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Electrical transport and carrier density collapse in doped manganite thin films
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Based on the current-carrier-density-collapse theory, an expression is proposed for resistivity as a function of
temperature and magnetic field. Our low-temperature resistivity data on high-quality epitaxial thin films of
doped Mn oxides can be well fitted by the derived equation. At temperatures aboveTc , the zero-field resis-
tivity data can be also well explained by the carrier-density-collapse model. Moreover, the features of electrical
transport in doped Mn oxides such as a dominantT2 dependence of low-temperature resistivity, and a strong
H2 dependence of magnetoresistance at temperatures aboveTc are successfully interpreted in accordance with
our deduction. We provide strong evidence to support that the carrier-density collapse can well describe the
electrical transport in doped manganites.
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I. INTRODUCTION

In recent years, the magnetotransport properties of
magnetic compoundsR12xAxMnO3 ~R5La, Nd, Pr andA
5Ca, Sr, Ba, Pb! have been a subject of great interest. E
lier reports showed that these manganites undergo a tra
tion from paramagnetic~PM! insulator to ferromagnetic
~FM! metal associated with a colossal magnetoresista
~CMR! effect.

However, the electrical transport mechanism for the M
oxides is still unclear both at FM and PM states. At lo
temperatures, a dominantT2 contribution in resistivity is
generally observed.1,2 The T2 behavior has been ascribed
electron-electron scattering,1 while a single-magnon scatte
ing mechanism has been proposed by Jaimeet al.3 Recently,
Akimoto, Moritomo, and Nakamura4 observed aT3 depen-
dence of resistivity in some magnanites and interpreted
behavior in terms of an anomalous single-magnon scatte
process. Additionally, aT4.5 term contributed from two-
magnon scattering also has been taken into account in
low-temperature regime,2,4 even if it is small. Otherwise, for
T aboveTc , the resistivity data on the manganites have be
fitted to some models such as a simple Arrhenius law5 a
polaron model,6 and a variable-range hopping model.7 Nev-
ertheless, the full information of resistivity forT near Tc
seems to be lacking, although several theoretical studies
been made on the insulator-metal transition in
manganite.8,9 Thus, there is a further point that needs to
clarified both in experimental and theoretical work.

Recently, in a theory of Alexandrov and Bratkovsk
~AB!,10 polarons are considered as the carriers even in
low-temperature metallic state. Their model predicts that
bipolarons form in the paramagnetic phase and underg
breakdown of a bipolaron into two polaronic carriers wh
the temperature is belowTc . The current-carries-density
collapse~CCDC! model has been strongly supported by t
oxygen-isotope effects on the intrinsic resistivity and th
moelectric power in several ferromagnetic manganites,11,12

and partially supported by the low-temperature opti
data.13 According to the assumption of small-polaron tran
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port mechanism, Zhaoet al.14 have shown that the behavio
of resistivity below 100 K is consistent with small-polaro
coherent motion that involves a relaxation due to a low-lyi
optical phonon mode. However, only according to the the
of AB, large differences exist between the experimental a
theoretical curves as shown in their work.15 A similar case is
observed also in the Ti-doping manganites.16 Thus a phe-
nomenological model that seems to fit the resistance data
both the PM and FM states has been proposed by Y
et al.17 However, a strict theoretical account for the transp
origin seems to be lacking in their assumption. In this pap
we advance an expression of resistivity to explain the e
trical transport behavior for the manganites based on
CCDC model. Here we propose a view of the electric tra
port in the doped-manganite perovskites based on the CC
theory, and provide a strong experimental evidence to s
port it. Some of the features of electric transport in man
nites are discussed and interpreted in accordance with
proposition.

II. MODEL AND FORMULATION

We derive the resistivity function from the CCDC mode
In this model, the carrier densityn of single~unbound! hole
polarons and the normalized magnetizations of Mn31 ions
can be obtained by the following equations:10

n52ny cosh@~s1h!/t#, ~1!

and

y25~x2n!/~2n!2 exp~22d/t !. ~2!

Here, the dimensionless temperaturet52kBT/JpdS; the
magnetic fieldh52mBH/JpdS; and the binding energyd
[D/JpdS, in which D is the bipolaron binding energy,JpdS
is the exchange interaction ofp holes with fourd electrons of
the Mn31 ion, x is a constant that represents the doping c
centration, andn53 is the degeneracy of thep band.
©2001 The American Physical Society23-1
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Substituting Eq.~2! into Eq. ~1!, we can obtain the qua
dratic equation: n212 cosh2@(s1h)/t#e22d/tn22xcosh2@(s
1h)/t#e22d/t50. Therefore, by solving this equation, we ha
the solution ofn,

n5e2d/t cosh@~s1h!/t#$@e22d/t cosh2 „~s1h!/t…12x#1/2

2e2d/t cosh@~s1h!/t#%. ~3!

