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Percolative metal-insulator transition in La0.9Sr0.1MnO3 ultrathin films by resistive relaxation
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We report an experimental study of the time dependence of resistivity of a La0.9Sr0.1MnO3 ultrathin film in
order to elucidate the underlying mechanism for metal-insulator transition and colossal magnetoresistance
~CMR! effect. There is a clear change of sign in the resistive relaxation rate across the metal-insulator
transition driven by temperature or magnetic field. When measuring in increasing temperature or decreasing
magnetic field, the resistivity increases with time in the metallic state but decreases with time in the insulating
state. These relaxation processes indicate that the metal-insulator transition and the associated CMR are a
direct result of phase separation and of percolation of the metallic phase.
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Mixed-valence manganites ofR12xAxMnO3 (R is a rare-
earth trivalent element andA a divalent dopant! are a par-
ticularly important class of materials because of their sci
tific interest and potential technological applications.1 For an
intermediate doping region, an insulator-metal transition
curs at a temperatureTIM , marked by a peak in the electrica
resistivity r. The system is insulating (dr/dT,0) above
TIM and metallic (dr/dT.0) below TIM . This phase
change is accompanied by a transition from high-tempera
paramagnetic~PM! to low-temperature ferromagnetic~FM!
state at the Curie temperatureTC . Under the application of
an external magnetic field,TIM shifts to a higher temperatur
and the resistivity is strongly suppressed. This gives rise
huge magnetoresistance, called colossal magnetoresis
~CMR!.

Although the theoretical understanding of the CMR ph
nomenon is still incomplete, double-exchange,2 electron-
phonon coupling,3 and orbital effects4 are commonly recog-
nized as its main ingredients. Contrasting ground states
result from the combination of all these internal interactio
A subtle energy balance between some of the compe
states may lead to the formation of electronic phase m
tures. Recent studies5–13 have provided accumulating ev
dence for the existence of phase separation in mangan
For example, it has been proposed theoretically5,7 that perco-
lation should play an essential role in the transport prop
ties. Scanning tunneling spectroscopy12 and magnetic force
microscopy13 have revealed the formation and evolution
percolation networks of metallic and insulating phases ac
the metal-insulator transition.

In this paper, we use resistive relaxation measuremen
reveal the nature of the metal-insulator transition and CM
effect of La0.9Sr0.1MnO3, a compound which belongs to
composition range where the occurrence of phase separ
has recently been proposed theoretically.14 We discover re-
sistive relaxation in both the insulating and metallic regio
with opposite relaxation rates in these two regions an
change of sign across the metal-insulator transition, dri
by temperature and magnetic field. These experimental
imply phase separation in both insulating and metallic
gions. They also indicate that the metal-insulator transit
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and the associated colossal magnetoresistance effect ar
result of percolation of the metallic clusters imbedded in
the insulating matrix.

The 50-Å La0.9Sr0.1MnO3 films used in our experiment
were grown on a~100! SrTiO3 substrate with a pulsed lase
deposition technique described previously.15 Because the lat-
tice constant of SrTiO3 is smaller than that of
La0.9Sr0.1MnO3, the film grown on SrTiO3 is subject to com-
pressive strain, resulting in a suppression of the charge
orbital ordering~CO! transition temperatureTCO as well as a
significant enhancement ofTIM compared to the bulk.16,17

The epitaxially strained growth of these ultrathin films h
been revealed by high-resolution transmission electron
croscopy. The detailed structure analysis is presen
elsewhere.18 Resistivity and magnetoresistivity measur
ments in zero field and under various magnetic fields up
14 T have been performed through a conventional four-pr
method by using a quantum design physical properties m
surement system. The temperature stability was better
0.01% during the relaxation measurements.

The temperature dependence of the resistivityr(T) mea-
sured in different applied magnetic fields is shown in Fig.
All these data are characterized by hysteresis, which is

