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We report the electrical transport and magnetic properties of the dead layer of La0.67Sr0.33MnO3 grown on
LaAlO3 substrate under the influence of magnetic field and electric voltage. The electrical resistance of the
dead layer shows exponential decrease with both magnetic field and electric voltage, leading to colossal
magnetoresistance and electroresistance, respectively. However, the sample cannot be driven into a metallic
state with the available magnetic field and electric voltage. At low temperatures, the magnetic-field dependence
of both magnetization and resistance show remarkable hysteresis. Exchange bias effect was observed in the
magnetization vs magnetic-field curves. Magnetic force microscope measurement reveals the coexistence of
different magnetic phases in the dead layer. The results were discussed in terms of phase separation in the dead
layer. This work demonstrates the presence of phase separation in the manganite dead layer and its tunability
by magnetic field and electric voltage.
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I. INTRODUCTION

Ultrathin oxide films have been extensively studied in the
past few years because of their interesting physics as well as
potential applications in electronic devices. Recently, it has
been reported that ultrathin films of perovskite manganites
with thickness of several nanometers may act as the dead
layers with insulating behavior and depressed
magnetization.1–7 The dead layer, usually inferred from the
thickness dependence of conductance, is supposed to have a
fully strained structure, like the wetting layer during the ini-
tial growth of films. The thickness of dead layer depends on
both substrate and composition of the film. For example, for
La0.67Sr0.33MnO3, it is 3�5 nm on SrTiO3 or on NdGaO3,1,6

and 5�8 nm on LaAlO3.1,6 Up to now, the study of the dead
layer is rather limited due to its insulating behavior and de-
pressed magnetization, which hinders both the electric trans-
port and magnetic measurements. For ultrathin manganite
films whose thickness is larger than that of the dead layer, it
is difficult to get the electric and magnetic characteristics of
the dead layer because the upper parts of the films above the
dead layer are conducting with much larger magnetic contri-
bution. So it is essential to reduce the film thickness to that
of the dead layer in order to investigate the property of the
dead layer. Although efforts have been made to understand
the dead layer, some basic issues related to the dead layer are
still not well understood.1–7 For example, it is not clear
whether the dead layer is electrically and magnetically ho-

mogeneous or not. Some studies, such as the voltage-current
characteristics of La0.7Ca0.3MnO3 /SrTiO3 film under mag-
netic field with different directions,4 nuclear-magnetic-
resonance spectra of La2/3Ca1/3MnO3/SrTiO3 film,2 and hys-
teresis of La0.7Sr0.3MnO3 /MgO film measured by magneto-
optic Kerr effect,5 suggested the presence of electric or
magnetic inhomogeneity in the dead layer. These studies,
however, only gave indirect and partial evidence of inhomo-
geneity in the dead layer, a direct evidence of inhomogeneity
in the manganite dead layer is still lacking. Another impor-
tant question is whether the properties of the dead layer
could be tuned or this layer is totally ineffective or dead.
Magnetoresistance �MR� under large or small magnetic fields
have been reported on the fully strained dead layers of
La1−xCaxMnO3 films,7–9 while only a relatively small MR
under H=3 kOe was observed in La0.67Sr0.33MnO3 dead
layer.1 The MR under a larger magnetic field has not been
reported for La0.67Sr0.33MnO3 dead layer. To the best of our
knowledge, the effect of electric current/field on the transport
properties of the manganite dead layer has not been reported
before.

Unlike La0.67Ca0.33MnO3, La0.67Sr0.33MnO3 �LSMO� is
generally considered as a double exchange perovskite oxide
in which the Jahn-Teller distortion as well as the inhomoge-
neity is not significant.10 Therefore, the study of the dead
layer in LSMO can extend our understanding of the manga-
nite dead layers since most of studies were done on dead
layer in La0.67Ca0.33MnO3. In addition, the ferromagnetic
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Curie temperature ��360 K� of LSMO is higher than room
temperature, which makes it easily adoptable in technologi-
cal applications, such as ferromagnetic layers in spintronic
devices11–13 and field-effect transistors �FET�.14,15 In the lat-
ter case, the fabrication of ultrathin smooth films and their
properties are of primary importance for the performance of
electronic devices.

