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In this paper, we report on field-effect experiments in La0.7Sr0.3MnO3 side-gate channels patterned on
ultrathin epitaxial films having thickness ranging from 12 to 4 unit cells. Transport mechanisms and compe-
tition between phases, under the effect of electric and magnetic fields, as well as of other perturbations such as
disorder and proximity to the interface with substrate are explored. We observe, in a 7 unit cells thick sample,
a shift of the metal-insulator transition temperature as high as 43 K and a resistivity modulation up to 250% at
low temperatures. In striking contrast, the 6–4 unit cells thick samples result to be insulating and almost
insensitive to field-effect modulation. Such a finding indicates that for films thinner than 7 unit cells, a strong
localization mechanism develops, which cannot be healed by band refilling. On the other hand, our results are
compatible with a Mn eg orbital rearrangement driven by the broken translational symmetry at the surface
and/or interface, which suppresses the double-exchange mechanism and localizes the carriers.
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I. INTRODUCTION

Manganites are widely studied materials in view of oxide
electronics and spintronics applications, due to their highly
spin-polarized current,1 their colossal and low-field magne-
toresistivities, and their Curie temperature above room tem-
perature. Many devices and heterostructures have been real-
ized, exploiting multiferroic properties,2,3 lattice strain,4,5

spin polarized tunneling,6,7 spin polarized current
injection,8,9 resistive hysteretic switching,10,11 phase
separation,12 carrier depletion at pn interfaces,13–15 photocar-
rier injection,16 and exchange interaction.17

Electric field effect on manganites has attracted much at-
tention for its twofold potential: it can be used for probing
the manganite phase diagram by carrier density modulation
and for possible devices applications.

In fact a number of different field-effect devices have
been realized, even integrated on silicon.18 However, a vari-
ety of different and sometimes even contradictory behaviors
have been reported: a shift of the metal-to-insulator transi-
tion temperature19,33,20 up to 35 K,21 a large �30%� resistivity
modulation with no shift of the metal-to-insulator transition
temperature at all,22 an ambipolar gate effect23 �that is en-
hanced conductance for both polarities of the gate voltage as
opposed to the more common monotonic increase of conduc-
tance with decreasing gate voltage�, an enhancement of the
electric field effect in a magnetic field,24,25 a complete sup-
pression of the metallic state by ferroelectric field effect in
ultrathin films,26 a tuning of ferromagnetic response,27 a
competition between field effect and electrostriction as a
function of film thickness,28,29 and a dependence of aniso-
tropic magnetoresistivity on carrier density.30 Most of these
studies are based on ferroelectric field effect, so as to avoid
gate leakage currents. However, in the ferroelectric field ef-
fect, only two discrete states of polarization are possible,
whereas in conventional field effect, the applied field can be
varied continuously. Furthermore, it is clear that, because of
the high hole concentration typical of these compounds

�larger than 1021 cm−3�, the relative field induced change
observed in the dc transport is hardly appreciable, except for
ultrathin films, whose thickness is not much larger than
electric-field penetration depth �nearly 0.2 nm in optimally
doped films26�.

Obviously, the issue of miniaturization, both in the film
plane and along the film growth direction, is a relevant target
for research purposes and for electronics applications as
well. Thanks to recent improvements in nanopatterning tech-
niques, systems having in-plane nanometer size have been
realized in manganites by electron-beam lithography,31 local
anodization by atomic force microscopy,32,33,12 and focused
ion beam.34 On the other hand, film thickness in manganites
plays a crucial role in transport and magnetic properties,35

because of the presence of a so-called “dead layer,” at the
film-substrate interface and/or at the film surface, few na-
nometres thick, with depressed magneto-transport properties.
The study of this phenomenon may shed light on the origin
of some unwanted drawbacks, related to lattice strain and
interface and surface effects in manganites, such as spin de-
polarization at the surfaces and interfaces.36,37 Indeed, the
study of the magneto-transport properties in ultrathin manga-
nite films belongs to the recently developing field of inter-
faces in oxide heterostructures: charge transfer and band
bending at the interface between oxide compounds have
been successfully realized38–41 and modeled in the frame-
work of a rigid-band description.39,36 However, a satisfactory
understanding of the origin and the properties of the “dead”
layer in manganite films is still lacking, despite this, problem
has been widely studied. First, it is still not clear if the dead
layer lies at the film-substrate interface, at the film surface or
else at both of them: in this respect, it must be noticed that
manganite nanoparticles, too, exhibit a magnetic dead layer
effect that increases as the particle size decreases.42,43 A re-
cent theoretical work has evidenced the role of lattice strain
in triggering the electronic phase separation:44 however,
there is an almost universal agreement on the circumstance
that lattice strain cannot be the sole responsible for the pres-
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ence of the dead layer. Many authors45–47 measured a dead
layer thickness of 3–5 nm in La0.7Sr0.3MnO3 and 6–15 nm in
La0.7Ca0.3MnO3 epitaxial films, estimated from the intercept
of conductance versus film thickness linear plot. They found
that the dead layer thickness depends on the nature of the
substrate, but neither strain effects nor initial layers growth
mode alone can account for it. It was suggested that chemi-
cally and/or structurally degraded microstructure at the inter-
faces may be responsible for it. Borges et al.48 studied the
different natures of magnetic and electric dead layers in man-
ganite thin films. According to these authors, the latter is
thinner and possibly related either to poor crystalline quality
close to the interface and/or surface, or to narrowing of eg
bandwidth because of unpaired Mn–O bonds. On the other
hand, the magnetic dead layer is a few nanometres thick and
possibly related to the presence of weakly coupled not col-
linear spins that determine lower Curie temperature and
lower coercivity, locally, in the sample. Ogale et al.49 sug-
gested that charge localization in the dead layer may be
caused by a Jahn–Teller strain field induced by lattice mis-
match, which lifts the degeneracy of the eg levels. Such a
strain field, if stronger than a critical value, may even trigger
a phase transition to an antiferromagnetic insulating phase.50

