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Magnetotransport in epitaxial thin films of the magnetic perovskite Pr0.5Sr0.5MnO3
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Thin, cW -axis oriented films of the magnetic perovskite Pr0.5Sr0.5MnO3 were prepared by dc-magnetron
sputtering, structurally characterized by x-ray diffraction and their physical properties investigated by magne-
tization and electrical transport measurements. Ferromagnetic ordering appears in zero field at 263 K, followed
by a second transition into an antiferromagnetic state at 160 K. The zero-field resistivity has a semiconducting
behavior above the Curie and below the Ne´el temperature and is analyzed in the framework of Mott’s variable
range hopping concept. Quasimetallic behavior is observed within the ferromagnetic state, whose temperature
range can be extended by applying an external magnetic field. The negative magnetoresistance effect increases
systematically with decreasing temperature and reaches a value of 700% at 1.5 K in a field of 12 T. In the
ferro- and antiferromagnetic phases, the field induced resistivity decrease scales with the Brillouin function,
suggesting the existence of magnetically polarized regions with a total magnetic moment which is reduced
upon entering the antiferromagnetic state.
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I. INTRODUCTION

Manganese perovskitesRMnO3 with trivalent rare-earth
ions R31 are antiferromagnetic~AFM! insulators. Doping
with divalent ions on the site of the trivalentR31 results in a
metallic conductivity and a ferromagnetic~FM! ordering.1

The recent discovery of giant negative magnetoresista
~GMR! in La0.67Ba0.33MnO3 and Nd0.5Pb0.5MnO3 ~Refs. 2
and 3! has increased considerably the interest in the man
nese perovskitesRMnO3, in particular in compounds with
R5La, Nd. Above the Curie temperatureTC the doped La
and Nd manganites are paramagnetic~PM! semiconductors
and undergo atTC a transition to a ferromagnetic metall
state. This state persists down to the lowest temperatu
while the maximum of the GMR effect shows up arou
TC .

4 The conductivity is supposed to emerge from hopp
of magnetic polarons aboveTC ,

2,3 and from the double-
exchange mechanism belowTC .

5–7 The analytical depen
dence of the GMR effect versus external field is not yet fu
understood, but correlations between magnetization and
sistivity in La manganites suggest an important role of
polaron hopping also belowTC .

8

Another manganite compound, Pr0.5Sr0.5MnO3, behaves
somewhat differently: neutron-diffraction studies of sem
550163-1829/97/55~6!/3699~9!/$10.00
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conducting, polycrystalline Pr0.5Sr0.5MnO3 revealed again
ferromagnetism below 200 K, followed however by a coe
istence of the FM and AFM phases between 80 K and 160
and a purely AFM phase below 80 K.9 Magnetization and
transport measurements on a high-quality single crystal c
firmed the presence of the two transitions with aTC 5 270 K
and a Ne´el temperatureTN 5 140 K.10 The transition from
the FM to the AFM state in the single crystal is probably fi
order, while the conductivity is metallic in the FM and sem
conducting in the AFM phase. Based on the jumplike res
tivity increase at the transition from the FM to the AFM
state, and a particular doping state with exactly 0.5 cha
carriers per Mn ion, it was speculated that the weakly loc
ized carriers in the Pr0.5Sr0.5MnO3 single crystal undergo a
charge ordering transition into an insulating, antiferroma
netic Wigner crystal.10 The origin of this low-temperature
AFM behavior of the Pr manganite is related to the weak
ing of the ferromagnetic Mn31-Mn41 superexchange cou
pling by the contraction of the chemical unit cell. Moreov
Pr exhibits intrinsic mixed-valency properties, with a ma
netic moment of 3.5mB for Pr31, while La31 is nonmag-
netic.11

The purpose of this work is to investigate the transp
properties of the Pr0.5Sr0.5MnO3 perovskite films. We shall
3699 © 1997 The American Physical Society



ry
b

u
ng
e
n
g
a
h
on

s
th
nc
re
b
e
r
lm
o
th
ib
pa

ith

s
ho

-
i

as
n

A
ith

ra
w
in
os
n
ft
10

g-
s

in
an

the
t
lf
44
ial
ed
he
ue
of
-
nt

not
tch
to
es
gre-

as
an

all
ol-

es,

k
k-

n
nce
the
ous,

try

long

3700 55P. H. WAGNERet al.
also consider closely the assumed occurence of Wigner c
tallization by carrying out a quantitative analysis of the o
served resistance behavior together with an identification
the underlying conductivity mechanism. According to o
knowledge, a theoretically well-founded resistivity scali
which would enable one to identify the charge order
phase, has not yet been developed. Besides these mai
jectives, also the transition from the semiconductin
paramagnetic to the FM-metallic state, common to La
well as Pr manganites, requires additional analysis. We s
investigate further the idea that polaronlike carriers may c
tribute to the conductivity also belowTC , and that double
exchange, restricted to nearest-neighbor Mn sites, need
to be an exclusive way for charge transport. This means
charge exchange between Mn sites of arbitrary dista
might be possible, provided only that Hund’s rules a
obeyed. These ideas for the conductivity mechanism will
pursued by analyzing resistance versus external magn
fields employing a polaronic hopping model. For the expe
ments discussed within this work we used an epitaxial fi
which offers the advantage of coming close to the quality
single crystals, thus close to the intrinsic properties of
material. Furthermore, thin films represent the most feas
sample form for potential device applications and the pre
ration of multilayers.