In this paper, we present a detailed study on the electrical
and magnetic properties of the dead layers in
La0.67Sr0.33MnO3 /LaAlO3 films and the influence of mag-
netic field and electric voltage on the transport properties.
The resistance of the dead layer decreases dramatically with
both applied magnetic field and electric voltage. More inter-
estingly, the changes of resistance show an exponential de-
pendence on both magnetic field and electric voltage. At low
temperatures, the magnetic-field dependence of both magne-
tization and resistance reveal strong hysteresis on increasing
and decreasing field, and an exchange bias effect has also
been observed. Magnetic force microscopy gives a direct
evidence of magnetic inhomogeneity in the dead layer. The
results can be understood by considering the phase separa-
tion in the dead layer.

II. EXPERIMENT

LSMO thin films with the nominal thickness of �50 Å
were grown on single-crystal substrates of LaAlO3 �LAO�
with �1 0 0� orientation by using the pulsed laser deposition.
The detailed preparation procedure has been described in our
previous paper.16 The morphology of the films was measured
using a Nanoscope IIIa Dimension 3100 atomic force micro-
scope �AFM� operated in the tapping mode. X-ray diffraction
�XRD� was performed on all films by using a Rigaku
D/max-RB x-ray diffractometer with Cu K� radiation. A
Tecnai-F20 �200 kV� transmission electron microscope
�TEM� was used for the microstructure analysis. The electri-
cal resistance was obtained from unpatterned samples with
sputtered gold pads as the electrical contacts. Different con-
tact configurations were adopted: a standard four-probe con-
figuration for dc current measurements using a Keithley
2400 SourceMeter and 2182 Nanovoltmeter, and a two-probe
scheme for dc voltage measurements using a Keithley 6517A
Electrometer. The separation between the voltage pads is
about 0.1 mm, and the width of the sample is about 3 mm.
Magnetization measurements were performed in a Quantum
Design superconducting quantum interference device
�SQUID� magnetometer with the magnetic field applied par-
allel to the film surface. The diamagnetic contributions from
the substrate and the sample holder were measured and sub-
tracted from the data. The magnetic force microscopic
�MFM� images were taken in a homemade instrument, which
is inserted into a superconducting magnet before scanning.
The cryogenic-MFM is interfaced with a Nanoscope IIIa
controller from Digital instruments. MFM images were taken
in a frequency-modulated lift mode, in which the topography
and MFM scan lines are interleaved. The lift height is about
20 nm. The MFM tip is coated with 20 nm CoCrPt alloy
��0Hc�1 kOe�. The MFM tip is magnetized so that the tip
moment is normal to the cantilever.

III. RESULTS

A. Structural characterization

Figure 1 shows the AFM micrograph of the surface mor-
phology of LSMO film and a line scan result. The peak-to-
valley roughness of the film is less than 15 Å. The calcu-
lated root-mean-square roughness of the film is about 3 Å,
which is much smaller than the film thickness. Compared
with other thicker films we have studied,16 the measured
roughness increases with increasing film thickness as shown
in Fig. 2�a�. X-ray diffraction �XRD� shows that besides the
reflections from the substrates and �00�� peaks of LSMO, no
other peaks are visible with the intensity axis in logarithmic
scale within 20° �80° �2��, indicating the films are in single
phase. The calculated out-of-plane lattice parameter c in-
creases with decreasing film thickness, because of the com-
pressive strain from LAO substrates. In the inset of Fig. 2�a�,
the XRD �–2� scan close to the �002� reflection of LSMO
and LAO shows a characteristic interference pattern �Kiessig
type fringes�, which occurs when coherent plane x-ray waves
are diffracted from a finite number of atomic layers and/or
well defined interfaces.3,6,17–19 The film thickness d can be
estimated from the angular difference between the fringes
using d=n� / �2�sin �1−sin �2��. Here, �1 and �2 are the
angles of two particular fringes, n is the number of oscilla-
tions between these fringes, and � is the wavelength of the
x-ray radiation.19 The derived thickness of 50 Å agrees well
with the nominal thickness expected from the deposition
rate.

