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Growth, transport, and magnetic properties of Pr 0.67Ca0.33MnO3 thin films
S. K. Singh, S. B. Palmer, D. McK. Paul, and M. R. Leesa)
Physics Department, University of Warwick, Coventry CV4 7AL, United Kingdom

~Received 23 January 1996; accepted for publication 13 May 1996!

We have grown Pr0.67Ca0.33MnO3 thin films on LaAlO3 using pulsed laser deposition. Below 50 K,
a field induced insulator-metal transition results in changes in resistivity of at least 6 orders of
magnitude. The field induced conducting state is metastable at low temperature. The temperature
dependence of the resistivity exhibits considerable hysteresis in a field of 40 kOe but becomes
reversible in a field of 80 kOe. ©1996 American Institute of Physics.@S0003-6951~96!02128-6#
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Negative giant magnetoresistance~GMR! effects have
been reported in doped perovskites Ln12xAxMnO36d

~Ln5La, Pr, or Nd and A5Ca, Ba, Sr, or Pb!.1–6 These
effects have been observed in thin film, polycrystalline, a
single crystal samples. This behavior is usually explained
terms of the double exchange theory.7 Doping produces a
decrease in the Mn31/Mn41 ratio making it easier for elec-
trons to hop between Mn ions and creating a tendency
ferromagnetic interactions rather than the antiferromagne
exchange interactions which dominate if the electrons
more localized. However, more recent theoretical work h
suggested that in order to obtain quantitative agreement w
experimental data, polaron effects due to strong electr
phonon coupling coming from the Jahn–Teller splittin
should also be included in any theoretical model.8

Within this group of Mn based GMR materials, a num
ber of different types of behavior are observed. In som
cases, for example, La12xCaxMnO3 and La12xSrxMnO3

~0.1<x<0.4!,1–3 the materials are metallic ferromagnet
Large field induced changes in conductivity occur at tem
peratures around the ferromagnetic-paramagnetic transit
In other materials such as Pr12xSrxMnO3 ~x50.5!, a
conducting/ferromagnetic state is replaced at low tempe
tures, in this case below 140 K, by a charge ordere
antiferromagnetic state and a switch to resistivity which e
hibits activated behavior.6 Application of a magnetic field
can melt the charge ordered lattice and lead to the restora
of a conduction/ferromagnetic regime. In the case
Pr12xCaxMnO3 ~0.3<x<0.45!, magnetic and charge order
ing transitions occur at different temperatures.9–11 Evidence
for charge ordering is seen at 250 K with a paramagnet
antiferromagnetic transition at around 160–170 K. The res
tivity in zero field exhibits activated behavior at all tempera
tures. Below the charge ordering temperature the applicat
of a sufficiently high magnetic field induces a transition fro
either a paramagnetic or antiferromagnetic into a ferroma
netically ordered state. This transition is accompanied by
decrease in the resistivity of the material and at low tempe
ture this results in a field induced insulator-met
transition.10,11

In this letter, we report on the growth and propertie
including the magnetic field dependence of the electric
resistivity and the magnetization, of texture
Pr0.67Ca0.33MnO3 thin films. Field induced changes in the

a!Electronic mail: phrqr@csv.warwick.ac.uk
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resistivity of at least 6 orders of magnitude have been o
served below 50 K in magnetic fields of 80 kOe. Thes
samples also display field history dependent properties wh
are qualitatively different from those of the correspondin
bulk material.

Energy dispersive x-ray spectroscopy~EDXS! analysis
of Pr12xCaxMnO3 ~PCMO! thin films grown in a pilot study
revealed that the films contained a lower concentration of
than the target. In order to obtain films with a composition
the range 0.3<x<0.5 we used an off-stoichiometry targe
with a composition Pr0.4Ca0.6Mn1.2O3. This target was pre-
pared by a standard solid state reaction technique us
99.9% purity Pr6O11, CaCO3, and MnO2 which were repeat-
edly ground and sintered in air for 24 h at 1300 °C. Th
PCMO thin films were grown by pulsed laser ablation dep
sition using an excimer laser with a XeCl gas mixture pr
ducing UV radiation~l5308 nm!. During growth, the laser
irradiance at the target was fixed at 1.8 J cm22. The laser
beam was scanned across the surface of a rotating targe
prevent severe degradation.12 Thin films with a thickness of
1400 nm were deposited on~100! LaAlO3 substrates. During
growth the substrate temperature was held at 700–750
Depositions were carried out in a 0.1–0.2 mbar atmosph
of flowing oxygen. The films were cooled to room temper
ture under 1 atm of flowing oxygen. No postgrowth annea
ing was performed.