II. SAMPLE PREPARATION

Starting from a polycrystalline, disk-shaped target w
the nominal composition Pr0.50Sr0.50Mn1.00O'3, thin films
were deposited onto SrTiO3 ~1 0 0! substrates by on-axi
dc-magnetron sputtering. The target was prepared by t
oughly mixing stoichiometric amounts of Pr6O11, SrCO3,
and MnCO3, calcinating~12 h at 900 °C! and firing in air
~24 h at 1250 °C! with intermediate grinding. After pulver
izing the reacted material, the powder was moistened w
isopropanol and pressed into a 2 mmthick disk ~38 mm
diameter! with 40 MPa uniaxial pressure. The target w
dried and sintered in air for 24 h at 1250 °C and an additio
6 h at 1350 °C. During the sputtering of the films~120 min
for a 3000 Å thick layer! the discharge current was 100 m
~2290 V! in a 1.5 hPa flowing oxygen atmosphere, and w
a target-substrate distance of 20 mm. The SrTiO3 substrates
(1031031 mm3) were glued with silver paint to an
Al2O3 block, which was resistively heated up to' 900 °C in
order to achieve epitaxial film growth. The actual tempe
ture at the substrate surface is estimated to be 200 °C lo
Higher deposition temperatures resulted in polycrystall
films, a structure which was also observed for films dep
ited on ~1 0 0! oriented MgO irrespective of the depositio
temperature. Although the phase formation is complete a
deposition, the films were kept an additional 30 min in
hPa O2 at 900 °C, and 30 min in 500 hPa O2 at 600 °C, in
order to achieve a homogeneous oxidization.

The x-ray diffraction spectra obtained with the Brag
Brentano geometry show that the films have no extra pha
and arecW -axis oriented with FWHM values~full width at
half maximum! for theQ scan of the~0 0 2! reflection be-
tween 0.19° and 0.39°~Fig. 1!. For the sample discussed
the following sections the FWHM was 0.37°, indicating
excellent structural order, comparable to the FWHM'0.15°
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for the ~2 0 0! reflection of the single-crystalline SrTiO3
substrates. The averaged lattice constant, obtained from
peak position at the~0 0 3! reflections of three differen
films, is 3.8186 0.002 Å, in good agreement with the ha
c-axis length determined with neutron diffraction, i.e., 7.6
Å.9 The difference by a factor of 2 arises from the spec
sensitivity of neutron diffraction to a superstructure, caus
by deviations from the ideal cubic perovskite lattice. T
small reflection visible at 11.44°, see Fig. 1, is probably d
to this superstructure with a calculated lattice constant
7.73 Å. The half diagonal of theab plane of the superstruc
ture is 3.842 Å,9 in good agreement with the lattice consta
of the SrTiO3 substrate~3.905 Å!. Therefore a strong in-

plane texture can be expected, andaW - or bW -axis oriented film
growth has not been observed.

The interface between film and substrate surface has
been investigated yet, but from the slight lattice misma
we suppose that the film properties might be influenced
some extent by strain. Chemical interdiffusion probably do
not play an important role, because Sr and O are also in
dients of the Pr0.5Sr0.5MnO3 and Ti might substitute Mn,
due to similar ionic radii. In Bi2Sr2CaCu2O81d films depos-
ited onto SrTiO3 by almost the same sputtering technique
described above, Ti was found to interdiffuse not more th
500 Å into the growing film.12 Considering the total film
thickness of 3000 Å the interface will have only a sm
influence on the measured properties of the whole film v
ume. Scanning electron microscopy of the Pr0.5Sr0.5MnO3
films showed no trace of particles on the mirrorlike surfac
while the average roughness of a 1mm2 surface obtained
with atomic force microscopy is 40 Å for a 3000 Å thic
film. Composition analysis by means of Rutherford bac
scattering revealed the ratio Pr0.5Sr0.5Mn1.25O'3 with an un-
certainty of about 10% for the cations. The origin of the M
surplus is not yet clear and might be caused by the influe
of the magnetic field onto the manganese atoms in
magnetron-assisted discharge plasma, forming amorph
Mn-rich second phases on the substrate.

