
VOLUME 81, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 2 NOVEMBER 1998

Belgium
Spin Dependent Hopping and Colossal Negative Magnetoresistance in Epitaxial
Nd0.52Sr0.48MnO3 Films in Fields up to 50 T
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The low carrier mobility of the magnetic perovskite Nd0.52Sr0.48MnO3 implies that the dominant
conductivity mechanism is related to Mott hopping. We propose a modification of Mott’s original
model by taking into account that the hopping barrier depends on the misorientation between the spins
of electrons at an initial and a final state in an elementary hopping process. Using this model we deduce
a negative-magnetoresistivity scaling proportional to the Brillouin functionB in the ferromagnetic state
and toB2 in the paramagnetic state. Both predictions are in full agreement with the magnetoresistivity
measured in pulsed magnetic fields up to 50 T. [S0031-9007(98)07410-9]

PACS numbers: 75.70.Pa, 73.50.Jt, 75.70.Ak
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Rare earth (RE) manganites REMnO3 with divalent
substitution on the RE site show a transition from
paramagnetic-semiconducting to a ferromagnetic-qua
metallic state at the Curie temperatureTC . Many of these
compounds exhibit also colossal negative magnetore
tivity (CMR) [1,2], being most pronounced in the vicin
ity of TC . Additional phenomena like charge and orbita
ordering occur for special substitution ratios (e.g., 25
or 50% divalent ions), resulting in interrelated structura
magnetic, and electric phase transitions [3,4]. The ele
tric conduction in the RE manganites is usually ascrib
to polaron hopping in the paramagnetic state [5], and
the double-exchange (DE) mechanism for the ferroma
net [6], with the charge transfer integral depending on t
relative spin orientation of neighboring Mn31 and Mn41

sites. It was recently shown that DE alone is insufficie
to explain all magnetotransport properties and that the c
pling of carriers to the lattice and its distortions must b
taken into account [7]. The importance of these latti
deformations (Jahn-Teller polarons) was illustrated by t
oxygen-isotope effect found in La0.8Ca0.2MnO3 [8]. The
original DE model and related theories have in commo
however, that CMR is caused by a magnetic field-induc
enhancement of the carrier mobility while the carrier de
sity is not affected. This basic assumption has been c
firmed for the ferromagnetic state by Hall-effect studies
Nd0.5Sr0.5MnO3 thin films [9].

A central question is the temperature and magnetic fi
dependence of the resistivity and the magnetization. S
eral authors reported on thephenomenological observation
that the resistivity decrease as a function of field is relat
to the magnetizationM for the ferromagnet and toM2 for
the paramagnet [10]. Since the main difference betwe
both phases is the existence of a spontaneous magne
tion, it is tempting to deduce the two, apparently diffe
ent CMR scaling laws from a more universal approac
This would also imply that there is possibly no intrinsi
difference between the quasimetallic transport mechan
below TC and the semiconducting mechanism aboveTC .
Although this approach does not need to hold globally f
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all CMR materials, it seems promising at least for the le
conducting compounds. These materials exhibit simi
resistivities in the ferromagnetic and in the paramagne
state, and the field-induced resistance drop does not re
in metalliclike conductivity values.

In this Letter we will discuss the magnetoresistivity o
a RE manganite with roughly 50% divalent substitutio
(Nd0.52Sr0.48MnO3) within both magnetic phases. Pulse
magnetic fields up to 50 T allow to induce even in th
paramagnetic state an almost parallel alignment of m
netic moments, and we show that the resulting condu
tivity achieves values typical for the ferromagnet. Th
different CMR scaling in both magnetic phases will b
deduced from a hopping model, taking into account the
fluence of temperature (Weiss field) and external magne
fields on the spin-misorientation contribution into the e
fective hopping barrier.