Recent linear dichroism of x–ray absorption spectroscopy
�LD XAS� measurements indicated that in the dead layer, an
orbital reconstruction freezes the conduction electrons inside
the eg�3z2-r2� orbitals, thus suppressing the double-exchange
mechanism.51 The presence of 2–3 atomic layers of antifer-
romagnetic phase at the surface has been also theoretically
predicted in Ref. 52 as a consequence of electronic orbital
reconstruction at the surface. According to these authors, a
shift of one or both the eg orbitals at the surface may be
effective in changing the relative population of eg�3z2-r2�
and eg�x2-y2� orbitals. This suggests that, similarly, an elec-
trostatic shift of the bands driven by field effect may tune the
relative band population and restore ferromagnetic metallic
state at the surface.

In this work, we plan to investigate how charge-carrier
modulation and magnetic field tune the conductance of ultra-
thin La0.7Sr0.3MnO3 epitaxial films. We analyze magne-
totransport under field effect on a large number of
La0.7Sr0.3MnO3 epitaxial films of different thickness and de-
gree of disorder. This study may help in understanding how
external perturbations such as electric and magnetic fields,
proximity to interface and/or surface and disorder do com-
pete or cooperate in triggering localization mechanisms and
phase separation in these strongly correlated systems. More
specifically, we will try to clarify if the origin of the dead
layer is related to a localizing mechanism, insensitive to the
charge-carrier density, or rather to a charge depletion phe-
nomenon, connected with rigid band bending at the interface,
which could be compensated by an external injection of car-
riers.

II. EXPERIMENT

Ultrathin La0.7Sr0.3MnO3 �thickness from 12 down to 4
unit cells, i.e., from 4.63 to 1.54 nm� film are deposited on
�100�-SrTiO3 substrates by pulsed laser ablation. A few unit

cells thick SrTiO3 buffer layer and a 15–75 unit cells thick
cap layer are deposited below and over the manganite film.
In Fig. 1, atomic control of the layer-by-layer growth process
is demonstrated by in situ monitoring of RHEED �reflection
high energy electron diffraction� oscillations. The presence
of a SrTiO3 cap layer suppresses the manganite-air interface,
so that our samples have two identical manganite-SrTiO3
interfaces. Additional details on the growth technique and
structural characterization of films are given in Ref. 53.

Films are then patterned by optical lithography and sub-
sequently wet etched in HF10% solution to remove SrTiO3
and in HCl vapors to remove La0.7Sr0.3MnO3. This prepara-
tion procedure does not affect the transport properties of the
film. Devices in side-gate geometry, with w=5 �m wide
active channels and 15 �m wide gaps between the channel
and the gate electrodes, are finally obtained. The computed
capacitance54 per unit length of the channel is nearly
4.5��rpF /m, where �r is the temperature and electric-field
dependent dielectric constant of the SrTiO3 substrate. The
capacitance is largely independent on film thickness t, as
long as t�w, which means that the thinner the film, the
larger the total accumulated or depleted charge per unit vol-
ume. We point out that in this geometry the electric field
lines reach the channel from the gate electrodes, bending
through the substrate and the air. As the relative SrTiO3 di-
electric constant is as large as 300 at room temperature and
increases as T−1 with decreasing temperature,55 the free-
surface charge, proportional to the normal component of the
displacement vector D, is mostly accumulated or depleted at
the channel-substrate interface: hence, the importance of the
role of the dead layer.