High-resolution transmission electron microscopy �HR-
TEM� imaging and corresponding selected area electron dif-
fraction �SAED� pattern are used to investigate the crystal

FIG. 1. �Color online� A typical AFM image of 50 Å LSMO
films epitaxially grown on �100� LaAlO3 substrates and the line
scan result.
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structure and strain distribution in our samples. Figure 2�b�
shows the HRTEM image of a LSMO thin film, illustrating
the microstructure features in the interfacial region. It is rec-
ognizable that the film has a uniform structure along its
growing direction, and its average thickness is about 4.9 nm
in consistence with our estimation from the deposition rate
and the interference pattern of XRD. The interface in general
is perfectly coherent and no notable misfit dislocations were
detected. The inset of Fig. 2�b� is a typical SAED pattern
taken from a small area near the interface of the film and
substrate. The diffraction spots show visible stretching along
the direction perpendicular to the film plane, but no spot
elongates in the plane. These facts suggest that the film is
likely compressed in plane to fit to the relatively smaller
lattice parameter of LAO, which results in a tetragonal dis-
tortion out of the plane. The in-plane lattice parameter a of
the film matches that of LAO substrate �3.79 Å�.

B. Electrical transport measurements

1. Magnetoresistance and electroresistance

Figure 3 shows the temperature dependence of resistance
measured by using the four-probe method under various

magnetic fields. In zero field, the film is insulating and the
resistance increases by about four orders of magnitude from
300 to 74 K, which is the typical electrical transport behavior
of the dead layer.1–4,8,9 Magnetic field can dramatically re-
duce the resistance, especially at low temperatures �see inset
�a� of Fig. 3�, leading to a colossal magnetoresistance �MR
= �R�0�−R�H�� /R�0��. However, the sample does not show a
metallic behavior even under a magnetic field of 70 kOe. The
absence of metallic behavior under a strong magnetic field
was also reported in the ultrathin La1−xCaxMnO3 films.2,3,8

To reveal the law behind the temperature dependence of re-
sistance, we fit the high-temperature data with the small po-
laron model and the variable-range hopping model, respec-
tively, which have been widely adopted in the description of
transport behaviors in manganites.20 The temperature divided
resistance �R /T� as a function of the inverse temperature is
shown in the inset �b� of Fig. 3. Solid lines are fits of the
small polaron model in the adiabatic limit with R
=R0T exp�EA /kBT�, which agrees remarkably with our data
above about 100 K. The activation energy EA has the form of
EA=EP /2+�0−J, where �0 is the energy required to generate
intrinsic carriers, J the transfer integral, and EP the polaronic
formation energy.21 In contrast, we found clear deviation be-
tween the variable-range hopping model and our data �not
shown�. The results indicate that the electrical transport of
the LSMO dead layer is dominated by the small polaronic
conduction above about 100 K. The fitted activation energy
EA under different magnetic fields is in the order of 100 meV
and decreases with increasing magnetic field, which is typi-
cal for small polaronic �Holstein polarons� conduction in
manganites.20,21 The magnetic field reduces the polaronic
formation energy EP and enhances the transfer integral J,20

so that a decrease of the activation energy EA is expected
according to its foregoing definition.

Since the resistance of the sample is very high at low
temperatures, we had to measure it by using a Keithley
6517A Electrometer with the two-probe method, which can

FIG. 2. �Color online� �a� Behaviors of the out-of-plane lattice
parameter c and root-mean-square roughness as a function of the
film thickness. Dotted lines represent the expected lattice param-
eters of c for LSMO and LAO substrate bulk. The inset shows �-2�
x-ray diffraction pattern close to the �002� reflections of LSMO and
LAO. Thickness fringes are clearly seen adjacent to the film peak.
�b� High-resolution TEM image of the cross-sectional specimen of
LSMO film on LAO in �001� zone. The interface is marked with
arrows. The inset shows the selected area diffraction pattern.

FIG. 3. �Color online� Temperature dependence of resistance for
50 Å LSMO film measured under various magnetic fields. The
measured current is 0.1 �A, and the magnetic field is parallel to the
direction of current. Inset: �a� R�T� curves below 200 K plotted in
the linear scale to show the variation of resistance at low tempera-
tures; �b� ln�R /T� shown as a function of 1000 /T under different
magnetic fields. The solid lines are the fits of the small polaron
model.
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extend the measurement of resistance to 1010 � or higher.
The contact resistance in this scheme, as we checked, is be-
low 1% of LSMO film resistance, indicating the contact re-
sistance or the interface contact resistance is minor and can
be neglected. We also did a supplementary experiment. Sev-
eral gold electrodes were sputtered on the film with different
distances between them. We employed the two-probe scheme
by using a Keithley 6517A Electrometer to measure the re-
sistance. We found that the resistance under equal electric
field increases linearly with the increase of distance between
electrodes. Therefore, the resistance measured by the two-
probe method comes from the film itself rather than the
electrode-sample interface. In order to study the tunability of
the dead layers, different values of dc voltage were applied
across the sample. As shown in the upper inset of Fig. 4�a�,
the resistance of the sample can be dramatically reduced by
voltages below 80 K and the effect is much stronger for