FIG. 1. X-ray diffraction spectrum in Bragg-Brentano geome
of an epitaxial Pr0.5Sr0.5MnO3 film on a SrTiO3 ~1 0 0! substrate.
The small reflection at 11.44° belongs to the superstructure a
thec axes, while the inset shows theQ scan of~0 0 2!. Reflexes of
the substrate are indicated by!.
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III. MAGNETIC PROPERTIES
OF THE Pr 0.5Sr0.5MnO 3 FILMS

The in-plane sample magnetizationM was measured with
a Quantum Design SQUID in fields between 20 mT and 5
Prior to applying a field, the sample was cooled from 300
to 5 K in zero field in order to ensure equivalent precon
tions for each measurement. The measurements were
performed by warming up to 300 K with subsequent cool
to 5 K. Figure 2 shows representativeM (T) curves for 20
mT, 50 mT, and 1 T, all data points being corrected for
small diamagnetic response of the SrTiO3 substrate. Higher
magnetic fields did not substantially alter the appearanc
the data for 1 T. The mean-field ferromagnetic Curie te
peratureTC was determined by linearly extrapolating th
M (T)21 data to zero. For 20 mT, close to the zero-fie
limit, we obtainedTC 5 263 K, comparable to 270 K a
reported for the Pr0.5Sr0.5MnO3 single crystal by Tomioka
et al.10 By applying external fields,TC is shifted slightly to
higher temperatures. Although in the presence of fie
higher than 20 mT no clear Curie-Weiss behavior was fou
in the data, allowing to determineTC by a linear extrapola-
tion, this shift is also reflected by the shift ofTC

! , defined as
the high-temperature inflection point ofM (T), as shown in
Fig. 2. The transition to the AF state occurs aroundTN 5
160 K (Bext520 mT! as clearly indicated by the reduction o
M with decreasing T.13 This implies that the Mn31 and
Mn41 ions form independently two AF sublattices, if w
assume different moments for Mn41 (4.0mB) and Mn31

(5.0mB), according to Ref. 11. Knı´žek et al.9 also reported
two AF sublattices, however with almost identical mome
of 2.24mB ~Mn41) and 2.20mB ~Mn31). With increasing
external field the local magnetization maximum atTN is less
pronounced and shifts to slightly lower temperatures. T
field dependence ofTN andTC will be further discussed in
connection with the resistivity data in Sec. V A. The onset
the AF behavior~Fig. 2! is at all fields accompanied by
splitting of the cooling and the warming magnetization da

FIG. 2. In-plane magnetic moment of a Pr0.5Sr0.5MnO3 film vs
temperature for magnetizing fields of 20 mT, 50 mT, and 1 T in
warming and cooling runs as indicated by arrows. The lines sug
the positions of~i! the Curie temperatureTC

! of ferromagnetism,~ii !
the onset temperatureTN of antiferromagnetic correlations, and~iii !
the low-temperature anomalyTA as discussed in the text.
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a phenomenon also showing up in the resistivity measu
ments. A possible explanation may be that in the cool
mode the spin system is thermally stronger activated
thus more flexible to be aligned in the direction of the ext
nal field. This results in higher magnetization values, co
bined with a lowered resistivity, as the spin system gains
enhanced ferromagnetic component.

We note that the magnetic moment of the sample m
sured in 1 T at 5 K (1.531023 emu, i.e., 100 emu/cm3 with
an uncertainty of 10%!, corresponds to 0.62mB per Mn ion.
This is considerably below the above-mentioned values,
culated on the basis of the Mn ion spins, while films of t
La manganites exhibit moments close to 50% of the theor
cal value.2 Higher external fields do not change substantia
the M (T) data, because the coercitive fields deduced fr
magnetization loops are in the range of only 100 mT a
saturation is apparently achieved already for external fie
in the range of 1 T. This is in contradiction with the transpo
measurements, see Sec. V A below, where fields of 12 T
not sufficient to achieve saturation of the GMR effect.
probable explanation for this dicrepancy is the existence
magnetic domains: Magnetization measurements are se
tive to the magnetic moment of the whole sample, integra
over different domains, while resistance measurements p
the scattering of carriers within and between all individu
domains. An imperfect ordering of the spin lattices, inclu
ing magnetically ordered clusters embedded in a param
netic matrix, may also be responsible for the observed
ference.