Assuming �r�300 for SrTiO3 at 300 K and �r�2000 at
10 K and high electric field, it turns out that the total density
of accumulated or depleted charge in a fully conductive 10
unit cells thick channel, is 4.3·1018 and 2.9·1019 cm−3 with
with a 10 V gate voltage applied, at 300 and 10 K, respec-
tively. This is an appreciable fraction of the carrier density in
optimally doped manganites. In terms of charge per unit
area, this means 1.6·1012 and 1.1·1013 cm−2 at 300 and 10
K, respectively, which is only one order of magnitude
smaller than the best value obtained using ferroelectric
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FIG. 1. �Color online� RHEED oscillations of layer-by-layer
growth of a sample made of a 3 unit cells thick SrTiO3 buffer layer,
a 8 unit cells thick La0.7Sr0.3MnO3 film and a protective 15 unit
cells thick SrTiO3 cap layer.
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stacked layers geometries.56,21 On the other hand, the side-
gate geometry allows to circumvent problems related to elec-
trical shorts caused by pinholes and defects across the insu-
lating layer. Moreover, it relies on the optimal crystalline
quality of the single-crystal substrate, which guarantees the
largest possible dielectric constant and breakdown electric-
field values compatible with the chosen material, that is
SrTiO3 in our case. In dielectric thin films, instead, both
these quantities are significantly depressed.

As a further check, we have compared field-effect experi-
mental results obtained in side-gate and back gate geom-
etries. In the latter case, the gate voltage is applied to the
back of the 0.5 mm thick SrTiO3 substrate and the corre-
sponding capacitance per unit length is 0.088��rpF /m, 50
times smaller than for the side-gate geometry. The calculated
capacitances are indeed consistent with our field-effect data.

Measurements of magnetotransport properties are carried
out at temperatures from 10 K up to room temperature and in
magnetic fields perpendicular to the film plane up to �0H
=9 T.

Some measurements do not reach room temperature be-
cause in the sample chamber of our apparatus the insulation
above the water melting freezing point 273 K is poor due to
the presence of humidity, so that the gate voltage cannot be
safely applied, because it results in leakage currents and elec-
trochemical reactions in the samples. Furthermore, above
room temperature, migration of oxygen vacancies in the
SrTiO3 substrate causes gate leakage as well.

The maximum applicable gate voltage before reaching the
leakage onset, even though not exactly the same for all
samples, stays in the range of several tens of volts, corre-
sponding to electric fields close to the SrTiO3 breakdown
value. Such differences in the breakdown gate voltages are
likely due to the residual presence of tips, protrusions or
roughness at the electrodes, remained after the lithographic
and etching processes. The similarities among the different
resistivity versus gate voltage curves supports the hypothesis
that the maximum applied electric field is the same for all
samples, despite the small differences in the gate voltages.

III. RESULTS AND DISCUSSION

A. Magnetotransport and field effect

Transport measurements show systematically that 7 unit
cells thick or thicker samples exhibit metallic behavior be-
low a characteristic metal-insulator transition temperature
TMI, whereas thinner samples are insulating in the whole
temperature range.

In Fig. 2, left-hand panels, we show resistivity measure-
ments as a function of gate voltage for different out-of-plane
magnetic fields and temperatures for a 12 unit cells thick
sample �sample A�, with metal-insulator transition tempera-
ture TMI�216 K. The resistivities for all samples investi-
gated in this paper must be considered as average values, as
they are obtained from resistance values disregarding the cir-
cumstance that 6 unit cells are dead, which is much less
conducting than the other ones. In the right-hand panels, the
curves are plotted as relative variations from their zero gate
voltage value, in order to highlight the field effect at different

magnetic fields, independently of the negative magnetoresis-
tivity �MR�. The largest effect is observed at low tempera-
ture, that is at T=10 K in the uppermost panels, and it is
−30% in the accumulation state �Vg�0� and +60% in the
depletion state �Vg�0� at �0H=0. This is easily understood
because in the depletion regime the carrier concentration de-
creases: as a consequence the electric-field penetration depth
increases and the fraction of the depleted carriers to the total
number of carriers is larger. At higher temperatures, the
asymmetry with respect to the sign of the gate voltage de-
creases and, as TMI is approached, the asymmetry is even
reversed: in the lowest panel, at T=200 K the relative resis-
tivity modulation are −6.7% and +6.0% in the accumulation
and depletion states, respectively. This behavior is com-
monly found in all our metallic films and suggests that phase
separation and percolative transport through metallic regions
play a major role in a range of temperatures around the tran-
sition temperature. In a homogeneous system, the depletion
resistivity change is expected to be either larger or nearly
equal to the accumulation resistivity change in semiconduct-
ing and metallic samples, respectively. In addition, just be-
low the transition temperature, a positive voltage that should
drive the system even closer to the transition point, where
fluctuations are enhanced, should have a more dramatic ef-
fect than a negative gate voltage. Instead, the opposite trend
is observed, indicating that the key point is the intrinsic elec-
tronic inhomogeneity of the system. In the phase separated
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FIG. 2. �Color online� Left-hand panels: resistivity versus gate
voltage curves of a 12 unit cells thick sample �sample A� at differ-
ent magnetic fields and temperatures. Right-hand panels: relative
resistivity change.
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regime, a negative voltage seems to be particularly effective
in increasing the conductivity of semiconducting regions,
where the electric field penetrates more deeply, or in shrink-
ing the volume of such regions, thus resulting in a larger
modulation of the resistivity along the percolative path. On
the contrary, a positive gate voltage has lower efficiency in
decreasing the conductivity and/or shrinking the volume of
metallic regions. Another apparent effect in Fig. 2 is that at
low temperature the resistivity curves exhibit nonlinear be-
havior, whereas they become increasingly linear with in-
creasing temperature. This is certainly related to the nonlin-
ear behavior of the dielectric constant �r of SrTiO3: the low-
temperature resistivity versus gate voltage curves �uppermost
panel of Fig. 2� just replicate the shape of �r versus electric-
field curve, which tends to saturate at high electric fields.55