larger voltages. Under a 20 V voltage, the film is totally
insulating within the limit of our apparatus, while a plateau is
formed under 60 V, corresponding to an electric field of
about 6�103 V /cm. The value of electroresistance �ER�,
defined as �R�20 V�−R�60 V�� /R�20 V�, can reach 0.67 at
60 K, and it is expected to be even larger at lower tempera-
tures. It is worth noting that such a large ER cannot be as-
cribed to Joule heating because the maximum heating power
calculated by V2 /R does not exceed 1 mW in our samples.
The temperature increase 	T of the film at the temperature T
induced by overheating can be evaluated as a function of the
applied electric field E by the expression of 	T�T ,E�
�2Pl /
sub=2E2S���T+	T�
sub�−1, where Pl is the power
dissipated per unit length of the sample, 
sub is the thermal
conductivity of the substrate, S is the cross section of the
film, and � is the resistivity of the sample.22 Using the ex-
perimental values of the resistivity at different temperatures,
the electric fields, cross section of the film and the average
value of 
sub=15 Wm−1 K−1 in the temperature range 10
�170 K,22 it was found that at 110 K the maximum 	T due
to overheating is about 1 K, and at 30 K, the maximum 	T is
about 0.001 K. Therefore, Joule heating is a minor effect in
our measurement and the observed ER is an intrinsic effect.

Figure 4�a� is the temperature dependence of resistance
for the sample under a 70 kOe magnetic field with different
voltages. Interestingly, the resistance of the sample can be
further decreased although it has been suppressed remark-
ably by the applied magnetic field. Figure 4�b� is the MR of
the sample under 40 V below 150 K, together with that under
20 V above 70 K. The value of MR increases with decreas-
ing temperature, and gradually becomes saturated below
about 80 K. In order to see the details of the magnetoresis-
tance below about 80 K, the temperature dependence of
MR�, defined as �R�70 kOe�−R�0�� /R�70 kOe�, is also dis-
played in Fig. 4�b�. It reveals that MR� has two different
behaviors below and above about 80 K, indicating that the
effect of magnetic field on the resistance is different in the
two temperature regions. To further investigate the mecha-
nism of the voltage-induced electroresistance, the voltage de-
pendence of resistance at different temperatures below 80 K
under 0 and 70 kOe are shown in Fig. 4�c� and 4�d�, respec-
tively. All of them can be fitted with an exponential decay
relation, expressed as R�T��exp�−��T�V� with a constant �
for a certain temperature.

2. Hysteresis and relaxation of resistance

We also studied the magnetic-field and time dependence
of resistance for the sample. The magnetic-field dependence
of resistance was measured after zero-field cooling to the low
temperatures and the results are shown in Fig. 5�a�. It can be
seen that the resistance decreases with increasing magnetic
field showing a negative MR. Below 80 K, R�H� curves are
hysteretic, i.e., the sample cannot even return to the previous
high resistance state when the magnetic field is decreased.
The hysteresis decreases with increasing temperature. This
behavior is similar to the phenomenon of melting of a
charge-ordered state in Pr1−xCaxMnO3 by a magnetic field,
which is a first-order phase transition.23 To further examine

FIG. 4. �Color online� �a� Temperature dependence of resistance
for various applied voltages under 70 kOe. The bottom inset shows
that below 150 K plotted in the linear scale. The upper inset shows
the R�T� results under H=0. �b� Temperature dependence of MR
and MR� in the whole temperature range. The exponential depen-
dence of resistance on voltage measured at low temperatures under
0 �c� and 70 kOe �d�.
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the R�H� correlation, the results for the increasing magnetic-
field process at several typical temperatures are presented in
Fig. 5�b� with a semilogarithmic scale. The resistance expo-
nentially decreases with the magnetic field, and the slope of
ln R-H curves nearly does not change with temperature,
namely R�H ,T��exp�−
H�, where 
 is a constant. It was
noticed that the R�H� data for the decreasing magnetic-field
process also follow the exponential dependence with a dif-
ferent slope of ln R-H curves compared with the R�H� data
for the increasing field process. Thus, it can be concluded
that the resistance depends on both electric voltage �see Fig.
4�c�� and magnetic field exponentially.