The Nd0.52Sr0.48MnO3 thin films were prepared
in situ by dc-magnetron sputtering onto (100) SrTiO3
substrates [11]. The epitaxial growth was confirmed
x-ray diffraction, and the composition analysis by Ruthe
ford backscattering gave a NdySr ratio of 0.52y0.48.
The magnetic properties were investigated with a SQU
magnetometer, allowing to determine the Curie tem
peratureTC  207 K. For transport measurements i
pulsed magnetic fields [12] we used a10 3 2.8 mm2

sample (film thickness 3000 Å) with four evaporated an
annealed gold electrodes. The field axis was within t
sample plane and parallel with the measuring curre
The temperature dependence of resistivity at differe
fields is shown in Fig. 1. At the lower fields a transitio
from a semiconductorlike behavior in the paramagne
phase to a quasimetallic behavior in the ferromagne
regime is clearly visible. Increasing external field
causes a shift of this transition to higher temperatur
Charge ordering does not occur, probably due to the sm
deviation from the ideal NdySr ratio of 0.50y0.50 [4].

We performed magnetoresistance measurements u
50 T in the paramagnetic phase, nearTC, and in the ferro-
magnetic phase down to 10 K. Before applying the fie
© 1998 The American Physical Society



VOLUME 81, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 2 NOVEMBER 1998

ce
ely

re
e

res

ell
lity
)
t

er

n
ites

lly
e

e
ity
FIG. 1. Temperature-dependent resistivity of an epitaxi
Nd0.52Sr0.48MnO3 film in zero external field and in fields of
3, 12, and 50 T, respectively. Open dots refer to pulsed-fie
measurements.

pulse the sample was thermally cycled to room temperat
and zero field cooled to the nominal measurement tempe
ture. The temperature changed less than60.5 K during
the pulse duration ofø20 ms. The field-induced resistiv-
ity decreaseDrsBd  rs0d 2 rsBd is shown in Figs. 2a
(paramagnet) and 2b (ferromagnet). ForT . TC a full
saturation ofDr was not observed, even in a field of 50 T
Hysteresis effects were neither notable for the parama
net nor for the ferromagnet due to the very small coerci
fields of manganites.

Before discussing the magnetoresistive behavior it
important to note the high resistivity values (betwee
1 mV cm and 50 mV cm, depending onT and B as
shown in Fig. 1). Relating these data to the carrier dens
of 0.5 holes per unit cell [9] results in a mobility betwee
1.4 3 1022 cm2yV s and 0.7 cm2yV s. This is a very
low value compared to metals, and it indicates a stro
carrier localization as described by Mott’s hopping mod
[13]. The most probable reason for this localization
the presence of local distortions of the spin lattice—
like antiferromagnetic fluctuations in a ferromagnet
matrix [14]. These fluctuations cause a trapping of sp
polarized carriers in a locally ferromagnetic environmen
and charge transport arises from hopping and/or tunnel
of carriers between these ferromagnetic entities (large s
polarons) [14]. The conductivity based on Mott hoppin
is given by [13,15]

r21  s  e2R2nphNsEFd exp

µ
2

2R
L

2
Wij

kBT

∂
, (1)

where R is the main hopping distance,nph the phonon
frequency, NsEFd the Fermi density of states,L the
carrier localization length, andWij the potential energy
difference (effective hopping barrier) between the hoppin
sitesi andj. All parameters, except forL, can be either
measured or estimated. The average hopping dista
al
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FIG. 2. The upper panel (a) shows the field dependen
of the resistivity decrease in the paramagnetic phase, nic
following the square of the Brillouin functionB , plotted as a
thin solid line. Data taken in a superconducting magnet a
given in the insert of (a). The lower panel (b) shows th
direct proportionality between the resistivity decrease andB
in the ferromagnetic regime. Curves at several temperatu
are multiplied with the indicated figures to improve clarity.

corresponds to roughly 1.5 unit cells (1.5 3 3.82 Å),
since hopping in a given direction spans over one unit c
in case the nearest-neighbor site is free (50% probabi
for the given substitution ratio) and over two (or more
unit cells if this site is occupied. From the Arrhenius plo
of rsT , B  0d we deduceWij  55 meV, andnph ø
2.1 3 1013 s21 (estimated Raman shift of700 cm21 for
optical Mn-O modes). NsEFd can be approximated by
a free electron model from the doping-induced carri
concentration if we assume an effective massm? ø
10me, typical for strongly correlated electrons and i
the range of the heat-capacity results on La mangan
[14]. Using these parameters and thers0d data for
T . 220 K gives a localization lengthL  10.2 Å. This
value, corresponding to 2.5 lattice constants, is physica
meaningful and gives confidence in the validity of th
employed model.