At TA' 45 K ~see Fig. 2! a small jump in the magneti
zation is observed, especially in the cooling runs. Seve
mechanisms may cause this jump:~i! a transition from two
independent AFM sublattices for Mn31 and Mn41 to two
FM lattices, resulting in ferrimagnetism;~ii ! an ordering of
the Pr31 moments; and~iii ! the presence of magneticall
ordering second phases. The first possibility can be exclu
since the calculated moment per Mn ion exceeds the
difference between Mn31 and Mn41 spin moments. Con-
cerning the second possibility, it is well known that the
moments in PrBa2Cu3O7 undergo antiferromagnetic orde
ing with a Néel temperature of 17 K,14 comparable to the 40
K observed for the Pr0.5Sr0.5MnO3 films. Also in the
Nd0.5Pb0.5MnO3 system a susceptibility anomaly showed
at 30 K, which was associated with ordering in the Nd31

lattice ~3.5mB) and enhanced carrier localization.3 The most
likely explanation seems to be the presence of~amorphous!
traces of the Mn-rich PrMn2O5 phase withTN 5 46 K.15

X-ray diffraction ~XRD! reflections corresponding to the la
tice constants of this compound~see Ref. 16! were not de-
tected for the sample under investigation, therefore we c
clude the volume fraction to be below 10%.

IV. ZERO-FIELD RESISTIVITY
OF THE Pr 0.5Sr0.5MnO3 FILMS

A. Experimental results

In order to obtain a meaningful comparison between el
trical and magnetic properties, the transport measurem
were performed on a strip cut from the same film which w
also used for the magnetization measurements. Due to d
culties in patterning Pr0.5Sr0.5MnO3 by chemical etching, we

st
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3702 55P. H. WAGNERet al.
measured the unpatterned strip~10 mm long, 2.8 mm wide!
after evaporating four gold contacts~2.8 mm3 1 mm, 6 mm
distance between the voltage probes! in one line across the
sample and annealing them in air for 15 min at 700 °
These contacts were stable against thermal cycling and h
contact resistance below 1V. For the measurements dis
cussed in the following subsections we employed an
bridge ~28 Hz! at an effective excitation current of 0.3mA.
The current direction was within theab plane of the film,
parallel to the orientation of the external magnetic field, th
in the Lorentz-force free configuration. Preliminary measu
ments under different angles between thecW axis and the field
direction suggest a magnetically isotropic behavior.17

Figure 3 shows the temperature dependence of the z
field resistivity, with a magnification of the metalliclike re
gion between 160 K and 220 K in the inset. The observ
temperature dependence is in agreement with the single c
tal data reported by Tomiokaet al.,10 including comparable
resistivity values, except for the smooth quasimetallic
semiconducting transition at 160 K. Above the metallicli
region (T.250 K! the resistivity scales with thermally act
vated nearest-neighbor hopping@r}exp(U/kBT), U'30
meV#, which can be attributed to magnetic polarons, as
sumed for the doped Nd and La manganites.2,3 Below the
metallic region~50 K ,T, 160 K! a semiconducting be
havior is observed in accordance with Mott’s law for va
able range hopping~VRH!, i.e., lnr}(Q/T)1/4.18 In a more
detailed investigation of this temperature region in S
IV B, we will also take into account the slight temperatu
dependence of the corresponding proportionality factor.
low 50 K the resistivity starts to deviate from Mott’s law an
scales with lnr}Q1 /(T1Q2) (Q1 5 54.9 K,Q2 5 60.0 K!.
This functional dependence forT<50 K resembles the sus
ceptibility of an antiferromagnet aboveTN and remains valid
also in the presence of external magnetic fields, with sligh
other values forQ1 andQ2. Although there is no theoretica

FIG. 3. Zero-field resistivity as a function of temperature o
Pr0.5Sr0.5MnO3 film. Fitting of the experimental data was done a
cording to~1! thermally activated nearest-neighbor hopping in t
paramagnetic phase,~2! variable range hopping in the antiferroma
netic phase below 160 K, and~3! the empirical low temperature
scalingr}exp@Q1 /(T1Q2)#. The inset shows a detail of the appa
ently metallic~ferromagnetic! regime, with perpendicular lines in
dicating the transition temperaturesTN' 160 K andTC' 220 K.
.
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model for this peculiarr(T) behavior, the correspondence
the empirical relation with the data is excellent and supe
to fit functions based on Mott- or Shklovskii-Efros hoppin
The existence of two different scaling regimes below 160
indicates again a change in magnetic ordering around 50
in accordance with the magnetization data.

B. Discussion of the zero-field resistivity data

1. Semiconducting behavior through Wigner crystallization

The double-exchange mechanism in the doped rare-e
manganites provides belowTC delocalized carriers,5–7 scat-
tered by phonons and spin waves, resulting in metallic
havior as known already for the La and Nd compounds2,3

Resistivity seems to scale with the temperature depen
strength of the double-exchange interaction, which is co
lated with the total magnetization of the system. The n
feature of a resistivity increase below 160 K observed for
Pr0.5Sr0.5MnO3 compound is accompanied by an antiferr
magnetic and also geometric ordering of Mn ions, w
Mn31 and Mn41 occupying two cubic sublattices. The sem
conducting behavior originates therefore from either
Coulomb repulsion between charge carriers, or from the
tiferromagnetic spin arrangement.