Figure 6�a� presents the time dependence of resistance
before and after applying a magnetic field of 70 kOe at 20 K.
After a prominent reduction, the resistance shows a relax-
ation behavior, which is a typical phenomenon in the
phase separated manganites.24–30 The resistance is depressed
by about two orders of magnitude after applying a
magnetic field of 70 kOe, consistent with the value of MR
at 20 K in Fig. 4�b�. The relaxation of resistance can be
fitted with a stretched exponential form, R�t�=R���
+ �R�0�−R����exp�−�t /����,26–29 where R�0� and R��� de-
note the initial and final values, respectively, after application
of the field; � and � are the characteristic relaxation time and
exponent, respectively. In order to have the same initial value
for the resistance relaxations at different temperatures, the
normalized resistance, defined as R�t� /R�0�, is used as
shown in Fig. 6�b�. It can be seen that the relaxation is more
remarkable at low temperatures and disappears above 60 K.

The fitting parameter � is in the range of 0.297�0.325, in-
dicating the existence of multiple relaxation processes in the
observed dynamics.26–29

C. Magnetization and exchange bias effect

The foregoing electrical transport results show that the
dead layer of LSMO is not totally ineffective, and its resis-
tance can be tuned by both electric voltage and magnetic
field. The resistive hysteresis and the relaxation of resistance
with time are often observed in the phase separated
manganites,24–30 suggesting the possible existence of inho-
mogeneity in the dead layer. Hereinafter, we studied the
magnetic properties in order to get a comprehensive picture
of the LSMO dead layer and search for more indications of
inhomogeneity. Figure 7�a� displays the field-divided magne-
tization versus T for zero field cooling �ZFC� and field cool-
ing �FC� at different magnetic fields. At high temperatures,
the ZFC and FC magnetization curves nearly overlap. For
H=100 Oe, there exists a distinct peak at about 150 K. From
150 to 100 K, the ZFC and FC magnetization decrease at
different rates, that is, the two curves start to bifurcate. Be-
low 100 K, the ZFC magnetization continues decreasing with
a small hump at about 80 K, while the FC magnetization
turns to increase slowly. The low-temperature splitting of the
ZFC/FC curves suggests the onset of magnetic irreversibility,
which decreases with increasing magnetic field and the char-
acteristic temperature at which the two curves bifurcate, de-
crease as H increases. Figure 7�b� is the field dependence of
magnetization at different temperatures for our sample. It

FIG. 5. �Color online� �a� Resistive hysteresis measured after
zero-field cooling to the indicated low temperatures. Below 60 K,
the resistance is too high to be measured after ZFC. �b� R�H� below
80 K presented with a semilogarithmic scale. It decreases with the
magnetic field exponentially. The field evolution is indicated by
arrows.

FIG. 6. �Color online� �a� Resistance before and after applying
the magnetic field of 70 kOe at T=20 K. Inset shows the relaxation
of resistance in an extended scale. �b� Normalized resistance relax-
ation at different temperatures under 70 kOe. The lines are the fits
of the stretched exponential form.
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shows distinct hysteresis which decreases with increasing
temperature and disappears above 80 K. This behavior is
consistent with the results of R�H� in Fig. 5�a�.

In order to get further insight into the magnetic state of
the dead layer of LSMO, we measured the magnetic hyster-
esis loops in FC and ZFC processes. The sample was cooled
down from 300 K to the given temperature in an external
cooling field Hcool=500 Oe for FC and Hcool=0 for ZFC
process, and then the hysteresis loop measurement started. It
was found that the hysteresis loop keeps central symmetry in
ZFC process �not shown here� but displaces along both hori-
zontal �H� and vertical �M� axes in the FC process �the inset
of Fig. 8�. This is the typical behavior of exchange bias �EB�
effect and the exchange field HE is defined as HE= 	Hc1
+Hc2	 /2, where Hc1 and Hc2 are the forward and reversed
coercive fields of the hysteresis loop, respectively, after cor-
rection of the vertical shift. We measured the EB effect at
different temperatures, and the temperature dependence of
the exchange field HE and coercive force Hc of the sample is
presented in Fig. 8. HE decreases with increasing tempera-
ture and finally vanishes above T�30 K.