Furthermore, as demonstrated by Zhaoet al.,14 at low
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temperaturekBT,2tp , the relaxation rate 1/t for small po-
larons is proportional to the term 1/sinh2(\vs/2kBT), where
tp is the hopping integral of polarons, andvs is the average
frequency of the softest optical mode. It is known that t
resistivity can be generally expressed asr5m* /ne2t, where
m* is the effective mass of polarons. Thus, combining
expression ofr with Eq. ~3! and taking account of the re
sidual resistivityr0 due to the impurities or defects, we ca
obtain the resistivityr for T below Tc ,
r2r05A
1

sinh2 ~\vs/2kBT!

ed/t

coshS s1h

t
D H Fe22d/t cosh2 S s1h

t
D 12xG1/2

2coshS s1h

t
D e2d/tJ , ~4!
ude
f
for
t
t is

he
i-

R

where A is a constant, being proportional to the effecti
mass of polarons.

On the other hand, forT.Tc and in zero magnetic field
one can easily find thatn is dominantly dependent on th
term of exp(2D/2kBT) as shown in Eq.~3!. In the regime of
adiabatic small-polaron hopping, the mobility of the carrie
is given bym}(1/kBT)exp(2Ea /kBT), whereEa is the en-
ergy related to the polaron formation energy and the e
tronic transfer integral.18 Taking account ofr51/nem, we
obtain the zero-field resistivity as

r5CT exp~Er /kBT!, ~5!

where Er is the activation energy related to the bipolar
binding energy and the polaron-formation energy; andC a
prefactor. This expression has been regarded as the s
polaron hopping model.6,19 Besides, a modified form of Eq
~5!, r5C/AT exp(Er /kBT), was derived by Zhaoet al.,11 in
which a different prefactor from that of Eq.~1! was consid-
ered for a finite polaron bandwidth.

Based on Eqs.~4! and~5!, the temperature dependence
resistivities for our doped-manganite thin films is examin
below.

III. RESULTS AND DISCUSSION

Epitaxial thin films of doped manganities were grown
SrTiO3~100! substrates by the off-axis magnetron sputter
technique. A detailed description of the experiments has b
reported elsewhere.20 Four samples, Nd0.7Sr0.3MnO3 thin
films grown at 770 °C~NSMOa! and at 720 °C~NSMOb!,
La0.7Ca0.3MnO3 thin film grown at 720 °C~LCMO!, and
La0.7Sr0.3MnO3 thin film grown at 720 °C~LSMO! were used
in this study. Figure 1 shows the temperature dependenc
resistivities inH50 and 7 T for the four samples. All th
r-T curves are similar to that reported by others and sho
small residual resistivity. The resistivity values are sligh
larger than that reported for single-crystal samples,21,22 indi-
cating that the quality of our films is good and the impur
effect is negligible. Also shown in the insets of Fig. 1 are t
s

c-

all

f
d

g
en

of

a

temperature dependence of negative magnetoresistance~MR!
ratio, 2Dr, defined as2Dr5@r(0)2r(7 T)#/r(7 T), for
the four samples. It can be seen that a maximum magnit
of MR ratio 2Drmax occurs in all the films. The values o
2Drmax are 2700, 770, 1100, and 62%, respectively,
NSMOa, NSMOb, LCMO, and LSMO films, which occur a
temperatures of 160, 205, 220 and 330 K, respectively. I
known that the highest peak temperatureTp of MR corre-
sponds to its FM transition temperature.

First, we examine ther-T behavior in the FM state. ForT
belowTc , Eq.~4! is used to fit ther-T curves. The condition
of kBT,2tp , however, must be checked before fitting. T
hopping integral of polaronstp can be estimated approx
mately. By using Eq. ~1! shown in Ref. 14, r
5(\2/ne2a2tp)(1/t), and the expression ofr5m* /ne2t,

FIG. 1. Temperature dependence of resistivies for~a! NSMOa,
~b! NSMOb, ~c! LCMO, and ~d! LSMO films. Solid lines are the
fitted curves by Eq.~6!. Insets: Temperature dependence of the M
ratio for the corresponding samples.
3-2
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then we can obtaintp5\2/a2m* . Values ofm* could be
estimated using other experimental techniques, such as
cal spectroscopy and specific-heat measurements. The v
of effective mass are taken bym* '21me , 13me and 4me
for Nd0.7Sr0.3MnO3,