The antiferromagnetism of ‘‘collinear CE-type,’’9 see Fig.
4, destroys partially the ferromagnetic, parallel alignment
neighboring moments in the sense that each Mn31 ion will
sit within theab plane in the center of a square with adjace
corners formed by two Mn41 ions with spin parallel and two
with spin antiparallel to the Mn31 moment. Due to the Hund
coupling carrier exchange is hindered between Mn31 and
the antiparallel Mn41 ions, while it is still allowed for the
parallel Mn41 sites. As a result, the carriers will rema
delocalized on zigzaglike paths along a definite axis of
Wigner crystal and strongly localized in the perpendicu
in-plane direction. In the thin films, the Mn31/Mn41 lattice
is probably disturbed and therefore one expects a mixtur
both orientations. Antiferromagnetism alone is thus proba
not sufficient to bring about the transition from a metallic
an insulating phase, but can account for a resistivity incre

In the original idea of Wigner crystallization, the resisti
ity increase arises from the mutual repulsion between ca

FIG. 4. Antiferromagnetic, CE-type spin structure
Pr0.5Sr0.5MnO3 at low temperatures according to Refs. 9 and 2
The spins are projected into the plane to illustrate the existenc
conducting paths, shown as solid lines.
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ers, freezing in regular sublattices. Since the resistivity
mains finite down to the lowest temperature, for the thin fi
as well as for the single crystal,10 one can suppose the rem
anent conductivity to be determined by a certain density
defects in the charge crystal. This defect density should
low a thermally activated behavior with an activation ener
in the order of the Coulomb potential between neighbor
carriers.18 In a rough calculation, this energy is in the ord
of 23104 K, and by taking into account shielding effec
through a dielectric constant in the order of 102, it cannot be
supposed to be smaller than 200 K. However, our data d
ate in the low-temperature region considerably from the th
mally activated Arrhenius scaling, and Wigner crystallizati
in a strict sense is thus improbable.

2. Semiconductivity based on variable range hopping

Regarding the semiconducting behavior of resistiv
above 220 K and below 160 K, it is tempting to analyze t
whole zero-field temperature dependence within the mo
of hopping conductivity as developed by Mott.18 Since the
high-temperature Arrhenius behavior and the lo
temperature lnr}T1/4 law ~see Fig. 3! are limiting cases of
the same mechanism, the apparently metallic conductivit
between might also be of principally semiconducting natu
The positive temperature coefficient should then be brou
about by the rapid evolution of the hopping paramet
within the narrow temperature regime, in which the PM-F
and FM-AFM transitions take place. Conductivity based
Mott hopping is described by:

s5e2R2nPhN~EF!exp~22R/L2W/kBT!. ~1!

HereR is the mean hopping distance,L the carrier localiza-
tion radius, andW the splitting between energy levels relat
by a hopping process. For the phonon frequency we assu
nPh51013 Hz, and the density of states was appro
mated by the free electron model withN(EF)
5(m!/\2p2)(3p2n)1/3.11 The carrier concentrationn is
supposed to be 0.5 carriers per chemical unit cell, accord
to the doping ratio with Pr31/Sr2151/1, i.e., 931021/cm3.
Since we are dealing with a strongly correlated system,
unknown effective carrier massm! was approximated by 10
me .

In the paramagnetic state, the Arrhenius plot of resistiv
is strictly linear~above 280 K! andW is therefore given by
the constant Arrhenius slope. For the mean hopping w
R one can assume 3/2 times the distance between adja
Mn sites, because hopping in a given direction is only
lowed between Mn31 and Mn41, occupying the Mn sublat-
tice randomly forT.TC . Inserting this together with the
measured resistivity into Eq.~1!, one obtains a carrier local
ization length ofL 5 46 Å, thus indicating a considerabl
smearing of wave functions. The temperature dependenc
the parametersW, R, andL is plotted in Fig. 5. Extending
this analysis below 280 K, the energy barrier starts to
crease with the occurence of first ferromagnetic fluctuatio
accompanied by a rapidly decreasing localization length.

For the regime below 160 K, where the lnr}(Q/T)1/4 scal-
ing holds, we made use of the low-temperature approxim
tions W53/@4pR3N(EF)# and 2/L59/@4pR4N(EF)kBT#
for Eq. ~1!.18 This allows us to evaluate the mutually depe
-
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dent parametersR, L, andW self-consistently without fur-
ther assumptions. The absolute value for the hopping d
tance at 160 K corresponds very well to the postulat
nearest-neighbor hopping at high temperatures, and exhi
the pronounced low-temperature increase typical for t
VRH mechanism~see Fig. 5!. Especially the reasonable
value forR gives a posteriori confidence in the somewha
arbitrarily chosen values for the parametersm! @i.e.,
N(EF)# and nPh.