D. Low-temperature MFM measurements

MFM can provide direct evidence of magnetic inhomoge-
neity in manganites. Figures 9�a� and 9�b� are topographic
and MFM images of the sample, respectively, obtained in the
same area at 10 K. The dark color and the bright color in Fig.
9�b� represent the ferromagnetic and nonferromagnetic re-
gions, respectively. This is confirmed by the MFM image of
the same area taken in a 50 kOe out-of-plane magnetic field
at 10 K �Fig. 9�c��. These images clearly show the magnetic
inhomogeneity in the sample. The MFM image does not
show obvious change with applied 50 kOe out-of-plane mag-
netic field, indicating the strong pinning effect of different
magnetic regions. The MFM images taken at different tem-
peratures show that the magnetic inhomogeneity appears be-
low about 150 K. The details of the MFM results will be
published elsewhere.

IV. DISCUSSION AND CONCLUSION

In Sec. III, we have presented a systematic study of the
electrical transport and magnetic properties of the LSMO

FIG. 7. �Color online� �a� Temperature dependence of ZFC and
FC field-divided magnetization measured at three different mag-
netic fields. �b� Magnetization hysteresis measured after ZFC to
several temperatures. The field evolution is indicated by arrows.

FIG. 8. �Color online� Temperature dependence of exchange
bias field HE and coercive force Hc. The inset shows a hysteresis
loop at T=10 K with Hcool=500 Oe for FC process and the expan-
sion of the low-field region.

FIG. 9. �Color online� Topographic �a� and MFM ��b� 0, �c� 50
kOe� images of an area �5�5 �m2� of a sample taken at 10 K. The
color scale is 20 nm �0.5 Hz� for the topographic �MFM� image.
The lift height is 20 nm. Bright color corresponds to less attractive
�likely nonmagnetic� region, while dark color corresponds to more
attractive �likely ferromagnetic� region. There is no much change
between 0 kOe image and 50 kOe image, indicating strong local
pinning of phase separation.
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dead layer and the influence of electric voltage and magnetic
field. The colossal MR and ER results show that the dead
layer is not totally ineffective. Instead, its resistance can be
dramatically tuned by both electric voltage and magnetic
field. Low-temperature MFM measurements give the direct
evidence of magnetic inhomogeneity in the dead layer. Based
on all our experimental results and the related reports in the
literature, we propose a comprehensive picture of the LSMO
dead layer.

LSMO is generally considered as a double exchange per-
ovskite compound, in which phase separation is not ex-
pected, and the ground state is metallic and ferromagnetic
�FM�.10 For thin films, however, the epitaxial strain induced
by mismatched substrates can drive the phase away from the
usual FM state. For example, Tebano et al. have studied the
LSMO/LAO films with the thickness ranging from 100 to 30
unit cells, and reported the strain-induced phase separation in
these films by the analysis of x-ray absorption linear dichro-
ism signal and low-temperature nuclear-magnetic-resonance
spectra.18,31 Their results suggest a coexistence of two stable
phases: the orbital ordered chain-type insulating antiferro-
magnetic �C-type AFM� and the orbital disordered metallic
ferromagnetic.18 In the phase diagram of La1−xSrxMnO3 films
proposed by Konishi et al.32 and theoretically explained by
Fang et al.,33 the LSMO film state could be driven from the
FM metallic phase to the C-type AFM orbital-ordering phase
with the increase of c /a ratio. Considering the effect of
disorder,34 the transition from the FM metallic phase to the
C-type AFM phase is not abrupt, but with a region of phase
separation or coexistence in the proximity of the transition.
For the LSMO dead layer in our experiment, the c /a ratio is
about 1.058. According to the phase diagram of
La1−xSrxMnO3 films,32,33 the sample should be in the bound-
ary between the FM metallic phase and C-type AFM phase.
Therefore, phase separation driven by the strong compres-
sive strain is expected in the LSMO dead layer. Indeed, the
low-temperature MFM measurement shows the coexistence
of FM and non-FM regions �see Fig. 9�b� and 9�c��, demon-
strating the phase separation in our sample. Considering the
presence of AFM phase in the compressively strained
La1−xSrxMnO3 films,18,32,33 the non-FM regions in the MFM
images are expected to be related to the AFM phase. So the
magnetic inhomogeneity in MFM images below about 150 K
can be understood by the FM/AFM phase separation.