Furthermore, the relative resistivity modulation decreases
with increasing temperature, which reflects the temperature
behavior of the SrTiO3 dielectric constant. However, it does
not follow the T−1 dependence of the dielectric constant
strictly because different transport and localization mecha-
nisms come into play in the different temperature ranges,
thus influencing in different ways the efficiency of field ef-
fect. Finally, it can be observed that in the whole temperature
range, the relative resistivity modulation is larger in zero
magnetic field and decreases monotonically with increasing
H. This is as well a general feature found in all metallic
samples and it is explained in terms of the increased metallic
character of manganites in an applied magnetic field.57,58

In Fig. 3, we present resistivity versus temperature curves
measured on the same 12 unit cells thick sample A for dif-
ferent magnetic fields and gate voltages Vg=0 and �50 V.
In the uppermost panel, the TMI in zero field is shifted 7 K

upward by a negative gate voltage and 5 K downward by a
positive one, with an overall shift of 12 K. We notice that the
shift is asymmetric with respect to the gate voltage sign, in a
way similar to the resistivity modulation in the phase-
separation region around TMI. Such a behavior indicates that
the temperature dependence of the dielectric constant is not
crucial, either because the temperature shift is not very large,
or because it does not occur at the lowest temperatures where
the temperature dependence of the dielectric constant is
steepest, or else because at the high values of the electric
fields used in the measurements �always larger than
10 MV/m�, the variation of the dielectric constant with tem-
perature is weak.55 In a field of �0H=1 T, the TMI
�230 K is shifted by 9 K. Again, similarly to the resistivity
modulation, the transition temperature shift is always a
monotonically decreasing function of the magnetic field, al-
though its value is not universal, as it critically depends on
sample thickness, strain, stoichiometry, and localization
mechanisms. This is due to the combined effects of the in-
creased metallic character of manganites in an applied mag-
netic field57,58 and of the decrease of SrTiO3 dielectric con-
stant with increasing temperature.55

In Fig. 4, we summarize the effects of the electric and
magnetic fields, as well as of the combination of the two, in
sample A. It is tempting to distinguish the effects of the
electric and magnetic fields by assuming that the former
tunes the conductivity and the relative volume fractions of
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metallic and semiconducting regions, whereas the latter, be-
side tuning the relative volume fractions of metallic and
semiconducting regions, aligns the magnetic moments. How-
ever, the role of electric field in the double-exchange mecha-
nism is not sharply distinguished from that of the magnetic
field. The electric field increases the number of carriers, en-
hances the carrier mediated coupling between adjacent mag-
netic moments, and consequently contributes in aligning
them. In turn, the magnetic field aligns Mn moments, en-
hances the transfer integral of the charge carriers, and con-
sequently increases the conductivity similarly to the electric-
field effect. In the top panel of Fig. 4, the resistivity curves at
different magnetic fields are shown: the standard negative
colossal MR and TMI shift can be noticed. The weak resis-
tivity upturn at low temperatures is probably related with
localization induced by either disorder or additional strain
caused by a slightly altered stoichiometry. The absolute
value of the negative MR as a function of temperature is
plotted in the middle panel of Fig. 4 for �0H=1 T and
�0H=9 T. The characteristic broad peak reaches 76% at
�0H=9 T and 22% at �0H=1 T and extends in a very
broad range of temperatures below the transition, indicating
a significant phase separation in these ultrathin films. In the
bottom panel, the relative field-effect modulation ���Vg
= +50 V�−��Vg=−50 V�� /��Vg=0� is plotted as a function
of temperature at different magnetic fields. It can be seen that
there is a similar broad peak extending in a wide range below
the transition, which we consider a signature of the phase-
separation regime. In addition, there is a superimposed
monotonic increase with decreasing temperature, which
eventually becomes steeper at the lowest temperatures. We
attribute this increase again to the temperature behavior of
the SrTiO3 dielectric constant and the steeper slope below 25
K to the carrier localization, which decreases the total num-
ber of free carriers and enhances the relative field effect. By
applying a magnetic field as large as 9 T, the broad peak
disappears and turns into a featureless monotonic curve. In-
deed, such a large magnetic field partially suppresses the
phase-separation regime and aligns single spins and/or entire
domains, thus lowering the overall field effect.

