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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
magnetoresistand€MR) materials, such as La,S,MnO;, we study systems with decreased content of Mn
ions, such as single crystals of LaGaMn,O; (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
LaGa _,Mn,0O; 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.
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INTRODUCTION and related role of lattice effects in perovskites with different
content of Mn ions, we have studied the intermediate case as

In the past few years, perovskite manganitesch as well: materials with moderate concentration of Mn ions,
La; _,SrMnO;, La;_,CaMnO;, etc) have attracted much single crystals of Mn-doped LaGgQvith concentration of
scientific attention due to discovery of the colossal magneMn ions varying from 0.5% to 50%. In contrast to the well-
toresistance(CMR) effect and rich complex diagram of known manganite CMR systems, in our single-crystal mate-
phase transitions in these materi@se, for example, Refs. 1 rials Mn ions are diluted by nonmagnetic Ga ions, which
and 2. Below a transition temperature, the materials demonenter the same place in the crystal structure as Mn ions.
strate ferromagnetism and metalic behavior. At higher temStudy of the conductivity and switching phenomena in these
peratures they are insulators with conductivity determined bynaterials provides us with more detailed understanding of
a small polaron-hopping mechanism. According to the mosthe transport mechanism in both the CMR materials and
theoretical models, magnetic and transport properties ofnanganite perovskite materials without the coexistence of
these compounds are determined by magnetic interactiorgharge- and magnetic-orderirilyin:LGO). As we show be-
and electron exchange between Mn ions. Significant effect®w, the switching phenomena in both these classes of man-
of electron-lattice interactions observed in CMR mangahitesganite perovskites have the similar origin and are related to
point to the important role of the lattice in transport and otherthe percolation nature of the conductivity and existence of
properties of these materials. In spite of a great amount ofhe macroscopic size clusters.
experimental and theoretical studies devoted to CMR effect,
many aspects of charge transport and electron-lattice interac-  gaypPLES AND EXPERIMENTAL TECHNIQUES
tions are still unclear.

On the other hand, high-resistivity perovskite materials Single crystals LaGag) undoped and doped with 0.5%,
with a very low concentration of Mn ions also exhibit inter- 2%, 10%, 50% Mn, were grown by Czochralski technique.
esting properties, related to charge transport and lattice disshe undoped and 0.5% doped crystals have brownish color,
tortion effects. As was recently found, the Mn-doped yttriumthe 2% crystal is dark-violet, the 10% and 50% doped crys-
orthoaluminates, Mn:YAIQ demonstrate significant tals are black. In the crystals Mn ions could be expected to
changes of absorption spectrum and refractive index undenter the G3" sites and be in M# valence state. However,
laser light illuminatio®® and are of the great interest for the spectroscopic studfesemonstrated also a presence of
holographic applications. A nonlocal photorefractive effectdifferent valence states, such as ¥np Mn**, and even
observed in Mn:YAIQ crystals is associated with distortions small amount of MA*. Likely, the other valences are pro-
of the crystal lattice and processes of photoionization, elecduced by the excess of oxygen or the reaction of dispropor-
tron transfer and trapping with participation of different Mn tionation in vicinity of the defects. According to Refs. 4, 7
ion centerd. Finding of inter-relation between these phenom-and 8, the presence of different valence states of Mn is typi-
ena and conductivity properties is of a great interest froncal in perovskite materials even in the case of high-quality
both fundamental and applied points of view. optically transparent crystals.

To better understand the mechanism of charge transport In the experiments with the thin epitaxial films we used
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10" those observed in CMR films in paramagnetic phse,

where the mechanism of the conductivity is ascribed to the

small-polaron hopping between Mnand Mrf* ions.

As known, in CMR materials, the concentration of #¥in
ions practically corresponds to the concentration of divalent-
charge compensatoréSr, Ba, or Ca'? The excess of the
oxygen in undoped LaMnmaterials also provides M
ions19 In accordance with this standard treatment let us sup-
pose, that in the Mn:LaGaxrystals as well, most Mn ions
are in the valence statet3 As was mentioned earlier, the
crystals contain also Mid and MrP" ions. Thus, we can
expect that in our crystals, the conductivity should be asso-
ciated with the similar hopping process from one Mn ion
(Mn3®%) to another Mn ion(in valence of 4 or 5+).