Now, we discuss the magnetic properties of the LSMO
dead layer in the frame of FM and AFM phase separation.
Based on this scenario, the magnetization peak at about 150
K in Fig. 7�a� is consistent with the AFM transition. The
onset of magnetic irreversibility below about 150 K can be
understood because of the coexistence of FM/AFM phases.
The slow increase of FC magnetization with decreasing tem-
perature below 80 K implies the increase of the FM phase or
more alignment of FM moments. The FC field-divided M�T�
results and the shift of the characteristic temperature with
magnetic field in our samples are similar to those reported in
bulk La0.5Ca0.5MnO3, where the magnetization peaks are
considered to be related to the CO-AFM transition at TCO �or
TN�.35 For the EB effect, although it has often been observed
in samples with a ferrimagnet or ferromagnet surrounded by
a layer of antiferromagnet,36,37 recent studies have shown

that phase separated manganites38 and cobaltites39 also ex-
hibit the EB effect due to the intrinsic interface exchange
coupling of FM regions with AFM matrix or spin-glass �SG�
regions. Therefore, the EB effect shown in Fig. 8 can be
understood considering the phase separation of FM and AFM
in our sample. It is worth noting that similar M�T� behavior
and EB effect are also observed in spin-glass systems40 and
samples involving a spin-glass phase �FM/SG�,36 respec-
tively. However, since the presence of AFM phase in the
compressively strained La1−xSrxMnO3 films was supported
by both experiments and theory,18,32,33 it is reasonable to use
the phase separation of FM and AFM to explain our results.

The influence of magnetic field and electric voltage on the
electrical transport property of the sample can also be under-
stood by considering the FM and AFM phase separation at
low temperatures. As shown in Fig. 4�a�, the combined effect
of the large magnetic field and electric voltage on the sample
cannot induce an insulator-metal transition. This indicates
that the metallic FM regions embed in the insulating AFM
matrix and cannot form metallic paths. For the phase sepa-
rated manganites, it has been shown by both the in situ ob-
servations of electron holography and scanning tunneling mi-
croscopy that magnetic field can push the phase boundary to
increase the size of FM regions,41 leading to the remarkable
increase of conductivity and colossal MR effect. The
voltage-induced ER in the LSMO dead layer is related to the
effect of electric field/current. Several scenarios have been
proposed in the literature to understand the effect of electric
field/current on the electrical transport of the phase separated
manganites.42–44 For samples in the field effect geometry,
electric field was thought to change the phase boundaries
between the insulating and FM conducting regions because
the electric-field force can assist the delocalization or accu-
mulation of charge carriers.42,43 It was also pointed out that
magnetic and electric fields have similar effect on changing
the phase separation.42 For samples in the four-probe geom-
etry, it has been proposed that the spin-polarized current
from the conducting FM regions can penetrate into the insu-
lating regions, leading to the increase of the FM conducting
volume.44 From the above scenarios, it can be concluded that
magnetic field and electric field/current can increase the FM
regions in the phase separated manganites. This can explain
the influence of magnetic field and electric voltage on the
electrical transport property of our sample. It should be
pointed out that the exponential dependence of resistance on
both magnetic field and electric voltage is interesting and
deserves further work to uncover its mechanism. In the phase
separated manganites, hysteresis of R�H� and M�H�,26,28 as
well as the relaxation of resistance with time24–30 have often
been observed. In our experiment, hysteresis behaviors of
R�H� and M�H� were also observed below 80 K �see Figs.
5�a� and 7�b��, which is consistent with the FM and AFM
phase separation. The hysteresis indicates that the barrier
height between the two phases is larger than the thermal kBT
energy.

In conclusion, the electrical and magnetic properties of
the dead layers in La0.67Sr0.33MnO3 /LaAlO3 films were in-
vestigated. The resistance of the dead layer decreases dra-
matically with electric voltage and magnetic filed. The de-
crease of resistance is exponentially dependent on magnetic

ELECTRIC AND MAGNETIC MODULATION OF FULLY… PHYSICAL REVIEW B 78, 024412 �2008�

024412-7



field and electric voltage. At low temperatures, the magnetic-
field dependence of magnetization and resistance show
strong hysteresis upon increasing and decreasing field. Ex-
change bias effect was also observed in the M-H curves.
MFM image demonstrates the magnetic inhomogeneity in
the sample. The results were discussed by considering the
phase separation in the dead layer.
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