We now consider a thinner sample, namely sample B
which is 10 unit cells thick and has a TMI�210 K. In Fig. 5,
we show resistivity curves for different gate voltages and
magnetic fields as a function of temperature. Similarly to the
case of sample A, the effect is larger in depletion than in
accumulation at low temperatures and the other way around
above 150 K, in the phase separated regime. Magnetic field
application results in an increased metallicity and a weaker
field effect. The resistivity versus Vg curves �not shown� are
nonlinear at low temperature due to the nonlinear dielectric
constant of the substrate and become linear with increasing
temperature. The field-effect modulation at low temperatures
reaches −32% in the accumulation state and +97% in the
depletion state at T=10 K, indicating that the screening
length is a significant fraction of the film thickness. On the
whole, the differences between samples A and B are merely
quantitative, due to the different thickness and thereby to the
different total number of charge carriers in the sample. In
Fig. 5, the shift of the TMI�210 K in zero field is 8 K
upward in the accumulation state and 6 K downward in the

depletion state, with an overall shift of 14 K. To summarize
the results on sample B, in Fig. 6, we plot the resistivity
curves at different magnetic fields �top panel�, the absolute
value of MR �middle panel� and the field-effect resistivity
modulation ���Vg= +20 V�−��Vg=−20 V�� /��Vg=0� at
different fields �bottom panel�. Again, the qualitative consid-
erations done for sample A still hold, but the field effect is
larger.

We discuss now measurements on a 7 unit cells thick
sample �sample C�, which is the thinnest sample that still
exhibits metallic conductivity with a TMI�174 K, even if,
close to room temperature, its average resistivity is nearly
3–4 times larger than that of the metallic samples A and B. In
Fig. 7, the resistivity versus temperature curves are shown
for different gate voltages and magnetic fields. It can be seen
that the sample is metallic only between �70 K and TMI, as
its resistivity curve exhibits an evident low-temperature up-
turn. The TMI is shifted by as much as 43 K in zero magnetic
field �−18 K in the depletion state and +25 K in the accu-
mulation state� and by 21 K at �0H=9 T. Despite the resis-
tive transitions are quite large, such a shift is the largest ever
obtained by standard �nonferroelectric� field effect, to the
best of our knowledge. In Fig. 8, we notice that the MR
presents a broad maximum which does not vanish far away
from the transition temperature �middle panel�, indicating an
extended regime of phase separation. In the bottom panel, it
can be seen that the field-effect modulation ���Vg= +30 V�
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−��Vg=−30 V�� /��Vg=0� reaches values as large as 250%
at low temperature. Furthermore, the broad bumplike feature,
which we relate to phase separation, is visible also in the
field-effect curves.

B. Magnetotransport and field effect in the dead layer

We conclude our analysis with a 6 unit cells thick film
�sample D�. All samples with thickness of 6 unit cells or
smaller do not exhibit metallic behavior at any temperature
and have high resistivity. The field-effect experiments on
sample D are feasible only above 175 K, due to the too high
resistance of the patterned sample. In Fig. 9, the resistivity
curves as a function of the gate voltage and at different mag-
netic fields show that a gate voltage of �50 V is able to
yield a resistivity modulation of only �8% at 175 K, with
very weak dependence on the magnetic field. The weak de-
pendence of field effect on magnetic field is a common fea-
ture observed in weakly localized samples. We notice that at
the same temperature the 7 unit-cell sample C exhibits a
resistance modulation of 75%, with an even smaller gate
voltage �30 V, suggesting that a dramatic change in trans-
port mechanisms occurs when the film thickness is reduced
by a single unit cell, from 7 unit cells to 6 unit cells. This
results is quite unexpected, because it is well known that
field-effect resistivity modulation is enhanced in thinner
films. Furthermore, if the insulating behavior of the 6 unit

cells sample were to ascribe to a stronger carriers depletion
phenomenon at the interface, relative to the metallic 7 unit
cells sample, a larger field effect would be expected in the
former sample, as a consequence of the deeper penetration of
the electric field. In the uppermost panel of Fig. 10, the re-
sistivity versus temperature curves of sample D for different
magnetic fields are shown. There is no indication of an in-
cipient transition to a metallic state, even at 9 T. The absolute
value of negative MR, shown in the second panel of Fig. 10,
turns out to be featureless and increases with decreasing tem-
perature: it is very small at 1 Tesla, namely less than 10% as
compared to values always larger than 20% in thicker
samples. The absence of a metal-insulator transition and the
small MR indicate that the double-exchange mechanism is
depressed, even if not completely suppressed, in the dead
layer. The resistivity curves for different gate voltages in
zero magnetic field can be hardly distinguished form each
other �third panel of Fig. 10�. Again, no indication of a tran-
sition is detected, even in the accumulation regime. In the
bottom panel, the field-effect resistivity modulation ���Vg=
+50 V�−��Vg=−50 V�� /��Vg=0� is shown as a function of
temperature. The field-effect modulation curves for different
magnetic fields almost overlap, they are only weakly increas-
ing with decreasing temperature and featureless.