19 The localization length stabilizes at the
nearly constant value of 10 Å indicating a carrier localiza
tion within roughly three unit cells of the perovskite lattice
We note that this confinement of carriers is at least in
qualitative agreement with the idea of charge ordering, d
spite that Wigner crystallization in a strict sense was n
found according to Sec. IV B 1. The sharp increase ofL
below 30 K reflects a low-temperature resistivity increa
slower than the prediction of pure variable range hoppi
~Fig. 3!, and cannot be interpreted in a straightforward wa
Presumably it is associated with magnetic ordering in t
Pr13 sublattice. An interesting result is the nearly vanishin
hopping barrier below 160 K. The increasing~anti!ferromag-
netic order is supposed to bring about, via the high fields
atomic scale, a considerable widening of the energy lev
within localized states. Therefore hopping between differe
localized states will be strongly enhanced, as the netto int
state energy barrier loses importance. The temperature
pendence of the barrier in this temperature regime follow
the scalingW(T)'1.65T3/4, where the exponent 3/4 is in
precise agreement with the VRH concept.18

V. RESISTIVITY IN EXTERNAL MAGNETIC FIELDS

A. Experimental results

The influence of external magnetic fields on the resistivi
together with the corresponding magnetoresistivity rati
@r(B)2r(B50)#/r(B) is shown in Fig. 6. Contrary to the

FIG. 5. Temperature dependence of the energy barrierW (h),
the mean jump widthR (s), and the localization lengthL (d) in
the framework of Mott’s hopping concept. The dashed lines sugg
a temperature dependence of the three parameters in the me
transition regime. Note especially the low-temperature increase
R, the enhanced carrier localization in the antiferro- compared
the paramagnetic state, and the almost vanishing hopping barrie
the magnetically ordered phase.
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doped La manganites, the GMR maximum is not located
the vicinity of the ferromagnetic Curie temperature~in this
Pr0.5Sr0.5MnO3 sample at 263 K6 3 K!, but is continuously
increasing with decreasing temperature and increasing fi
up to 700% for 1.5 K at 12 T. The GMR effect seems
originate not only from the lowering of the resistivity itsel
but also from the shifts of the high-temperatu
semiconductor-metal transition and the low-temperat
metal-semiconductor transition to higher and to lower te
peratures, respectively. This results in a significant broad
ing of the metalliclike region, see region~2! in the tentative
phase diagram in Fig. 7. The data points of Fig. 7 corresp
to the temperatures at the local maxima and minima of
resistivity curves from Fig. 6, in the sense defined for ze
field in the inset of Fig. 3. There is also a clear correspo
dence between the resistively determined transition temp
tures and the characteristic temperatures from the magn
zation measurements: The boundary between
paramagnetic-semiconducting and the metallic regime
lows the field dependence of the inflection point ofM (T)
~Fig. 2!, while the transition from the metallic to the
antiferromagnetic-semiconducting phase agrees also
TN from Fig. 2. The TC value from the extrapolation
M21→0, i.e., 263 K, is considerably above the respect
temperature from the resistivity measurements~220 K!, but
indicates precisely the appearance of first deviations fr
nearest-neighbor hopping conductivity, as shown in Fig. 3
is worth mentioning that the two boundary lines in Fig.
should not be considered as phase boundaries in a s
sense, because the relevant temperatures might exhibit a
tain smearing within the sample volume due to slight loc
variations of the actual sample composition. For reasons
comparison Fig. 7 shows also the data for the hystere
first-order charge-liquid to charge-solid transition as det
mined by resistive measurements on a single crystal by
mioka and co-workers.10

Resisistivity measurements at fixed temperatures
shown in Fig. 8. Each curve consists of four field sweeps
the sense 0 T→12 T→0 T→212 T→0 T, starting with a

FIG. 6. Temperature dependence of the magnetoresistivity r

@r(B)2r(B50)#/r(B) for different external fieldsBW parallel to

the transport current and perpendicular to thecW axis. The tempera-
ture dependence of the restivity is given in the inset.
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zero-field cooled sample. The curves for 50 K, 100 K, a
150 K exhibit a splitting due to hysteresis which becom
even more pronounced at 5 K. The data at 5 K are omitted in
Fig. 8, since the memory effect at low temperatures lead
further complications in interpreting ther(B) changes.17