According to the small-polaron-hopping modélthe re-
sistivity can be described by

1010

Resistivity (Q@cm)

10? : : , p=pol“exp(Eq/kgT), 1)
250 300 350 400
Temperature (K)

where pg is the resistivity coefficientT is the temperature,
kg is the Boltzmann constankg is the activation energy,
FIG. 1. Temperature dependence of the resistivity in LaggaO =1 in the adiabatic cas@vhen the hopping rate is much
crystals with 2% Mn ions doping concentratioh), 10% doping  greater than the optical phonon frequencgnd a=3 in
concentration2), and 50% doping concentratidB). Solid curves  nonadiabatic case. As shown in Ref. 12, paramagnetic phase
are theoretical fits witlE =583 meV,p=0.036Q cm/K*? (2% of  conductivity in CMR films can be described in the nonadia-
Mn ions), Eq=483 meV, po=0.00020 cm/K*? (10% of Mn ion3,  batic approximation of the hopping theory. Obviously, the
Eq=340meV, po=2.45< 10 ° ) cm/K¥? (50% of Mn ions. nonadiabatic approximation should be used for the materials
with lower concentration of Mn centers, such as Mn:LagaO
Lag 7SI sMNnO; grown on LaAlQ, MgO, and AkO; sub-  Crystals, where the hopping rate is expected to be much
strates, fabricated by metal-organic chemical vapor deposflower due to greater distances between the Mn ions.
tion (MOVCD) method. The thickness of the films was about As one can see in Fig. 1, the resistivity in all the
600 nm. A comparable study of the similar CMR films on Mn:LaGag; crystals can be well fitted with a hopping model
Al,0; and LaAlO; substratedemonstrated that the films on in nonadiabatic approximation, supporting the fact that the
Al,O; substrates had much lower crystallinity and broadermechanism of the conductivity is likely to be the same as
transition temperature range than high-quality films onthatin CMR films: hopping of an electron between Mn cen-
LaAlO, substrates. ters. However, in our case, the concentration of Mn centers is
The conventional four-point contact technique was usedot 100% as in CMR materials, but significantly lower cor-
in the conductivity measurements on the films, 50% and 109€sponding to the Mn doping concentration in our crystals.
Mn:LaGaQ, samples. In conductivity measurements with The concentration of the carriers corresponds to the concen-
low-doped Mn:LaGa@ crystals, we used single-crystal tration of the Mi* (or Mn*"+Mn°") in the frames of the

plates with the thickness of 0.2—0.4 mm with two electricalStandard models. o _
contacts mounted on the opposite sides. Figure 2 shows the activation energy as determined from

Fig. 1 plotted as a dependence on the Mn ions concentration
n. Our data on the activation energy in Mn:LaGaystals
EXPERIMENTAL RESULTS (0.5-50% doping concentratiprare shown together with
the data on the activation energy in Ga-doped
Lag gCa 3dVIn; _,Ga O, materials, Ref. 13, where the con-
The voltage-current characteristics were linear at lowcentration of Mn ions is higl{90—100%. The data on the
enough currents. For currents higher than some critical valugset are shown as a dependencendfec 1/r, wherer can be
J., the resistance started to decrease. The valud afe- considered as the mean distance between Mn ions. Note, that
pended on the Mn-doping concentration. For 50% dopedn spite of the slightly different compositia@dditional dop-
LaGaQ, J.~10 °A (j,~10 3A/cm?) for 10% and 2% ing with Ca ions®), all the data follow the very similar de-
doped sampled, was less than 10 A (jo~10"°A/lcn¥).  pendence: a linear decreaseff with the decrease af'’?
For CMR thin filmsJ, was about 0.05—-0.5 mA. Nonlinear varying from 80 meV in the crystals with 100% of Mn to
behavior at higher currents will be discussed in next sectionabout 640 meV in the crystals with 0.5% concentration of
To study temperature dependence of the resistjffy), Mn ions. If we assume that the mechanism of the conductiv-
the current was chosen in the ranfi€J.. Temperature de- ity is the same in all the crystals, we could associate the
pendences of the resistivity for Mn-doped LaGa®ystals increase of the activation energy with the increase of the
are shown in Fig. 1. The dependences are very similar thopping distance: the larger the hopping distance, the higher