FIG. 1. ~Color online! Temperature dependence of the resistiv
for a 50-Å La0.9Sr0.1MnO3 ultrathin film under zero field and vari
ous magnetic fields measured in a warming run. The zero-field
show a typical resistivity hysteresis, with the arrows indicating
directions of the temperature sweeps. Inset: Temperatur
magnetic-field phase diagram. The solid line is the metal to ins
tor transition boundary.
©2003 The American Physical Society07-1
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FIG. 2. ~Color online! Time dependence o
the resistivity for a 50-Å La0.9Sr0.1MnO3 ultrathin
film measured in a magnetic field ofH53 T at
different temperatures, as labeled on the graph
a warming run. The solid lines are linear fits o
the data.
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emplified in the figure by the zero-field resistivity curve
Upon cooling from 400 K, ther(T) curve exhibits a peak a
TIM 5300 K, signaling the insulator-metal transition. At
lower temperatureTCO'50 K, r(T) displays a minimum,
indicating the appearance of a low-temperature F
insulating-like state forT,TCO . In this low-temperature
state, new structural reflections characteristic of CO app
in neutron19- and x-ray20-diffraction patterns. In warming
from 2 K, ther(T) curve is first below the cooling one,
overshoots the cooling curve around 305 K and exhibit
peak~metal-insulator transition! at TMI5308 K. Such a be-
havior gives a clear indication of intrinsic phas
inhomogeneity.11,13 An applied magnetic fieldH suppresses
the resistivity, shiftsTMI(H) towards higher temperature
~see inset to Fig. 1!, and, hence, gives rise to the CMR effe

We measured the magnetization as a function of temp
ture up to 300 K in a magnetic field of 0.5 T using a quantu
design superconducting quantum interference device ma
tometer. The magnetization is still large (;70 emu/cm3) at
300 K compared to its saturation value of;300 emu/cm3 at
low temperatures. This indicates that the Curie tempera
TC of this film is above 300 K. A lowerTIM value compared
to TC has been previously reported in La12xSrxMnO3 thin
films.15,21 A possible explanation forTIM ,TC is the exis-
tence of microscopic phase segregation, with FM clus
13240
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embedded in PM insulating matrix. The FM clusters a
large enough to give a magnetic contribution, but do n
percolate forT.TIM . Our relaxation data shown below sup
port such a scenario.

Relaxation studies of the resistivity have proven to be
useful tool to investigate the dynamics of the competing
perexchange and double-exchange interactions
manganites.22 The relaxation effect on the resistivity an
magnetization of the half-doped manganites R0.5A0.5MnO3
has been studied recently in order to address nonequilibr
phenomena present in these systems.23–27 Here, we use re-
laxation studies of the resistivity to elucidate the mechan
responsible for the metal-insulator transition in manganit
Figure 2 shows representative profiles of the relaxation of
resistivity measured in the presence of a magnetic fieldH
53 T at different temperatures in a warming run. The fi
was initially cooled to 2 K in the presence of the magne
field. The temperature was then increased to the des
value at which the resistive relaxation measurement was
formed. Then, the temperature was stabilized to the next
sired value and the resistive relaxation measurement
formed again. The resistivity increases with time for 50<T
<320 K and decreases with time forT>330 K. Figure 3
shows the relaxation of the resistivity measured at a fix
temperatureT5320 K for various magnetic fields in a de
7-2
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FIG. 3. ~Color online! Time dependence o
the resistivity of a 50-Å La0.9Sr0.1MnO3 ultrathin
film measured at a temperature of 320 K for d
ferent applied magnetic fields, as labeled on t
graph, in a field decreasing run. The solid lin
are linear fits of the data.
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creasing field run. The resistivity increases with time forH
>3 T and decreases with time forH<2 T. As shown in the
inset to Fig. 1, the temperature of 320 K is the met
insulator transition temperature for a field of about 2.2
Thus the system is in the metallic state forH>3 T andT
<320 K, and in the insulating state forH<2 T and T
>320 K. The decrease~increase! of the resistivity with time
in the insulating ~metallic! state is, therefore, obtaine
through both protocols: measuring the resistive relaxatio
different T while keepingH fixed or at differentH while
keepingT fixed.

We performed a linear fit of all relaxation data withr(t)
5r(t0)1ht. Heret is the relaxation time,r(t0) is the initial
resistivity, andh is the resistive relaxation rate, which is th
only free parameter. Figures 4~a! and 4~b! show the variation
of h with T measured atH53 T, and with H measured
at T5320 K, respectively. As shown above,h is positive in
the metallic state, zero around the metal-insulator transit
as marked by the solid line and dashed region, and nega
in the insulating state. The resistive relaxation rate ha
maximum in the metallic state around 280 K, as shown
Fig. 4~a!. The inset to this figure shows that the absolu
value of CMR for the same field of 3 T is maximum arou
the same temperature. Also, bothh @see Fig. 4~b!# and the
CMR ~see Fig. 1!, measured at a constant temperature,
crease with increasingH in the metallic state. These resul
indicate that there is a direct correlation between the beh
ior of the colossal magnetoresistance and the relaxation
of the resistivity.

It is also interesting to note thath decreases with decrea
ing temperature forT,280 K and approaches zero again
T550 K @see Fig. 4~a!#. Recalling that there is a minimum i
the r(T) curve atTCO'50 K ~see Fig. 1!, the relaxation of
the resistivity also reveals the transition from the FM met
lic state to the FM insulating-like state below 50 K.