From the difference in curvature of ther(B) data at 298 K
and the lower-temperature data, we may conclude that a
ferent GMR mechanism is present in the paramagnetic
the ordered states. Double logarithmic plots of the field
duced conductivity versus field revealed the empirical sc
ing:

io FIG. 7. Splitting of theB(T) phase diagram into three regions
different conductive~magnetic! behavior: Region~1! represents the
semiconducting-antiferromagnetic phase withTM575 K, indicating
the maximum temperature for the occurence of the memory eff
~Ref. 17!. Region ~2! stands for metallic-ferromagnetic behavio
and~3! for the semiconducting-paramagnetic state.TN5158 K and
TC5263 K are the Ne´el and Curie temperatures, determined fro
the magnetization data~at 20 mT! in Fig. 2. The temperatures of th
charge-liquid to charge-crystal transition and of the inverse tra
tion according to the work of Tomiokaet al. ~Ref. 10! are given by
h andj, respectively.

FIG. 8. Field dependence of the magnetoresistivity at differ
temperatures. The curvature is positive for 298 K and negative
all temperatures below, indicating a unique GMR mechanism
T< 250 K. Hysteretic behavior is visible up to 150 K, with coe
citive fields below 100 mT.
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s~B,T!5s~B50,T!1s!~T!•Ba. ~2!

At 298 K the exponenta'1.82, a value close to 2, whic
was reported for the scattering of charge carriers by indep
dent spins.20,21 For all other temperatures up to 250 K,a
varies between 0.99 and 1.20, while systematic deviati
appear in the antiferromagnetic phase. Especially at 200
still in the ferromagnetic phase, where with increasing fi
no phase transition line is crossed~see Fig. 7!, the conduc-
tivity increase remains strictly linear for fields as high as
T.17 At all other temperatures the field-induced shift of tra
sition temperatures, i.e., the crossing of phase-bound
lines, makes a universal scaling more difficult, ignoring
ready the additional hysteresis effects in the antiferrom
netic phase. It should also be pointed out that the sca
with Eq. ~2! can only be a low field approximation, in th
sense that saturation tendencies of the GMR effect, e
cially visible at the low-temperature curves of Fig. 8, area
priori not taken into account.

B. The GMR effect and hopping conductivity
of magnetic polarons

To interpret the magnetoresistance data, it is worth c
sidering a simple model of hopping conductivity ofmagnetic
polarons. In this case the characteristic energy differe
Wij between the two levels taking part in an elementary h
ping process is dependent upon the relative misorientatio
the two local magnetization vectorsMW i andMW j . Therefore
the energyWij should be renormalized due to the misfit
the orientations ofMW i andMW j ~Fig. 9!:

Wij→Wij2~MW i•MW j !5Wij2DWij
s . ~3!

In other words, GMR for the hopping conductivity of ma
netic polarons appears as a result of the field-induced
pression of an average misorientation between their two
cal magnetizationsMW i andMW j .

In the paramagnetic phase, when the internal Weiss fi

HW is absent (HW50) the average(MW i•MW j ) can be approxi-
mated by the square of the magnetizationMz along the field
axis, resulting in the parabolic GMR effect in low fields.22

The typical misorientation angleQ'2w0 ~Fig. 9! depends
on w0, where w0 determines the average projection
Mz5M cosw0, which is normally described by the Brillouin
function. Since cosQ'cos2w052cos2w021 one can expec
that in the paramagnetic phase the ratioDr/r should be re-
lated to cos2w0 and therefore to the square of the Brillou
function.

In the ferro- or antiferromagnetic phase the high inter
Weiss fieldHW is superimposed with an applied extern
field Ha . We think that in our caseHa!HW and therefore
we may assume that at the two sites (i and j ), connected by
an elementary hopping process, the external fieldHa affects
the magnetization only to the minor correctio
dMi ,dM j!MW . The ‘‘main’’ magnetizationMW is fully
controlled by the Weiss fieldHW@Ha and therefore not in-
fluenced byHa . Then the correctionDWij

s due to the spin
misorientation of the polarons is
n-

s
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DWij
s 5~MW W1dMW i !•~MW W1dMW j !

'MW W•MW W1MW W•~dMW i1dMW j ! . ~4!

It seems to be reasonable to expect that the average o
minor correctionsdMi anddM j , which follow the applied
field Ha , may be described by the Brillouin function. Th
application of this simple model~based on theassumption
that only dMi and dM j , and notMW , are influenced by
Ha) reveals a striking correspondence between the nega
magnetoresistivity and the Brillouin functionB ~see Fig. 9!
for temperatures belowTC :

r~B50,T!2r~B,T!5A~T!•B@g•mB•J~T!•B/kBT#. ~5!

