583 meV,r050.036V cm/K3/2 ~2% of
Mn ions!, Eg5483 meV,r050.0002V cm/K3/2 ~10% of Mn ions!,
Eg5340 meV,r052.4531025 V cm/K3/2 ~50% of Mn ions!.
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those observed in CMR films in paramagnetic phase1,2

where the mechanism of the conductivity is ascribed to
small-polaron hopping between Mn31 and Mn41 ions.

As known, in CMR materials, the concentration of Mn41

ions practically corresponds to the concentration of divale
charge compensators,~Sr, Ba, or Ca!.1,2 The excess of the
oxygen in undoped LaMnO3 materials also provides Mn41

ions.10 In accordance with this standard treatment let us s
pose, that in the Mn:LaGaO3 crystals as well, most Mn ions
are in the valence state 31. As was mentioned earlier, th
crystals contain also Mn41 and Mn51 ions. Thus, we can
expect that in our crystals, the conductivity should be as
ciated with the similar hopping process from one Mn i
(Mn31) to another Mn ion~in valence of 41 or 51!.

According to the small-polaron-hopping model,11 the re-
sistivity can be described by

r5r0Ta exp~Eg /kBT!, ~1!

wherer0 is the resistivity coefficient,T is the temperature
kB is the Boltzmann constant,Eg is the activation energy
a51 in the adiabatic case~when the hopping rate is muc
greater than the optical phonon frequency!, and a5 3

2 in
nonadiabatic case. As shown in Ref. 12, paramagnetic ph
conductivity in CMR films can be described in the nonad
batic approximation of the hopping theory. Obviously, t
nonadiabatic approximation should be used for the mater
with lower concentration of Mn centers, such as Mn:LaGa3
crystals, where the hopping rate is expected to be m
slower due to greater distances between the Mn ions.

As one can see in Fig. 1, the resistivity in all th
Mn:LaGaO3 crystals can be well fitted with a hopping mod
in nonadiabatic approximation, supporting the fact that
mechanism of the conductivity is likely to be the same
that in CMR films: hopping of an electron between Mn ce
ters. However, in our case, the concentration of Mn center
not 100% as in CMR materials, but significantly lower co
responding to the Mn doping concentration in our crysta
The concentration of the carriers corresponds to the con
tration of the Mn41 ~or Mn411Mn51! in the frames of the
standard models.

Figure 2 shows the activation energy as determined fr
Fig. 1 plotted as a dependence on the Mn ions concentra
n. Our data on the activation energy in Mn:LaGaO3 crystals
~0.5–50 % doping concentration! are shown together with
the data on the activation energy in Ga-dop
La0.67Ca0.33Mn12xGaxO3 materials, Ref. 13, where the con
centration of Mn ions is high~90–100 %!. The data on the
inset are shown as a dependence onn1/3}1/r , wherer can be
considered as the mean distance between Mn ions. Note,
in spite of the slightly different composition~additional dop-
ing with Ca ions13!, all the data follow the very similar de
pendence: a linear decrease ofEg with the decrease ofn1/3,
varying from 80 meV in the crystals with 100% of Mn t
about 640 meV in the crystals with 0.5% concentration
Mn ions. If we assume that the mechanism of the conduc
ity is the same in all the crystals, we could associate
increase of the activation energy with the increase of
hopping distance: the larger the hopping distance, the hig
4-2
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the activation energy. As one can see from Fig. 2, the dep
dence can be described asE}(1/r 021/r ), wherer 0 is the
constant.

Sensitivity of the hopping energy to particular compo
tion was also reported in the CMR materials~see, for ex-
ample Ref. 14, where the hopping energy changes from
proximately 60 to 250 meV depending on the content
Mn31 ions in La12xCaxMnO3 thin films!. As one can see
from Fig. 2, in Mn:LaGaO3, much stronger changes in act
vation energy are observed with decrease of the total
concentration.