A. Temperature dependence of low field conductivity
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FIG. 3. Dependence of the resistivity coefficiggton the con-
N centration of Mn ions. Insep, as a function of the mean distance
[ between Mn ionsr. Points, experimental data; dotted lingg
~exp(r): solid line, fit with Eqg.(2) (see discussion
0 i T T
state, at ambient temperatufe=300 K. In the experiments
0 02 04 06 08 1 12 with the constant voltage, starting from some critical value
n (rel.u.) of electric fieldF4~200 V/mm for the 50% doped crystals,

we observe rapid growth of the current with time, typical for
FIG. 2. Dependence of the activation energy on the concentraan electric discharge. For the 10% doped samplewas
tion n of Mn in Mn:LaGaG, materials. Squares are our experimen- higher and approximately equal to 800 V/mm.

tal data for Mn:LaGag@ crystals, circles are data for Ga doped  Results for the constant-current measurements are shown
Lag /Ca3Mn1—xGa0; (Ref. 13. Inset: dependenc&y(n').  in Fig. 4. As one can see, in the 50% doped Mn:LagaO
Curves are theoretical fitsee text below crystals[Fig. 4a)], the voltage initially grows with the in-

crease of the current and reaches maximum at some particu-
the activation energy. As one can see from Fig. 2, the depenar J,,. The further increase of the current leads to the de-
dence can be described Bs<(1/ro—1/r), whererg is the  crease of the voltagéswitching to the negative differential
constant. resistanceRy=dV/dI<0).

Sensitivity of the hopping energy to particular composi-  For the Lg ¢Sip sMnO; films, the situation is different, see
tion was also reported in the CMR materidiee, for ex- Figs. 4a) and 4b). For the films of high crystallinity, grown
ample Ref. 14, where the hopping energy changes from amn LaAlO; and MgO substrates, no switching has been ob-
proximately 60 to 250 meV depending on the content ofserved. The increase of the current leads only to the satura-
Mn** ions in La_,CaMnO; thin films). As one can see tion of the voltage-current dependence at high currents.
from Fig. 2, in Mn:LaGa@, much stronger changes in acti- However, the polycrystalline films on sapphire substrates
vation energy are observed with decrease of the total Mmlemonstrates effects similar to those observed in

concentration. Mn:LaGaG crystals, see Fig.(#).
The coefficient of resistivityp, also demonstrates strong
dependence on the Mn concentration, increasing with the DISCUSSION

decrease in the Mn concentration, see Fig. 3. The inset shows
the data onp, plotted as a function of the mean distance
between the Mn centers One can see that all the experi-

We start the discussion with the low-fie{@hmic) resis-
tivity data taken at low-current measurements. The main ex-

mental points can be fairly fitted by a straight line in the 250 60
semilogarithmic scale, pointing to the nearly exponential de-  oggp | a 50 1
pendence,po=Aexpkr) with k=1.2x10°cm™! (see the ¢ 150 T 40
dotted line in Fig. 3 £ : S -
< 100
L w 20
50 - 10 1
B. High electric field behavior o 0 ‘
As has been previously mentioned, voltage-current curves 0.1 1 10 100 0.1 1 10 100

for materials in this study can be considered as linear only al
low enough currents. To study nonlinear effects at higher
currents, we measured the voltage-current dependences for FiG. 4. Current-voltage dependences in 50% doped Mn:LaGaO
currents of 0.1-100 mA in the regimes of the constant cur{a), and LaSrMnQ films (b) on substrates of AD; (triangles,
rent and the constant voltage. The measurements were peraAlO; (squarey and MgO (star3. Solids lines are the fits
formed slowly enough for the sample to reach an equilibriumwith Eq. (9).