In even thinner samples, down to 4 unit cells thickness,
the overall behavior is very similar to that observed in
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sample D, apart from the absolute value of MR that becomes
smaller and smaller in thinner films, being at most 4% at 1 T
in the 4 unit cells samples.

In Fig. 11, we report the carriers concentration in the 7
and 6 unit cells samples C and D, as deduced from the ordi-
nary component of the Hall voltage VH, i.e., in the linear VH
versus H regime at high magnetic field. As the temperature is
lowered, the carrier density of the 7 unit cell sample de-
creases very weakly down to 50 K and faster below, in cor-
respondence with the resistivity upturn. The carrier density
in the 6 unit cell sample decreases faster than that of the 7
unit cell sample. Unfortunately, for sample C exhibiting
metal-insulator transition at 174 K, only data points below
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the transition are available, due to the presence of the anoma-
lous component in the Hall-effect voltage close to the
transition.59 For sample D, only data above 200 K are avail-
able, as only in this temperature range the resistance is small
enough to be measurable. Despite there is no overlap in these
two temperature ranges, it is clear that the carrier concentra-
tions in the two samples are not too much different. It is even
likely that, at the same temperature, the carrier concentration
of the 6 unit cell sample is smaller. In these conditions, field
effect in the 6 unit cell sample should be larger rather than
smaller. Together with insensitivity to field effect and tem-
perature activated transport, these observations provide fur-
ther unambiguous evidence that the localization mechanism
active in the dead layer cannot be described in terms of
charge depletion from rigid bands model, but rather in terms
of a mechanism where the proximity of the interface plays a
crucial role. Also the epitaxial strain can be ruled out as a
cause for the dramatic change in the magnetotransport prop-
erties observed when reducing the film thickness from 7 to 6
unit cells, because all films in the investigated thickness
range are fully strained.60 We suggest that the double-
exchange transport mechanism may be hindered—even if not
completely destroyed—as a result of the rearrangement of
band structure close to the interface with a consequent redis-
tribution of charge carriers in localized states, not involved in
the double-exchange transport. This conclusion is in agree-
ment with the scenarios proposed on the basis of other ex-
perimental methods.45,48,51 In particular, Tebano et al.51 have
recently shown, by LD XAS, that orbital reorganization,
which occurs in ultrathin La0.7Sr0.3MnO3 films on SrTiO3
substrates as a consequence of the broken symmetry at the
interface, stabilizes the eg�3z2-r2� against the eg�x2-y2� orbit-
als. This modification of the density of states involves few
atomic layers. Preferential occupation of eg�3z2-r2� orbitals
contributes to carriers localization suppressing the double-
exchange ferromagnetic and metallic phase and enhancing
the C antiferromagnetic and insulating phase where spins are
coupled antiferromagnetically in the ab plane and ferromag-
netically along the c axis. In this framework, the accumula-
tion of carriers, which preferentially occupy the eg�3z2-r2�
orbitals, by field effect, would not restore the double-
exchange conduction mechanism. The present experiment
shows that eg bands redistribution at the surface due to bro-
ken symmetry is robust and cannot be restored by electro-
static shift of the bands by field effect.

Alternatively, it can be argued that charge reconstruction
may be the cause for the insulating behavior of the six dead
layers in manganites. Similarly to what occurs in perovskite
oxide superlattices,40,41 the growth of the polar
La0.7Sr0.3MnO3 on nonpolar SrTiO3 may in principle cause a
buildup of electric potential across the polar manganite film.
In this scenario, as the electric potential overcomes a critical
value, a polar catastrophe drives an electronic reconstruction
at the film-substrate interface: namely, if it is assumed that
the La0.7Sr0.3O and MnO2 layers have a +0.7 and −0.7
charges per unit cell, respectively, one could expect that, due
to reconstruction, the very first layer adjacent to the substrate
remains with +0.35 or −0.35 charges per unit cell, depending
on the substrate termination, thus becoming severely insulat-
ing. However, this description implies that films of thickness

smaller than the catastrophic value should not undergo elec-
tronic reconstruction and thereby should exhibit bulklike
transport and a reentrant behavior of conductivity as a func-
tion of film thickness should be observed: assuming for ex-
ample a critical thickness of 6 unit cells, the 2–4 unit cells
films should be well conducting, similarly to the thick films,
while the 6 unit cells films should be localized. On the con-
trary, we observe severe localization for all thickness values
below 6 unit cells. Furthermore, the possibility of buildup of
electric potential, relevant to ionic insulators, is questionable
in a compound with such a large carrier density. In addition
to these arguments, another reason for rejecting the explana-
tion in terms of electronic reconstruction mechanism is that
the dead layer in manganites is universally observed in all
films, regardless they are grown on polar or nonpolar sub-
strates and, however, small is the lattice mismatch.

