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The capacitance characteristics of La0.5Ca0.5MnO3 /Nb–SrTiO3 p-n junction and magnetic property
have been investigated. The magnetic field-induced increase in ferromagnetic metallic phase,
irreversibility, and the exchange bias effect were observed. The junction also shows a remarkable
thermal hysteresis of capacitance, a giant positive magnetocapacitance �MC�, a remarkable
difference of MC for the zero field cooling and field cooling processes, and a memory effect of
magnetic field. The results can be understood in terms of phase separation. This work demonstrates
the remarkable tunability of the capacitance for phase separated manganite heterojunctions, which
may have potential applications. © 2008 American Institute of Physics. �DOI: 10.1063/1.2973904�

The perovskite manganite-based junctions have been in-
tensively investigated recently because of their good rectify-
ing characteristics,1–5 remarkable magnetoresistance,2 and
magnetocapacitance �MC�.4,5 In manganites, charge, spin,
lattice, and orbital degrees of freedoms are strongly coupled,
leading to various ground states and rich phase diagram.6

Recent studies suggest phase separation �PS� in perovskite
manganite, typically involving ferromagnetic metallic �FM�
and antiferromagnetic charge and orbital ordered �COAFM�
insulating domains.7 PS, which can be tuned by various fac-
tors, is absent in the traditional semiconductor p-n junctions,
so it is interesting to study the phase separated manganite
p-n junctions and related physics. However, the work on PS
related behavior of p-n junctions based on phase separated
manganites is rather limited.8

Half-doped manganite La0.5Ca0.5MnO3 �LCMO� has
been widely studied as a prototypical PS manganite and
the coexistence of the FM and COAFM phases in a wide
temperature range was observed.9 In our previous
work,8 the current-voltage �I-V� characteristics of the
La0.5Ca0.5MnO3 /Nb–SrTiO3 junctions were studied and
some interesting behaviors related to PS were observed. For
traditional semiconductor p-n junctions, capacitance has
been proved to be a very useful tool in their studies.10 Un-
fortunately, the studies on the capacitance of manganite-
based p-n junctions are limited3–5,11 and the PS related ca-
pacitance behavior has not been reported yet. On the other
hand, the coexistence of magnetic and nonmagnetic phases
in LCMO has been demonstrated in La0.5Ca0.5MnO3 thin
films by magnetic force microscopy �MFM�;8 however, the
nature of the nonmagnetic region cannot be determined by
MFM. So, further study on the magnetic property of LCMO
thin film is needed.

In this letter, the capacitance characteristics and mag-
netic property of La0.5Ca0.5MnO3 /Nb–SrTiO3 p-n junction
are studied. A remarkable thermal hysteresis of capacitance,
a giant positive MC, a remarkable difference of MC for the
zero field cooling �ZFC� and field cooling �FC� processes,
and a memory effect of magnetic field are observed in this
junction. Magnetic field-induced increase in FM regions and

the exchange bias effect were observed. The capacitance
characteristics of La0.5Ca0.5MnO3 /Nb–SrTiO3 junction are
explained by considering the PS in LCMO.

The details of sample fabrication and electrode configu-
ration were described elsewhere.8 The magnetic property of
LCMO films was measured by using a Quantum Design
magnetic property measurement system �MPMS XL7�. The
capacitance of the junction was measured by an LCR meter
ZM2353 with the low temperature and magnetic field of
MPMS. The C-V curves were measured at a frequency of
10 kHz.

Since the coexistence of the FM and COAFM phases in
a wide temperature range was observed in LCMO bulk
samples,9 it is expected that the nonmagnetic region in the
MFM images of the LCMO thin film is the AFM phase. In
this case, the exchange bias effect may be observed in the
LCMO film. Figure 1�a� shows the ZFC and FC M-H loops,
respectively. The inset displays the expanded view of the
central part of the M-H loops. Compared to the ZFC M-H
loop, the M-H loop with �0H=0.1 T FC from 300 to 10 K
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FIG. 1. �Color online� �a� M-H loops of the LCMO film at 10 K for ZFC
and FC under �0H=0.1 T from 300 K. �b� Temperature dependence of the
exchange bias field HE. �c� M-H curve of the junction at 10 K. �d� The
expanded view of the M-H curve including the initial magnetization curve.
Inset of �a� is the enlargement of the central part of the M-H loops.
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shows a significant exchange bias field HE=166 Oe at 10 K
with HE=−�HC1+HC2� /2, where HC1 and HC2 are the left
and right coercive fields, respectively. The exchange bias ef-
fect has been well established for FM/AFM or FM/spin glass
structures.12 Considering the coexistence of FM and
COAFM phases in LCMO bulk samples,9 it is reasonable to
deduce that the nonmagnetic region in the LCMO film is the
AFM phase. The temperature dependence of HE is exhibited
in Fig. 1�b�, which shows that the value of HE decreases with
increasing temperature and vanishes at about T=50 K, de-
noted as the “blocking” temperature TB.12

The magnetic hysteresis of the LCMO film was mea-
sured between −5.0 and 5.0 T after ZFC from 300 to 10 K
and the result is depicted in Fig. 1�c� with the expanded view
shown in Fig. 1�d�. Unlike the magnetic hysteresis loops of
the conventional ferromagnet, the initial magnetization curve
�black, curve “1”� does not lie between the field descending
curve �red, curve “2”� and the field ascending curve �blue,
curve “3”� but much lower than the latter two. This phenom-
enon indicates that the FM regions increase upon applying a
5.0 T magnetic field due to the transformation of COAFM
phase to FM phase and this change persists when the mag-
netic field decreases. So, transformation between the
COAFM and FM phases is irreversible.