J(mA) J (mA)
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perimental findings aréi) the activation law, Eq(1), for known from our experimentsee Fig. 2. Furthermorel can
resistivity; (i) a linear dependence of the activation energybe approximated by. As to the carrier concentration, we
Eq On quantityn®3, Fig. 2; and(iii) a nearly exponential cannot say anything definite at present; for a rough approxi-
dependence of the resistivity coefficignf onr, Fig. 3. An  mation, let us suppose, to be proportional to the total Mn
explanation of these features can be based on the Holsteaoncentration. Taking into account that for CMR materials
nonadiabatic theory of polaron mobilttyfurther developed J~6 meV® we calculated the corrected dependence, see
by Mott,'® and Austin and Motf as applied to the ionic solid curve in Fig. 3. This fit was obtained with values of
lattice with the account made for the lattice distortions due ta ,=0.2nm and the relative carrier concentration of 30%.
a trapped small polaron. Note the references mentioneBrom this fit,r, is slightly less than that determined above
above mostly consider the polaron hopping to the nearestrom the Eg fit. In the content of these approximations, the
neighbor lattice sitéat the distance,). In our case, mean agreement can be considered as a fairly good one.
distances between the Mn centers in the Mn:LaGa€ys- Let us discuss the behavior of the materials at the high-
tals are longeKexcept for the 50% doped sampland the current excitation. It is well known that such nonlinear ef-
hopping process must be more complicated and cannot Hects and switching at high electric fields occur in materials
described accurately by the well-known theoretical expreswith the high-negative temperature coefficient of conductiv-
sions given in Refs. 11, 15 and 16. So we shall limit our-ity such as some semiconducting glasS&8Using a similar
selves to a rather qualitative explanation of the observedpproach, we assume that the temperature of the sample is
temperature and concentration dependences and order-of-
magnitude estimates. T=Ty(1+bW) 5)

The temperature dependence of the Ohmic resistivity ) e
(Fig. 1) was already discussed in Sec. 3 in terms of the nona/h€reTo is the temperature of the sample holdéfs=j* F is
diabatic polaron hopping. To go further, a more detailed ex{h® heat power generated by the currdnis the coefficient
pression is needed. According to Refs. 11 and 16, at higgependent on the material and geometry of the conduction

enough temperaturéd= 6/2, whered is the Debye tempera- channel, and is the electric field.

ture) one has in the nonadiabatic limit _Substitutin_g _E_q(5) into Eq. (1) ob_viously results in low- _
ering the resistivity as the current increases and the heating
2KEY2 appears. However, our experimental data could not be ex-
p= mﬁ(kg)wexq Eg/kgT) (2 plained by taking into account the heating only. Let us take

into consideration both the heating and the effect of the elec-
whereEy=E /2, E, being the polaron binding energg;is  tric field on the hopping probability, which arises when the
the electron charger, is the concentration of carriets our ~ additional energy of a carrier due to the electric fiélde-
case, the carriers are holes associated witMor Mn®"  comes comparable #g;T. Assuming that the conductivity is

ions); | is the mean hopping distance; and determined by the hopping of the charge carriers between the
wells of depthE,, the current density depends on the elec-
J=Joexp(—rlry) (3) tric field ag®
is the polaron band half-width determined by overlapping of j =2nye pdexp — E4/KT)sinh edF/kT), (6)

the neighboring lattice polarization clouds.

Now we turn to the concentration dependence of the acwhered is the hopping distance anmis the hopping attempt

tivation energy, Fig. 2. According to the small-polaron frequency. From Eqg5) and(6), the current density is
model!>®the activation energy also depends on the lattice