We try now to get some information on the average
charge concentration in the dead layer and in the adjacent
few metallic layers, independently from Hall-effect data, by
qualitative simple arguments. We consider the metallic
samples A, B, and C, where there seem to be no evident
additional effects of localization other than those that are
inevitably present in ultrathin manganites, related to strain.
In Fig. 12, upper panel, the relative change of resistivity due
to field effect, defined as 	� /�= ���+Vg�−��−Vg�� /��Vg=0�,
is plotted as a function of the inverse film thickness, disre-
garding the fact that the maximum gate voltage applied is
slightly different in each sample. Only sets of data at T
=10 K and at the minimum of the resistivity versus tempera-
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ture curves have been considered. Indeed, at higher tempera-
tures, it is not evident how to compare resistivity changes of
different samples, because any fixed temperature falls in a
different regime of the sample transport behavior and, on the
other hand, if we chose a certain characteristic point of the
resistivity curve, say TMI, the dielectric constant of the sub-
strate is not the same at the different TMI values of each
sample. The latter problem is negligible, if we chose the
minima of the resistivity curves, as they fall at T�47 K,
T�52 K, and T�88 K in samples A, B, and C, respec-
tively, and it is known that the dielectric constant of SrTiO3
changes little below T�100 K in high electric fields �we
assume here �r�2000�.55 The former problem can be tenta-
tively neglected as well at T=10 K, because all the samples
are in the regime of the resistivity upturn. To a first approxi-
mation, disregarding the complex scenario of phase separa-
tion and considering average effective values of charge den-
sity and resistivity, we expect the following relationship for
the data points in the upper panel of Fig. 12:

	�

�
�

	nsup

nvol
·

1

thickness

where 	nsup is the moved charge per unit area and nvol is the
total charge per unit volume. This is a linear relationship that
crosses the axes origin. We then adjust the layer thickness tdl
in such a way that the effective thickness teff= �t-tdl�, that is
film thickness t minus dead layer thickness tdl, makes the
plot of Fig. 12 intercept the axes origin. We find tdl�2.7 unit
cells for the data points at T=10 K and tdl�2 unit cells for
the data points at the resistivity minima. Moreover, from the
slopes of Fig. 12, we obtain the effective charge density neff
in the conducting atomic layers: we find neff
�1.8·1018 cm−3 at T=10 K and neff�2.5·1018 cm−3 at the
resistivity minima. In other words, we can think of the films
as having nearly vanishing charge carriers in the tdl–thick
layers and then a nearly constant charge-carrier concentra-
tion neff in the remaining teff–thick layers. Obviously, the
actual situation is certainly more gradual, but this estimate
gives a useful rough indication. The value of tdl�2 unit
cells, possibly divided into one unit cell at both SrTiO3 in-
terfaces, confirms that the charge depletion at the interface is
a consequence of a short-range effect involving one or two
atomic layers. Indeed, such a short range is expected from
orbital redistribution by broken translational symmetry. On
the other hand, the neff values are much smaller than the
nominal charge concentration of La0.7Sr0.3MnO3,
�1021 cm−3; we think that in these ultrathin films this effec-
tive value reflects the presence of semiconducting depleted
regions at all temperatures down to 10 K, in the phase-
separation picture confirmed by the nonvanishing colossal
MR in the whole temperature range. These carrier-
concentration values, on the other hand, are consistent with
results extracted from the normal contribution to Hall effect.

In the bottom panel of Fig. 12, we plot the TMI of the three
samples A, B, and C at zero, positive, and negative applied
gate voltages. The overall TMI shift of sample C is the largest
possible that can be obtained in our side-gate geometry, as
the 6 unit cells and thinner samples are semiconducting at all
temperatures and for all gate voltages.

C. Magnetotransport and field effect in disordered samples

The above described findings are similarly observed in all
the metallic ultrathin samples. We now consider how local-
ization effects change the effectiveness of combined electric
and magnetic fields, with respect to the cleaner samples.
Sample E is a 10 unit cells sample, where the localizing
effects of disorder and/or enhanced strain due to slightly al-
tered stoichiometry are responsible for lack of metallic be-
havior in the whole temperature range. In Fig. 13, the resis-
tivity curves as a function of the gate voltage at different
temperatures and magnetic fields present a striking differ-
ence with respect to the previous samples, namely that the
largest field-effect modulation at any fixed temperature is
obtained in a magnetic field �0H=9 T and the smallest is
obtained in zero field, in a monotonic trend. On the other
hand, in weakly disordered samples there is almost no de-
pendence of field-effect modulation on magnetic field, which
is just the crossing point behavior between the opposite
trends of the samples free from disorder effects and the
heavily disordered samples. The peculiar field-effect en-
hancement by a magnetic field has been already noticed in
samples with transport across metallic regions below the per-
colation threshold,25 and has been attributed to the fact that
the magnetic field brings semiconducting regions closer to
the transition point, making the electric field more effective
in tuning their conductivity. This explanation holds in a
phase-separation scenario, since in a homogeneous system,
which is driven toward a more metallic state by the magnetic
field, the opposite behavior should take place. However, be-
side this interpretation, we cannot rule out that the magnetic
field may cause a modification in the band structure: for