21 La0.7Ca0.3MnO3,
23 and La0.7Sr0.3MnO3

@Ref. 22#, respectively, whereme is the electron mass. Takin
the lattice constant of manganites,a'3.9 Å, we obtain the
values of tp as tp'277, 447, and 1454 K for
Nd0.7Sr0.3MnO3, La0.7Ca0.3MnO3, and La0.7Sr0.3MnO3, re-
spectively. Thus the condition ofkBT,2tp is confirmed for
the analysis of low-temperature data.

In using Eq.~4!, we can take the experimental magne
zation data ass: s5M /Mmax, whereMmax is the maxi-
mum magnetization, as in Liu, Xu, and Zhang.16 Figure 2
shows the temperature dependence of magnetiza
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M /M (5 K) in field of 100 G for the four samples. We fin
that asT→Tc from below, the magnetization becomes pr
portional to (12T/Tc)

b for the samples, whereb'0.33
60.02. Our results generally agree with the observation
La0.67Ca0.33MnO3, indicating a second-order phase transiti
occurring on our samples.24 It is also found that the powerb
is weakly dependent on the applied field as shown in
inset of Fig. 2. Thus the temperature dependence ofs could
be described bys}(12T/Tc)

b. Here we need scarcely ad
that the effect of deviation between fitting curves and data
temperatures near zero as shown in Fig. 2 is consider
neglected because the equation of carrier densityn, Eq. ~3!,
is approximately independent on temperature whenT is far
below Tc .10 So far, we can see that in the absence of m
netic field Eq.~4! can be rewritten as
r2r05A
1

sinh2 S l4

2T
D

1

coshFl2~12T/l3!0.33

2T
G

3
exp~l1/2T!

HAexp~2l1 /T!cosh2Fl2~12T/l3!0.33

2T
G12x2coshFl2~12T/l3!0.33

2T
Gexp~2l1/2T!J , ~6!
ers,
e
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wherel1 , l2 , l3 , and l4 , are the fitting parameters an
they correspond to the bipolaron binding energy, the prod
of JpdS and the normalized magnitude of zero-temperat
magnetization, the transition temperature, and\vS , in
which l1 , l2 , l3 , and l4 are all in units of K. Here the
residual resistivityr0 can be estimated by extrapolation
ther-T curve,x50.3 is the doping concentration, andA is a
free parameter.

As shown in Fig. 1, using Eq.~6! we can well fit the
zero-field resistivity data for the four samples. The values
fitting parameters are listed in Table I. For resistivity in t
presence of applied field, Eq.~6! still holds since the value o
mBH is so small that it is incomparable tol2 ~taking H
57 T, mBH'4.7 K!. In Eq. ~6!, only the parametersl2 and
l3 are expected to be field dependent. Therefore, we fix
values ofl1 andl4 to reduce the number of fitting param
eters and change the values ofl2 andl3 to fit the resistivity
data. Figures 3~a! and 3~b! show the temperature dependen
of resistivities in magnetic fields and the fitting curves f
NSMOa and NSMOb samples, respectively. The fitti
curves for LCMO and LSMO inH57 T are also shown in
Figs. 1~c! and 1~d!, respectively. The agreement between
experimental data and theoretical calculating look quant
tively good for temperatures far belowTc . It is also found
that the fitting curves deviate from the experimental data
temperatures close toTc . The reason for this is not hard t
see, that when the temperature is close toTc , the magnitude
of magnetization will decrease drastically, so the term
ct
e

f

e

e
-

t

f

mBH needs to be considered. Part of the fitting paramet
l2(7 T) andl3(7 T) for NSMOa and NSMOb samples ar
also shown in Table I. It is noticed that thel2(7 T) value,
which is defined byl2(7 T)5JpdS3M (0 K,7 T)/Mmax, is
approximately equal toJpdS becauseM /Mmax'1 for the
zero temperature and high fields. Then theJpdS values are
estimated to be 1410, 1672, 2120, and 1860 K for NSMO
NSMOb, LCMO, and LSMO samples, respectively. It
found that theJpdS values for our samples are comparable
that of 1000–2600 K for Ti-doping manganites16 and consis-
tent with that of 130 meV~'1510 K! for the La0.7Ca0.3MnO3
film reported by Zhaoet al.11

It can be seen that the value ofl1 for LSMO as shown in
Table I is smaller than that for the others, implying a low
bipolaron binding energy for LSMO. It has been argued t
the binding energy will decrease with an increase ofTc .25 In
addition, it is found that the parametersl2 andl3 get larger
as the applied field is increased. This is due to the fact
the magnetization increases andTc(H) shifts to higher tem-
perature with an increase of magnetic field.