The structure of the as-deposited films was examined
x-ray diffraction. Measurements in the normal Bragg geom
etry show textured growth. Only the~002l ! reflections were
present in the spectra with the lattice parameterc57.55
60.05 Å. This value agrees well with that expected for m
terial with the composition around Pr0.7Ca0.3MnO3.

9 EDXS
measurements show the films have a nominal composition
Pr0.6760.03Ca0.3360.03MnO3.

The electrical resistivity of the samples was measured
a function of temperature and magnetic field using a stand
dc four probe technique. Data were collected between 4 a
300 K in magnetic fields of up to 80 kOe. The field wa
applied parallel to the substrate surface and the direction
current flow. The data are shown in Fig. 1.

In zero field, the resistivity of both sets of films increase
with decreasing temperature anddr/dT,0 at all temperatures
measured. This suggests that the conduction occurs via
activated process and that the samples exhibit insulating
havior at low temperatures. Below 80 K the resistance of t
samples exceeds 108 V. This is the maximum value we can
measure using our existing experimental apparatus. Acti
2633/3/$10.00 © 1996 American Institute of Physics
¬to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp
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tion energies at temperatures between 200 and 300 K, ca
lated using a simple exponential expression are;0.1 eV for
applied magnetic fields of up to 80 kOe. There are no fe
tures in the data which indicate the presence of charge ord
ing. Similar results have been observed in bulk samples w
a Ca concentration of 30%.10 Application of a magnetic field
of 40 kOe or more produces a peak inr-T. This peak shifts
to higher temperature with increasing magnetic field. Belo
this maximum,r falls rapidly then flattens off and once agai
begins to increase at low temperature~see the inset in Fig. 1!.
Thin-film samples of a number of other Ln12xAxMnO36d

systems withx50.3 are metallic ferromagnets in zero fiel
with temperature independent residual resistivities at lo
temperature.6 The zero field resistivity of these PCMO films
increases with decreasing temperature and is never meta
The application of a magnetic field reduces the localizati
of the carriers but is not necessarily strong enough to off
the continuing localization which occurs as the temperatu
is lowered. This may be the origin of the low-temperatu
minimum seen in ther-T data taken in 40 kOe. Alterna-
tively, slight variations in the Ca concentration within th
films could produce regions in the sample in which the M
is lower. This could be the cause of the low-temperatu
upturn inr-T.

In 40 kOe there is a considerable difference between
r-T data taken during cooling and warming. However, th
r-T behavior in a field of 80 kOe is completely reversible
Previous studies10,11 carried out on single crystal and bulk
polycrystalline samples of Pr12xCaxMnO3 ~0.3<x<0.5!
have all revealed significant hysteresis in ther-T data col-
lected, even in magnetic fields as high as 80 kOe. At fix
Ca composition and forH>40 kOe, there is a reduction in
the amount of hysteresis observed with increasing field. F
samples with 0.3<x<0.5 ther-T data collected in a field of
80 kOe show that the onset of reversible behavior shifts
increasingly higher temperature with increasing Ca co
centration.10 There are several papers which describe fi

FIG. 1. Resistivity vs temperature curves for a thin film o
Pr0.67Ca0.33MnO3 grown on LaAlO3 taken in several magnetic fields. The
data were collected during field cooling~open symbols! and during subse-
quent field warming in the same magnetic field~closed symbols!. ForH>40
kOe there is a field induced fall in the resistivity. InH540 kOe the data
contain large regions of hystersis, while inH580 kOe the behavior is re-
versible. The inset shows the low-temperature upturn in the data collecte
H540 kOe in more detail.
264 Appl. Phys. Lett., Vol. 69, No. 2, 8 July 1996
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order, field induced structural or magnetic phase transitio
in this class of materials. These report that the degree
hysteresis associated with these transitions decreases w
increasing field.10,11,13 However, there are no reports of a
change in the order of the transition in high field so this
probably not the cause of the reversible behavior seen in t
case. It seems more likely, that the appearance of reversi
ity is related to interplay between the morphology of th
films and the pinning effects which govern both the variatio
in size and orientation of ferromagnetic domains present
the material at low temperature and high field, and the wa
in which the system evolves between a magnetically order
state and the paramagnetic state as the temperature is va