In the following we will apply Mott’s formalism
not only in the semiconducting state, but also in th
quasimetallic regime. This approach gives the possibil
3981
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to deduce the temperature and field dependence ofrsT , Bd
in the two different magnetic phases from a commo
underlying mechanism. A theoretical model based o
variable range hopping with barriers due to magnet
disorder was recently also published by Viretet al. [16].
The basic idea for this extension of Mott’s model is th
assumption that the hopping barrierWij can be modified
by adding an extra termDWij. This term represents
the energy related to the relative orientation of the loc
magnetization vectors$Mi and $Mj at both sites of a
hopping process:

Wij °! Wij 2 DWij  Wij 2 a $Mi ? $Mj . (2)

The energy barrier is therefore reduced for a ferroma
net ( $Mi k $Mj), and enhanced for a paramagnet or a
tiferromagnet. The proportionality constanta includes
terms for consistency of dimensions and for the overla
between spin-polarized electrons and their locally magn
tized environment. This picture explains qualitatively th
metalliclike decrease ofr belowTC : Increasing magnetic
order favors a parallel alignment of neighboring moment
which causes in turn a lowering ofWij andr. It is, how-
ever, not possible to estimate the evolution ofWij from the
rsT , TCd data due to the unknown temperature depe
dences ofL andR. It might be assumed thatL increases
with decreasing temperature (carrier delocalization lowe
the kinetic energy) whileR may not vary significantly be-
cause the most probable hopping events happen on a s
of a few lattice constants. Therefore we will restrict th
discussion to the magnetoresistance at fixed temperatu
allowing us to treat all quantities with unknown tempera
ture dependence as proportionality constants. Rewriti
Eq. (1) in terms of the magnetic barrier contributionDWij

and summarizing the forefactors inr0 gives

DrsB, T d
r0


r0 2 rsBd

r0
 1 2 exp

µ
2

DWij

kBT

∂
ø

DWij

kBT
. (3)

The absolute resistivity decreaseDrsB, T d scales there-
fore (assumingDWij , kBT ) like DrsB, T d  AsT d $Mi ?
$Mj . The prefactorAsT d represents essentially the ra

tio r0ykBT , which depends on temperature but not o
the external magnetic field. For the further evaluatio
of the magnetic termDWij ~ $Mi ? $Mj we take into ac-
count that the local magnetizations$Mi,j are the sum of
two different contributions: the Weiss magnetization$MW ,
which is common to both sitesi andj, and the local cor-
rectionsd $Mi,j , representing the difference betweenMW

and the magnetically saturated stateMs, i.e., jd $Mi,jj 
jMs 2 MW ji,j . Without external magnetic field the lo-
cal corrections are arbitrarily oriented, giving no effectiv
contribution to the total magnetization. Nonzero field
induce an alignment ofMW along the field direction and
cause also a common orientation ofd $Mi,j along this axis.
3982
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This additional contribution to the total magnetizatio
might be approximated by the Brillouin functionB . The
magnetic part of the barrier can thus be expressed as
lows, with overlines indicating statistical averages:

DWij ~ s $MW 1 d $Mid ? s $MW 1 d $Mjd

 $MW ? $MW 1 $MW ? sd $Mi 1 d $Mjd

1 d $Mi ? d $Mj . (4)

The meaning of the three terms in Eq. (4) becom
evident within the different magnetic phases. The Wei
magnetization is absent for the paramagnet (MW  0)
and Eqs. (3) and (4) predict a resistivity decrea

DrsB, T d  AsT dd $Mi ? d $Mj. AsT d plays hereby the
role of a temperature-dependent CMR amplitude. T
average component ofd $Mi,j along the field direction
is supposed to scale with the Brillouin functionB ,
and the total resistivity decrease scales therefore w
B2sssgmBJsT dBykBT ddd, whereg  2 is the gyromagnetic
ratio, mB the Bohr magneton, andJsT d the average
spin moment at the hopping sites. Figure 2a shows
excellent agreement between the fit functionAsT dB2

and theDrsBd data in the paramagnetic regime up t
50 T. Especially the crossover from the parabolic CM
effect in small fields to negative curvature and saturati
in high fields is correctly reproduced. A measureme
in a superconducting magnet shows the validity of th
B2 scaling with improved low-field resolution (inset o
Fig. 2a).