According to Eq.~6!, we can see that at temperatures
below Tc , the resistivity will be dominated by the
sinh22(l4/2T) term because of the weak temperature dep
dence ofn. Therefore, forTc.T@l4/2, i.e.,T@18– 42 K for
our samples, the sinh term can be linearized and a domi
T2 dependence of resistivity is expected. A strongT2 depen-
dence of resistivity above 50 K has been reported by Ja
et al.3 Agreement with the experiment supports the idea t
3-3
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theT2 dependence of the resistivity at low temperature is d
primarily to CCDC. The dominant sinh22(l4/2T) depen-
dence of the low-temperature resistivity has been also c
fied by Zhaoet al.14

To study the resistivity in the PM regime, the zero-fie
resistivity curves were fitted by using Eq.~5!. Figures 4~a!,
4~b!, and 4~c! show the zero-field resistivities of NSMOa
NSMOb, and LCMO forT.1.1Tp , respectively. As a result
the correspondence between the experimental data and
fitting curves is good. The values ofEr are also listed in
Table I. This result is similar to that observed in oth
maganites19 and supports the validity of our deductio
Moreover, it is found that the high-temperature resistiv
data can be also well fitted by the modified equationr
5C/AT exp(Er /kBT). In this fit, the values of activation en
ergy are 938, 712, and 811 K for NSMOa, NSMOb, a
LCMO samples, respectively, which are smaller than t
obtained from our previous fit.

Finally, we investigate the MR effect in the PM regim
For T.Tc , a MR}(M /Ms)

2 behavior has been observed
several Mn oxides,1,26,27 whereMsis the saturated magnet

FIG. 2. Magnetization of various samples inH5100 G. The
dashed lines are the fitted curves byM}(12T/Tc)

b with b
50.3360.02. The inset shows the magnetization of NSMO
sample inH50.6, 1, and 3 T.
22442
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zation. BecauseM5x(T)H for T.Tc , a dominantH2 con-
tribution in MR is also generally observed.1,26 Examining
this behavior, one can see in Eq.~4! that the field dependenc
of MR is due only to the field-dependence term of carr
density, as described by Eq.~3!. In the PM state, the normal
ized magnetizations is very small and, therefore, is compa
rable withh ~i.e., h is not negligible!. Furthermore, one can
easily find thate22d/t cosh2@(s1h)/t#!2x,1 in Eq.~3! as the
temperature is raised to be larger thanTc . Thus, the term in
the braces of Eq.~3! will be approximately reduced to be
constant and the field dependence of carrier density is
portional to cosh@(s1h)/t#.

Taking into account that (s1h)/t5(JpdSxH/Mmax
12mBH)/2kBT!1, and r}n21, we obtain r(H)
'r(0)cosh21@(JpdSx/Mmax12mB)/2kBT H#. Typically we
have xH/Mmax<1023 for T@Tc , and JpdS'l2(7 T)
'1400– 2100 K. Hence, one can make an approxima
and obtain

FIG. 3. Temperature dependence of resistivities for~a! NSMOa
and~b! NSMOb in various magnetic fields. Solid lines are the fitt
curves by Eq.~6!.
91
02
62
TABLE I. Fitting parameters for resistivity as described in the text.

Sample
r0

1023 V cm
l1

K
l2 ~0 T!

K
l2 ~7 T!

K
l3 ~0 T!

K
l3 ~7 T!

K
l4

K
C

1026 Vcm K21
Er

K

NSMOa 1.45 1280 1154 1410 153 220 85 3.72 12
NSMOb 0.98 1254 1606 1672 202 257 95 5.09 11
LCMO 0.12 1236 2100 2120 232 275 90 0.59 12
LSMO 0.39 1068 1756 1860 334 366 35
3-4
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r~H !'r~0!F12
1

8 S JpdSx /Mmax12mB

kBT D 2

H2G , ~7!

for T at high temperatures according to cosh21 X
'(11X2/2)21'12X2/2, if X!1.