polarization clouds associated with a small polafsach a ) 9 ] edF
rolg can be also pla_yed by_ the Jahn-Teller Iat_'uce d_lstortlons j=2ne pdex;{ kT(TbJF)) Slm—(kT(TbjF))'
typical for the Mri™ ions with d* electron configuratiof). )
Namely, the following relation holds:
As shown in Fig. 4, our experimental data can be fitted well
Eg=(3)e*(1e — 1) (1r,— 1ir), (4  with the model above. The parametérandd used for the
fits are shown in Table I.
wheree, €4 are the high frequency and static dielectric con-  As one can see from Table I, the hopping distances evalu-
stants, and, is the effective radius of the lattice distortion ated from the theoretical fitting are much higher than the
induced by a carrier. The best fit of the experimental datawverage distance between Mn centers. In our opinion, this
with Eq. (4) (shown with the solid line in Fig.)2is obtained  can be explained by the percolation effect. As known, in the
at r,=0.32nm, in order-of-magnitude agreement with thesystems containing randomly distributed donor and acceptor
nearest-interatomic distance. centers, nonlinear effects in voltage-current dependence start
Now let us discuss the concentration dependence of thewuch earlier as can be expected in homogeneous high-
resistivity coefficientpy. Obviously, the observed nearly ex- crystallinity material$! In a percolation network, the volt-
ponential dependengg(r) (see Fig. 3 can be attributed to age drops only at the resistors with the highest resistance that
the factorJ, see Eqs(2) and(3), so thatk=2/r,. However,  correspond to the donor-acceptor pairs separated by rather
Eq. (2) contains also other factors dependent on the Mn congreat distanc& >r. In the assumption of the broad distribu-
centrations, such aléé’z, 12, and n;l. E4(r) dependence is tion of the activation energy, the cluster sizéthe average
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TABLE |. The average distance between Mn ions and parambtarsld used for fitting with Eq(7).

r=(1/n)%3
Sample (nm) b (K/W mm) d (nm)
10% doped Mn:LaGagcrystal 0.9 0.4 220
50% doped Mn:LaGa@Qcrystal 0.52 0.3 160
Lap ¢Sty 4MnO5/LaAlO; film 0.385 0.29 1
Lag ¢Sty 4MNnO3/Al,0; film 0.385 0.6 8

distance between the resistors with highest resistance in tHew-resistivity state at higher temperatures. These results

conduction networkcan be estimated &s

L=¢*r, 8

where

©)

which yieldsL~7 nm in 50% doped Mn:LaGa and L
~18nm in 10% doped Mn:LaGapthe numbers still lower
than the values ofl estimated in Table I. A possible reason
for this discrepancy might be the fact that E¢®). and (9)

£=1.741r,+Eg/KT,

are worked out for the case of the so-called “variable range

hopping” 2??that is not fully applicable in our experimental P o . .
b y app P where photoexcitation by laser light generates carriers due to

s Photoionization of MA™ ions. Such mechanism of conduc-

conditions. Note that the highest valuesdadre obtained for
Mn:LaGag; crystals, whereas for the single-crystal films thi

value is rather lower and in the order of the distance betwee

Mn centers. Using conventional percolation arguméhté,
one can expect that the values forlisted in Table | are

will be presented elsewhere.

CONCLUSION

We demonstrated that the conductivity in LaGgi@rovs-
kites with the intermediate and low doping of Mn ions is
determined by the nonadiabatic polaron-hopping mechanism,
similar to that observed in CMR materials. The activation
energy is strongly dependent on the dopant concentration,
increasing with the reducing of the Mn concentration. The
coefficient of resistivitypy has an exponential dependence as
a function ofr, that is also consistent with the polaron model.

The hopping conductivity could be expected to occur in
hotorefractive Mn:YAIQ (Refs. 4 and bcrystals as well,

Evity can allow carriers to travel for long distances hopping
rom one Mrif* center to another. This is the most reasonable
explanation for the high values of the effective diffusion

determined by the size of macroscopic clusters and charal&"9ths found earlier in two-beam-mixing experimehts.
terize the clusters scale in our samples. The existence of such 1€ Switching into low-resistance state at high enough
clusters can explain the switching effects observed in polySurrents was observed in the Mn:LaGaCrystals and the
crystalline films and Mn:LaGagsingle crystals with broad CMR film Of.IOW crystallinity. This effe'ct' IS !|kely related tq
distribution of Mn centers. the percolation nature of the conductivity in these materials

We should note that the switching phenomena at the ex@nd points to the existence of the macroscopic size clusters.
tremely high current densities could be modified due to the
lattice-phase transition. As known, at temperatures of 130 °C ACKNOWLEDGMENTS
and higher, the crystals of LaGa@xhibit the first-order This work was supported by NASA Grant No. NRA-99-
phase transitioA®> As we found recently, the resistivity of OEOP-4 and DOE Grant No. DE-FG01-94EW11493. The
Mn-doped LaGa@ crystals also demonstrated a transitionauthors would like to thank K.-H. Dahmen for providing the
from the high-resistivity state at lower temperatures to theCMR thin films.
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