The coefficient of resistivityr0 also demonstrates stron
dependence on the Mn concentration, increasing with
decrease in the Mn concentration, see Fig. 3. The inset sh
the data onr0 plotted as a function of the mean distan
between the Mn centersr. One can see that all the exper
mental points can be fairly fitted by a straight line in t
semilogarithmic scale, pointing to the nearly exponential
pendence,r05A exp(kr) with k51.23108 cm21 ~see the
dotted line in Fig. 3!.

B. High electric field behavior

As has been previously mentioned, voltage-current cur
for materials in this study can be considered as linear onl
low enough currents. To study nonlinear effects at hig
currents, we measured the voltage-current dependence
currents of 0.1–100 mA in the regimes of the constant c
rent and the constant voltage. The measurements were
formed slowly enough for the sample to reach an equilibri

FIG. 2. Dependence of the activation energy on the concen
tion n of Mn in Mn:LaGaO3 materials. Squares are our experime
tal data for Mn:LaGaO3 crystals, circles are data for Ga dope
La0.67Ca0.33Mn12xGaxO3 ~Ref. 13!. Inset: dependenceEg(n1/3).
Curves are theoretical fits~see text below!.
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state, at ambient temperatureT5300 K. In the experiments
with the constant voltage, starting from some critical val
of electric fieldFd;200 V/mm for the 50% doped crystals
we observe rapid growth of the current with time, typical f
an electric discharge. For the 10% doped sample,Fd was
higher and approximately equal to 800 V/mm.

Results for the constant-current measurements are sh
in Fig. 4. As one can see, in the 50% doped Mn:LaGa3
crystals@Fig. 4~a!#, the voltage initially grows with the in-
crease of the current and reaches maximum at some par
lar Jm . The further increase of the current leads to the
crease of the voltage~switching to the negative differentia
resistance,Rd5dV/dI,0!.

For the La0.6Sr0.4MnO3 films, the situation is different, se
Figs. 4~a! and 4~b!. For the films of high crystallinity, grown
on LaAlO3 and MgO substrates, no switching has been
served. The increase of the current leads only to the sat
tion of the voltage-current dependence at high curre
However, the polycrystalline films on sapphire substra
demonstrates effects similar to those observed
Mn:LaGaO3 crystals, see Fig. 4~b!.

DISCUSSION

We start the discussion with the low-field~Ohmic! resis-
tivity data taken at low-current measurements. The main

a-

FIG. 3. Dependence of the resistivity coefficientr0 on the con-
centration of Mn ions. Inset:r0 as a function of the mean distanc
between Mn ions,r. Points, experimental data; dotted line,r0

;exp(kr): solid line, fit with Eq.~2! ~see discussion!.

FIG. 4. Current-voltage dependences in 50% doped Mn:LaG3
~a!, and LaSrMnO3 films ~b! on substrates of Al2O3 ~triangles!,
LaAlO3 ~squares!, and MgO ~stars!. Solids lines are the fits
with Eq. ~9!.
4-3
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perimental findings are~i! the activation law, Eq.~1!, for
resistivity; ~ii ! a linear dependence of the activation ener
Eg on quantityn1/3, Fig. 2; and~iii ! a nearly exponentia
dependence of the resistivity coefficientr0 on r, Fig. 3. An
explanation of these features can be based on the Hol
nonadiabatic theory of polaron mobility11 further developed
by Mott,15 and Austin and Mott16 as applied to the ionic
lattice with the account made for the lattice distortions due
a trapped small polaron. Note the references mentio
above mostly consider the polaron hopping to the near
neighbor lattice site~at the distancea0!. In our case, mean
distancesr between the Mn centers in the Mn:LaGaO3 crys-
tals are longer~except for the 50% doped sample!, and the
hopping process must be more complicated and canno
described accurately by the well-known theoretical expr
sions given in Refs. 11, 15 and 16. So we shall limit o
selves to a rather qualitative explanation of the obser
temperature and concentration dependences and orde
magnitude estimates.