1

3

4

0

1

3

4

-0.6

-0.3

0.0

0.3

0.6

-20 -10 0 10
0

1

3

-10 0 10 20

-0.3

0.0

0.3

-0.3

0.0

0.3

0.6T=10K

T=10K9T
6T

3T

1T
0.5T

µ0H=0T

µ0H=0T

µ0H=0T

T=50Kρ
(1
0-
2

Ω
m
)

9T
6T
3T
1T

0.5T

9T

6T
3T
1T

0.5T

µ0H=0T

(ρ
(V

g)
-ρ
(V

g=
0)
)/ρ
(V

g=
0)

T=50K

0.5T 1T

3T
6T

9T

µ0H=0T

T=100K

Vg (Volts)

0.5T
1T
3T

6T
9T

µ0H=0T T=100K

Vg (Volts)

0.5T

1T3T
6T
9T

FIG. 13. �Color online� Left-hand panels: resistivity versus gate
voltage curves of a 10 unit cells thick sample affected by strong
localization effects �sample E� at different magnetic fields and tem-
peratures. Right-hand panels: relative resistivity change. The mag-
netic field enhances rather than suppressing field effect.

FIELD EFFECT IN MANGANITE ULTRATHIN FILMS:… PHYSICAL REVIEW B 78, 024411 �2008�

024411-9



example, we can argue that the magnetic field increases the
transfer integral of charge carriers, widens the bandwidth,
and, for conservation of the total number of electronic states
in the band, decreases the density of states. Thereby, in a
system with lower density of states, the number of carriers at
the Fermi level is smaller and the field-effect modulation is
indeed expected to be larger. In Fig. 14, we show resistivity
of sample E as a function of temperature at different fields
and gate voltages. It can be noticed that the resistivity values
are larger by two orders of magnitude than those measured
for sample B having the same thickness. Field effect modu-
lation reaches values similar to sample B, indicating that the
semiconducting behavior is due to the localizing effect of
disorder or strain, but not to severely lowered carrier density
related to oxygen deficiency. Figure 15 evidences that the
MR broad peak extends over the whole range of measured
temperatures �middle panel�, indicating a significant phase
inhomogeneity in this sample. We also notice that, above 100
K, the field effect ���Vg= +20 V�−��Vg=−20 V�� /��Vg
=0� �bottom panel� is weakly sensitive to the application of a
magnetic field, a peculiar feature observed in many samples
where localization effects are present. We also point out that
this highly resistive sample exhibits nonlinear current-
voltage characteristics at low temperature and even slight
hysteresis, so that the curves of resistivity modulation as a
function of temperature reported in the bottom panel of Fig.
15 are not the exact counterpart of the curves of resistivity
modulation as a function of gate voltage reported in Fig. 13.

In summary, when localization mechanisms related with a
random distribution of structural defects or strain are present,

field effect is either almost independent �weak strain or dis-
order� or even enhanced �strong strain or disorder� by the
magnetic field. Just the opposite occurs in case the spatial
inhomogeneity is of electronic nature: the field effect is sup-
pressed by the magnetic field in the phase-separation regime
of samples not appreciably affected by structural disorder. In
this respect, we remark the differences between 10–12 unit
cells samples exhibiting localization by disorder or strain
�sample E in this work� and 6 unit cells or thinner samples
where localization occurs by some effect related to the prox-
imity of the interface �sample D in this work�: only in the
latter sample field effect and MR are severely suppressed.
These results point out the peculiarity of the localization
mechanism active in the dead layer.

IV. CONCLUSIONS

Ultrathin La0.7Sr0.3MnO3 films are ideal systems to study
how band filling affects magnetotransport mechanisms and
phase separation in this compound.

Our field-effect experiments indicate that magnetoresistiv-
ity and field effect induced resistivity modulation as a func-
tion of temperature exhibit similar broad peaks, a possible
signature of the phase separated regime. The combined ef-
fects of electric and magnetic fields may sum up or balance,
depending on the level of disorder in the sample.

We find that our films have a 6 unit cells thick dead layer,
which is highly resistive and insensitive to band filling by
field effect. On the contrary, in a 7 unit cells thick sample,
we evidence the possibility of shifting the TMI by as much as
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43 K and tuning the resistivity up to 250% by a gate voltage.
We rule out epitaxial strain, electronic reconstruction, and
simple depletion of charge carriers by rigid-band shift at the
interface to explain the behavior of the interface dead layer.
Alternatively, on the basis of a model recently proposed by
Tebano et al.,51 we argue that proximity to interface and/or
surface may be responsible for orbital redistribution, with
suppression of double-exchange mechanism and consequent
carrier localization. Such carriers localization applies as well

to extra charges injected at the interface thus suppressing the
field effect on the electrical conductivity in the dead layer.
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