As a consequence, the negative MR,

@r~0!2r~H !#/r~0!'
1

8 S JpdSx /Mmax12mB

kBT D 2

H2,

is obtained. In Fig. 5, we show@r(0)2r(H)#/r(0) vs H2

for the NSMOb sample in the PM regime. The straight lin
correspond to a linear fit:@r(0)2r(H)#/r(0)5bH2, where
b is the slope, which is temperature dependent. Clearl
strong H2 dependence of@r(0)2r(H)#/r(0) is observed
for NSMOb at temperatures above 300 K. For temperatu
below 290 K, however, theH2 dependence of@r(0)
2r(H)#/r(0) holds only in the low-field region. This devia
tion from the linear behavior for@r(0)2r(H)#/r(0) in high
fields is attributable to the nonlinear field dependence oM
in high fields when temperature is nearTc .28 To investigate
the temperature dependence ofb, we plotb vs T as shown in
the inset of Fig. 5. According to Eq.~7! and taking into
accountx}1/(T2Tc), we predict that the termb0.53T will
be in proportion to 1/(T2Tc). Also shown in the inset of
Fig. 5 is theb0.53T vs 1/(T2Tc) plot. It can be seen that
straight line well fits the data, which is in accord with o
deduction. Moreover, if the applied field is not large or t
magnetization is not small at temperatures not far fromTc ,
the term ofmBH is negligible and the negative MR,

@r~0!2r~H !#/r~0!'
1

8 S JpdS/Mmax

kBT D 2

~xH !2}M2,

FIG. 4. The zero-field resistivities of~a! NSMOa,~b! NSMOb,
and ~c! LCMO films. Solid lines are the fitted curves by Eq.~5!.
22442
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will be expected. As previously stated, it has been repor
that the electrical resistivity and the magnetization can
approximately described by the relationship@r(0)
2r(H)#/r(0)5B@M (H)/Mmax#

2 for the doped maganite
in the low-M region. Several theoretical models29,30 have
been proposed to investigate the nature of ther-M correla-
tion and show that the coefficientB is related to the coupling
between moving carriers and the localized spins. The ca
lated value ofB is about 4–5 in the case of the strong co
pling, but becomesB'1 in the weak coupling limit.29 Sev-
eral experimental investigations have reported thatB
50.66– 1.7 for La0.72xYxCa0.3MnO3,

26 and B51 – 4 for
La12xCaxMnO3.

1 It is also interesting that the parameterB
seems to be independent of temperature
La0.72xYxCa0.3MnO3 while a weak temperature dependen
of B can be observed in La12xCaxMnO3 samples. According
to our deduction from Eq.~7!, the parameterB is approxi-
mately estimated byB5(JpdS/kBT)2/8. Taking JpdS
51672 K for the NSMOb sample andT5350(300) K, we
obtainB'2.9(3.9), which is comparable to that reported
others. We can also draw an inference that the parametB
should be weakly dependent ofT in the high-temperature
region for the manganites with a lowJpdS value. The tem-
perature dependence ofB remains to be clarified.

IV. CONCLUSION

In conclusion, we have derived an expression of resis
behavior for the CMR manganites based on the CC
theory. Our low-temperature resistivity data on high-qual
epitaxial thin films of doped Mn oxides can be well fitted b
the derivedr(T) equation. ForT aboveTc , the zero-field
resistivity data can be also well explained by the CCD

FIG. 5. Negative MR as a function ofH2 for the NSMOb films.
The straight lines correspond to a linear fit:@r(0)2r(H)#/r(0)
5bH2. The insets show the temperature dependence ofb and the
b0.53T vs 1/(T2Tc) plot.
3-5
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model. Furthermore, the dominantT2 contribution in low-
temperature resistivity, and the strongH2 dependence o
magnetoresistance at temperatures aboveTc are successfully
interpreted in accordance with our deduction. We have p
vided strong evidence to suggest that current-carrier-den
collapse is the origin of CMR.
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Muñoz, and X. Obradors, Phys. Rev. Lett.76, 1122~1996!.

27J. O’Donnell, M. Onellion, M. S. Rzchowski, J. N. Eckstein, an
I. Bozovic, Phys. Rev. B54, 6841~1996!.

28P. Matl, N. P. Ong, Y. F. Yan, Y. Q. Li, D. Studebaker, T. Baum
and G. Doubinina, Phys. Rev. B57, 10 248~1998!.

29N. Furukawa, J. Phys. Soc. Jpn.63, 3214~1994!.
30J. Inoue and S. Maekawa, Phys. Rev. Lett.74, 3407~1995!.
3-6