In the ferromagnetic state (MW fi 0) the absolute value
of the correction termsd $Mi,j is small compared to the
Weiss magnetization. The decrease of the energy bar
is therefore dominated by the first two terms in Eq. (4
and the third term can be ignored. Already without e
ternal field the resistivity decreases with decreasing te
perature due to the increasing Weiss field; compare a
Fig. 1. The additional CMR effect should be propor
tional to the second term of Eq. (4), i.e.,DrsB, T d 
AsT dB fgmBJsT dBykBT g, assuming again that the compo
nent of the correction terms follows the Brillouin scaling
The solid lines in Fig. 2b show the applicability of this
Brillouin fit in the ferromagnetic regime up toTC .

The temperature dependence of the spin momentJ and
the amplitude parameterA is given in Fig. 3. The very
high moments (J ø 60 at 200 K, whereasJ  2 for a
bare Mn31 ion) indicate that the Nd perovskite behave
as a superparamagnet under formation of magnetica
aligned clusters with an extension of typically three lattic
constants. These clusters might be interpreted in terms
the “large spin polarons” introduced in Ref. [14]. More
over, this cluster size agrees well with the carrier localiz
tion length calculated above from Eq. (1) (10.2 Å) an
with the magnetic-polaron diameter (12 Å) determine
by De Teresaet al. [5]. The data in Fig. 3 suggest a
slight increase of the cluster size by approachingTC from



VOLUME 81, NUMBER 18 P H Y S I C A L R E V I E W L E T T E R S 2 NOVEMBER 1998

of
le

ut
R

e
-
n-

d
e
.

n

.

er

-
g
t

FIG. 3. Temperature dependence of the fit parametersAsTd
and spin momentJsTd. The solid dots refer to the simpleB fit,
open dots to theB2 fit. The temperature dependence ofAsT d
follows the r0sT d behavior (solid line) and the absolute value
of JsTd indicate a superparamagnetic behavior. The dash
line through theJsTd data is a guide to the eye.

temperatures above. BelowTC we supposeJsT d to
decrease gradually to zero, becausejdMi,j j  Ms 2

MW  0 for T ! 0, which is consistent with the ex-
perimental result. In this scenario the carriers are m
bile and delocalized within the individual clusters, whil
the macroscopic resistivity is determined by the magn
ically impeded transfer of carriers between adjacent s
clusters.

The amplitudeA follows closely the temperature vari
ation of r0, and the residual resistivity in the limit
of magnetic saturationrssTd  r0sT d 2 AsT d  0.7 6

0.2 mV cm is almost temperature independent. This co
stantrs value, according to Eq. (1), implies aWij  0,
compare also Ref. [16]. Using Eq.(1) and a cluster d
ameter of 12 Å as localization length results inrs 
2.7 mV cm, slightly higher than the above value. Th
difference might arise from a variation of the paramete
L andR under the very high external fields.

In summary, we have applied Mott’s hopping mod
to a colossal magnetoresistive material by introducing
barrier contribution depending on the relative spin orie
tation at the hopping sites. This approach deduces
semiconducting and the quasimetallic transport prop
ties from a universal mechanism, which determines t
temperature coefficient and the absolute value of resis
ity via the magnetization-controlled hopping barrier. Ex
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pressing the average mutual spin orientation in terms
the external magnetic field produces a remarkable simp
CMR dependence proportional to the Brillouin function in
the ferromagnetic phase. The paramagnetic state witho
prominent magnetization axis is characterized by a CM
effect following a squared Brillouin function. Both rela-
tions hold over a very broad field range up to 50 T. Th
residual resistivity at magnetic saturation is nearly tem
perature independent, and its value indicates a semico
ducting or itinerant metallic transport mechanism.
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