Resistivity versus field measurements at fixed temper
ture confirm the presence of a field induced switching b
tween an insulating and a conducting state. For each cu
shown in Fig. 2 the samples were cooled to the measuri
temperature in zero field, then cycled in a magnetic field
80 kOe. At temperatures above the peak in ther-T data the
samples show a small negative magnetoresistance, w
DR/R0(DR5RH2R0) in a field H580 kOe of 7.5% and
65% at 260 and 120 K, respectively. At 60 K,r initially
exceeds 104 V cm. Above 40 kOe, a rapid fall inr is ob-
served. The conducting state is unstable and the sample
turns to the insulating state in zero field. At 4 K, a field
induced high conductivity state appears in fields in excess
60 kOe. At this temperature, the conducting state is me
stable and the sample remains conducting even after the fi
is removed.

Magnetization and neutron diffraction data indicate tha
the origin of the field induced insulator metal transition ob
served in Pr12xCaxMnO3 is a metamagnetic transition from
an antiferromagnetic to a ferromagnetically ordered sta
which is accompanied by a melting of the charge orderin
and the appearance of a conducting state.10,11Magnetization
measurements were made using a SQUID magnetomete

f

in

FIG. 2. Resistivity vs magnetic field curves for a thin film of
Pr0.67Ca0.33MnO3 taken at several temperatures. The measurements w
performed after cooling the sample from 300 K in zero magnetic field. Th
data were then collected in increasing field~closed symbols! and decreasing
field ~open symbols!. At 4 K, a field induced insulator-metal transition leads
to the appearance of a metastable conducting state.DR/R0 exceeds 99.998%
at 4 K. At 60 K, significant hysteresis and a large negative magnetores
tance persist, but the sample returns to the insulating state as the fiel
reduced.DR/R0565% and 7.5% at 120 and 260 K, respectively, where th
behavior is reversible.
Singh et al.
to¬AIP¬license¬or¬copyright;¬see¬http://apl.aip.org/apl/copyright.jsp
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possible to grow multilayer structures including PCMO lay
ers where the resistivity of this layer can be switched in
controlled way from an insulator to a metallic conductor b
application of a magnetic field. Once established, the me
stable nature of the conducting state would allow the PCM
layers to remain conducting in zero field provided the stru
ture was maintained at low temperature. Alternatively, the
could be switched back to the insulating state by simp
annealing at higher temperatures.

This work was supported in part by the EPSRC, UK. W
would like to thank the IRC in Superconductivity, University
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er
magnetic fields of up to 55 kOe over a temperature range
5–300 K. The field was applied in the plane of the substra
Magnetization versus temperature measurements~see inset
Fig. 3! performed in a field of 5 kOe show the onset o
magnetic order at 150 K. There are no features in the dat
higher temperature.M-H measurements~see Fig. 3! were
taken at 10 K on the same sample after zero field coolin
The virgin magnetization curve increases steadily with fie
with no indication of saturation. For subsequent field cyclin
it follows the same soft ferromagnetic curve. These magn
tization curves are comparable to those reported for b
samples withx'0.3 which suggests that these thin-film
samples have similar magnetic behavior.

As a result of the application of a magnetic field, th
low-temperature resistivity of these PCMO films varies by
least 6 orders of magnitude. This field induced decrease
resistivity corresponds to a MR of at least 99.998% whi
compares favorably with the largest even values reported
manganese oxide thin films.1–6The abrupt switching from an
insulating to conducting state reported here, suggests
class of materials have great potential for use in applicatio
although at present the operating temperatures are low
addition, these materials are compatible, both chemically a
structurally, with a number of technologically important ma
terials including the cuprate superconductors. It should

FIG. 3. Magnetization vs applied magnetic field loop for a thin film o
Pr0.67Ca0.33MnO3 taken at 10 K. The measurement was performed after co
ing the sample from 300 K in zero magnetic field. The open symbols in
cate the data collected during the initial field sweep. The inset shows
temperature dependence of the magnetization of the same sample. The
were collected during warming in applied magnetic field of 5 kOe aft
cooling from 300 K in the measuring field.
265Singh et al.
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