One may consider whether the value ofh includes a con-
tribution which is a result of temperature drift. To verify th
point, we calculated the values of]r/]t ~henceh! which
13240
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would be the result of temperature drift, from]r/]T deter-
mined from r vs T curves in a magnetic field of 3 T an
]T/]t determined from the time dependence ofT recorded
during the resistive relaxation measurements. These va
of h are two orders of magnitude smaller than those de
mined from the resistive relaxation measurements show
Fig. 4~a!. Thus, the contribution toh from temperature drift
is negligible.

FIG. 4. ~Color online! ~a! Temperature dependence of the rela
ation rate of the resistivityh obtained from resistivity vs time mea
surements in a magnetic field of 3 T for a 50-Å La0.9Sr0.1MnO3

ultrathin film. The vertical line marks the metal-insulator transiti
temperature for a magnetic field of 3 T. Inset: Temperature dep
dence of the magnitude of the colossal magnetoresistance~CMR! is
equal to@r(3T)2r(0)#/r(0) for a magnetic field of 3 T.~b! Re-
laxation rate of the resistivityh as a function of magnetic fieldH
measured at a temperature of 320 K. The dashed region mark
metal-insulator transition corresponding to this temperature.
dashed lines are guides to the eye.
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Next we demonstrate that these resistive relaxation m
surements point towards the scenario of phase separation
percolation in this compound. Specifically, these data sh
that the metal-insulator transition and the CMR effect
manganites are a direct result of intrinsic phase inhomoge
ity over the whole measured temperature range and of
evolution of the relative volume of the insulating and met
lic phases with temperature or magnetic field. The prese
of resistive relaxation up to 400 K indicates that there
FM clusters in the PM region. The existence of FM clust
above TC has been detected by small-angle neutr
scattering measurements.10 These conductive FM clusters a
embedded into an insulating host matrix. Upon loweri
temperature or increasing magnetic field, the FM clust
grow and the ratio of FM metal to PM insulator becom
larger and larger. At a critical temperature or magnetic fie
the conducting FM domains become interconnected ac
the whole sample, the percolation is established. Theref
the resistivity exhibits a large decrease and the insula
metal transition takes place. By further lowering temperat
or increasing applied magnetic field, the fraction of the F
insulating phase decreases rapidly; accordingly, the frac
of the FM metallic phase increases. The existence of th
electronically phase-separated FM insulating and FM me
lic phases in the low-temperature FM metallic region h
been confirmed by measurements of Mo¨ssbauer
spectroscopy,28 muon spin relaxation,8 and nuclear magnetic
resonance.9

When the system is warmed from low temperatures
field decreased from high values, the fraction of the FM m
tallic domains does not decrease as fast as it increased o
cooling run.13 Therefore, this fraction is larger than its equ
librium value for a certain temperature or magnetic field
both sides ofTMI . This gives rise to the hysteretic behavi
of the resistivity both below and aboveTMI and to a larger
13240
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value of the metal-insulator transition temperature, as
picted in Fig. 1. Also, since the fraction of the FM metall
domains is larger than its corresponding equilibrium val
with increasing time the resistivity in the metallic regio
increases, the metal-insulator transition temperature~the
temperature corresponding to the threshold for percolat!
shifts to lower temperatures~since the threshold for percola
tion does not change in time!, and the resistivity in the insu
lating region decreases. As a result, the resistive relaxa
rate is positive in the metallic state and negative in the in
lating state with a change in sign across the metal-insul
transition, as shown by Fig. 4.

We should emphasize that the results presented are re
sentative for the CMR manganites which have met
insulator transitions, and not only for ultrathin films o
La0.9Sr0.1MnO3. We have found similar resistive relaxation
in both insulating and metallic regions of thicker films of th
same composition and of bilayer La1.2Sr1.8Mn2O7 single-
crystal manganites.

In summary, our experimental data of La0.9Sr0.1MnO3 ul-
trathin films clearly show opposite resistive relaxation ra
in the paramagnetic insulating state and the ferromagn
metallic state, with a crossover in the sign of the relaxat
rate around the metal-insulator transition. The experime
results provide strong support for the existence of ph
separation in both insulating and metallic regions. Our fin
ings, of a remarkable consistency between the effects of t
perature and magnetic field, suggest that the metal-insul
transition and the negative colossal magnetoresistance a
result of the percolation of metallic ferromagnetic domain

We thank G. Cristiani for growing the thin films, H
Zhang and C. L. Zhang for help in transport measureme
and M. Varela and J. Santamaria for TEM studies of o
films. The work at KSU was supported by NSF Grant N
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