HereA(T) andJ(T) are the fitting parameters for the ampl
tude of the negative magnetoresistivity and the spin mome
respectively. Assuming a gyromagnetic ratiog52 for the
manganese ions~their spins are 3/2 and 2! one obtains a
weakly temperature dependent amplitude factorA(T) and
total spin momentsJ(T)'45 in the ferromagnetic regime
see Fig. 10. Upon entering the antiferromagnetic phase
lower temperatures the total moment is decreasing rapidly
it can be expected for a predominant antiparallel alignm
of neighboring spins. The dimension of magnetically order
clusters, thus polaronlike spin arrangements, is calcula
straightforwardly in the ferromagnetic regime, resulting
roughly 26 Mn ions, or extending over a cube with a si
length of almost three times the chemical unit cell. This is
a remarkable correspondence with the typical carrier loc
ization lengthL'9.1 Å as calculated in Fig. 5.~Here we

FIG. 9. Comparison of the negative magnetoresistiv
r(B50)2r(B) with the Brillouin function A(T)•B(gmBJB/
kBT), plotted as thin solid lines. Deviations occur at 150 K and 2
K, while the coincidence is striking for the other temperatures. T
inset represents the hopping process between magnetically ord
clusters of different orientationsMW i and MW j ~bold arrows!. The
typical angleQ between the orientation of the two polarons is a
proximated by two times the average misorientation angle of o

polaron with the direction of the external fieldBW .
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refer to theL value for 150 K, at the onset of antiferromag
netic order, because the hopping analyis does not apply
the ferromagnetic regime itself.! Best agreement ofB with
the data in Fig. 9 was achieved at 250 K, close to the fer
magnetic transition, and slight deviations occur at 200 K a
150 K. Deviations from the ideal Brillouin scaling might b
related to a certain dependence of the carrier localizat
length on the external magnetic field, which was experime
tally verified for weakly doped GaAs semiconductors.23 In
the purely antiferromagnetic regime, between 5 K and 100
K, the correspondence of the Brillouin function with the da
is again very convincing. For these temperatures we a
lyzed the upper branches of the hystereticr(B) curves, but
the scaling works equally well for the lower branches, givin
slightly lower amplitude factorsA(T).

VI. CONCLUSIONS

Thin films of Pr0.5Sr0.5MnO3 were preparedin situ with
strongcW -axis orientation, and are characterized with respe
to morphology and surface properties. The zero-field res
tivity showed semiconducting behavior according to neare
neighbor hopping in the paramagnetic, and variable ran
hopping in the antiferromagnetic state. Quasimetallic co
ductivity was only observed in the temperature regime b
tween 160 K and 220 K, where magnetization measureme
reveal a ferromagnetic state. The temperature range of fe

FIG. 10. Temperature dependence of the fitting paramet
A(T) ~right scale! andJ(T) ~left scale! from Fig. 9, including typi-
cal error bars. The spin momentJ(T) approximates in the ferro-
magnetic state the size of magnetic polarons. Note the rapid
crease of the polaron moment upon entering the antiferromagn
phase. At the onset of ferromagnetic correlations~250 K! the po-
larons are also smaller than in the fully developed ferromagne
state at, e.g., 200 K.
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magnetic ordering, and the associated metallic conducti
become more extended by application of external magn
fields, which is the first reason for the GMR effect
Pr0.5Sr0.5MnO3. The second reason for GMR is a global lo
ering of resistivity, which can be scaled with the Brillou
function. From~i! the applicability of the Brillouin function
and ~ii ! the involved fitting parameters we conclude for t
ferromagnetic state the existence of magnetic polarons,
larizing the spins of 20 – 30 manganese ions, which bec
aligned through the external fields. This alignment redu
the hopping barrier and enhances the charge transport.
localization length is of the order of the size of magne
polarons.

The GMR mechanism in the antiferromagnetic state
pears to be of a similar origin as for the ferromagnet, si
both obey in good approximation the same scaling laws. T
is irrespective of whether we consider the Brillouin scal
for the resistivity decrease or the power-law scaling for
conductivity increase. From the spin moments in the anti
romagnetic state it is however not possible to calculate
cluster sizes as simply as for the ferromagnetic phase. Th
because these moments might equally well shrink due
improved antiparallel spin alignment at low temperatures
due to a decreasing number of Mn ions involved in the f
mation of these magnetic polarons. The external field ge
ates in any case a~small! parallel component of initially
antiparallel oriented spins in the direction parallel to the
plied field and enhances the spin dependent charge trans
In the low-temperature limit of the AFM phase, where t
spin lattice is most perfectly developed, the fitted spin m
ment for a polaron collapses to the value of an individual
ion, which gives additional confidence to the presented
of a GMR effect based on field-induced reduction of
misalignment of magnetic polaron moments.

We would also like to point out that for potential fie
sensing purposes it seems to be more interesting to use
ferromagnetic compounds like Pr0.5Sr0.5MnO3 since they
exhibit GMR not only around the ferromagnetic transiti
temperature, but at all temperatures below room tempera
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