The temperature dependence of the Ohmic resisti
~Fig. 1! was already discussed in Sec. 3 in terms of the no
diabatic polaron hopping. To go further, a more detailed
pression is needed. According to Refs. 11 and 16, at h
enough temperatures~T.u/2, whereu is the Debye tempera
ture! one has in the nonadiabatic limit

r5
2\Eg

1/2

nhe2l 2p1/2J2 ~kBT!3/2exp~Eg /kBT! ~2!

whereEg5Ep/2, Ep being the polaron binding energy;e is
the electron charge;nh is the concentration of carriers~in our
case, the carriers are holes associated with Mn41 or Mn51

ions!; l is the mean hopping distance; and

J5J0 exp~2r /r p! ~3!

is the polaron band half-width determined by overlapping
the neighboring lattice polarization clouds.

Now we turn to the concentration dependence of the
tivation energy, Fig. 2. According to the small-polaro
model,15,16 the activation energy also depends on the latt
polarization clouds associated with a small polaron~such a
role can be also played by the Jahn-Teller lattice distorti
typical for the Mn31 ions with d4 electron configuration17!.
Namely, the following relation holds:15

Eg5~ 1
4 !e2~1/«21/«s!~1/r p21/r !, ~4!

where«, «s are the high frequency and static dielectric co
stants, andr p is the effective radius of the lattice distortio
induced by a carrier. The best fit of the experimental d
with Eq. ~4! ~shown with the solid line in Fig. 2! is obtained
at r p50.32 nm, in order-of-magnitude agreement with t
nearest-interatomic distance.

Now let us discuss the concentration dependence of
resistivity coefficientr0 . Obviously, the observed nearly ex
ponential dependencer0(r ) ~see Fig. 3! can be attributed to
the factorJ, see Eqs.~2! and~3!, so thatk52/r p . However,
Eq. ~2! contains also other factors dependent on the Mn c
centrations, such asEg

1/2, l 2, andnh
21. Eg(r ) dependence is
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known from our experiments~see Fig. 2!. Furthermore,l can
be approximated byr. As to the carrier concentration, w
cannot say anything definite at present; for a rough appr
mation, let us supposenh to be proportional to the total Mn
concentration. Taking into account that for CMR materia
J'6 meV,18 we calculated the corrected dependence,
solid curve in Fig. 3. This fit was obtained with values
r p50.2 nm and the relative carrier concentration of 30
From this fit, r p is slightly less than that determined abo
from the Eg fit. In the content of these approximations, th
agreement can be considered as a fairly good one.

Let us discuss the behavior of the materials at the hi
current excitation. It is well known that such nonlinear e
fects and switching at high electric fields occur in materi
with the high-negative temperature coefficient of conduct
ity such as some semiconducting glasses.19,20Using a similar
approach, we assume that the temperature of the sampl

T5T0~11bW! ~5!

whereT0 is the temperature of the sample holder,W5 j * F is
the heat power generated by the current,b is the coefficient
dependent on the material and geometry of the conduc
channel, andF is the electric field.

Substituting Eq.~5! into Eq. ~1! obviously results in low-
ering the resistivity as the current increases and the hea
appears. However, our experimental data could not be
plained by taking into account the heating only. Let us ta
into consideration both the heating and the effect of the e
tric field on the hopping probability, which arises when t
additional energy of a carrier due to the electric fieldF be-
comes comparable tokBT. Assuming that the conductivity is
determined by the hopping of the charge carriers between
wells of depthEg , the current density depends on the ele
tric field as16

j 52nhepdexp~2Eg /kT!sinh~edF/kT!, ~6!

whered is the hopping distance andp is the hopping attemp
frequency. From Eqs.~5! and ~6!, the current density is

j 52nkepdexpS 2
Eg

kT~11b jF ! D sinhS edF

kT~11b jF ! D .

~7!

As shown in Fig. 4, our experimental data can be fitted w
with the model above. The parametersb andd used for the
fits are shown in Table I.

As one can see from Table I, the hopping distances ev
ated from the theoretical fitting are much higher than
average distance between Mn centers. In our opinion,
can be explained by the percolation effect. As known, in
systems containing randomly distributed donor and acce
centers, nonlinear effects in voltage-current dependence
much earlier as can be expected in homogeneous h
crystallinity materials.21 In a percolation network, the volt
age drops only at the resistors with the highest resistance
correspond to the donor-acceptor pairs separated by ra
great distanceL@r . In the assumption of the broad distribu
tion of the activation energy, the cluster sizeL ~the average
4-4
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TABLE I. The average distance between Mn ions and parametersb andd used for fitting with Eq.~7!.

Sample
r 5(1/n)1/3

~nm! b ~K/W mm! d ~nm!

10% doped Mn:LaGaO3 crystal 0.9 0.4 220
50% doped Mn:LaGaO3 crystal 0.52 0.3 160
La0.6Sr0.4MnO3 /LaAlO3 film 0.385 0.29 1
La0.6Sr0.4MnO3 /Al2O3 film 0.385 0.6 8
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distance between the resistors with highest resistance in
conduction network! can be estimated as22

L5j* r , ~8!

where

j51.74r /r p1Eg /kT, ~9!

which yields L'7 nm in 50% doped Mn:LaGaO3, and L
'18 nm in 10% doped Mn:LaGaO3, the numbers still lower
than the values ofd estimated in Table I. A possible reaso
for this discrepancy might be the fact that Eqs.~8! and ~9!
are worked out for the case of the so-called ‘‘variable ran
hopping’’ 21,22that is not fully applicable in our experimenta
conditions. Note that the highest values ofd are obtained for
Mn:LaGaO3 crystals, whereas for the single-crystal films th
value is rather lower and in the order of the distance betw
Mn centers. Using conventional percolation arguments,21,22

one can expect that the values ford listed in Table I are
determined by the size of macroscopic clusters and cha
terize the clusters scale in our samples. The existence of
clusters can explain the switching effects observed in po
crystalline films and Mn:LaGaO3 single crystals with broad
distribution of Mn centers.

We should note that the switching phenomena at the
tremely high current densities could be modified due to
lattice-phase transition. As known, at temperatures of 130
and higher, the crystals of LaGaO3 exhibit the first-order
phase transition.23 As we found recently, the resistivity o
Mn-doped LaGaO3 crystals also demonstrated a transiti
from the high-resistivity state at lower temperatures to
t.

s,

.

.

v,
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low-resistivity state at higher temperatures. These res
will be presented elsewhere.

CONCLUSION

We demonstrated that the conductivity in LaGaO3 perovs-
kites with the intermediate and low doping of Mn ions
determined by the nonadiabatic polaron-hopping mechan
similar to that observed in CMR materials. The activati
energy is strongly dependent on the dopant concentrat
increasing with the reducing of the Mn concentration. T
coefficient of resistivityr0 has an exponential dependence
a function ofr, that is also consistent with the polaron mod

The hopping conductivity could be expected to occur
photorefractive Mn:YAlO3 ~Refs. 4 and 5! crystals as well,
where photoexcitation by laser light generates carriers du
photoionization of Mn41 ions. Such mechanism of conduc
tivity can allow carriers to travel for long distances hoppi
from one Mn41 center to another. This is the most reasona
explanation for the high values of the effective diffusio
lengths found earlier in two-beam-mixing experiments.5

The switching into low-resistance state at high enou
currents was observed in the Mn:LaGaO3 crystals and the
CMR film of low crystallinity. This effect is likely related to
the percolation nature of the conductivity in these mater
and points to the existence of the macroscopic size clus
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