Figure 2 is the temperature dependence of capacitance
�C-T� at three bias voltages and the junction resistance
�Rj-T� at the bias voltage of −0.3 V, where Rj �V / I. The
inset of Fig. 2 is the I-V curve of LCMO/NSTO junction,
which shows the rectifying characteristic. With decreasing
temperature, the capacitance decreases and reaches a mini-
mum at about 100 K, which is consistent with the tempera-
ture of Rj peak, and then increases to show a peak near 50 K.
According to the parallel panel capacitor model, the capaci-
tance of the junction can be expressed as C=�0�rS /d, where
�r is the permittivity, S is the effective electrode area, and d
is the thickness of the dielectric layer between the two elec-
trodes. For LCMO/NSTO junction, the depletion layer can
be considered as the dielectric layer. Since the thickness of
the depletion layer is roughly proportional to VD

1/2 �Ref. 10�,
where VD is the diffusion potential, and VD increases with
decreasing temperature,8 the increase in the junction resis-
tance Rj and the decrease in the junction capacitance with
decreasing temperature from 300 to 100 K can be under-
stood. The temperature dependence of magnetization for the
sample shown in Fig. 2�c� of Ref. 8 suggests that the amount
of the FM phase is small at high temperatures �300–100 K�

and increases remarkably at low temperatures ��100 K�.
Therefore, at low temperatures, the remarkable increase in
FM regions favors the decrease in Rj and the increase in
capacitance. When the effect of the FM region increase
overwhelms the effect of VD, the decrease in Rj and the
increase in capacitance will occur. For the origin of the ca-
pacitance peak near 50 K, it is likely to be related to the
dielectric constant of the depletion layer of NSTO since
�r-T curve of SrTiO3 shows a peak near 50 K.13 Actu-
ally, a similar peak near 50 K is presented in the C-T curves
of La0.67Sr0.33MnO3−� /Nb:SrTiO3 �Ref. 3� and
Nd0.5Sr0.5MnO3 /Nb:SrTiO3 �Ref. 5�. This lends further sup-
port to the explanation of the peak since the property of
manganites in our work and those in Refs. 3 and 5 are quite
different.

The C-V curves at different temperatures depend on the
thermal history and show remarkable thermal hysteresis be-
havior at low temperatures. The capacitance values measured
in the warming process �CW� are larger than those in the
cooling process �CC� under the same bias voltage, as shown
in Fig. 3�a�. This effect is most remarkable at 75 K. The
difference between the two processes at the bias of V
=0.3 V, defined as DC= �CW−CC� /CC�100%, is depicted in
the inset of Fig. 3�a�. DC shows a peak at 75 K and ap-
proaches zero within experimental error in the low and high
temperature regimes. This thermal hysteresis effect origi-
nates from the first order transition between FM and
COAFM phases.14

The junction capacitance can also be tuned by magnetic
field and shows positive MC. The C-V curves of the junction
were measured at selected temperatures in the warming pro-
cess, with or without magnetic field. The C-V curves of the
junction were measured under �0H=0 T after ZFC, �0H
=0.2 T after ZFC, and �0H=0.2 T after FC, respectively. We
selected the capacitance at bias voltage V=0.3 V in each
C-V curve with the three measurements described above and
plotted the C-T curves in Fig. 3�b�. The three C-T curves are

FIG. 2. Temperature dependence of capacitance and resistance of the junc-
tion at selected bias voltages. Inset is the current-voltage curve at 125 K.

FIG. 3. �a� C-V curves measured at 75 K in the cooling and warming pro-
cesses, respectively. �b� Temperature dependence of capacitance at the bias
voltage of 0.3 V measured in the warming process with �0H=0 T after ZFC
�filled squares� and �0H=0.2 T after ZFC �open circles� and FC �open tri-
angles�. �c� MC vs temperature for FC and ZFC calculated from �b�. �d� C-V
curves of the junction with �0H=0, 5.0, and 0 T successively. Inset of �a� is
the capacitance difference, DC, between the cooling and warming measure-
ments at V=0.3 V. Inset of �c� shows the temperature dependence of
�MC=MCFC−MCZFC.
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nearly identical above 100 K, i.e., no evident MC effect, but
discrepant with each other below 100 K. The MC values
were calculated as MC= �C�0.2 T�–C�0 T�� /C�0 T�
�100% from the data in Fig. 3�b� and the temperature de-
pendence of MC is shown in Fig. 3�c�. The MC for the FC
process �MCFC� is larger than that of the ZFC process
�MCZFC� and the difference between them increases with the
decrease in temperature, as shown in the inset of Fig. 3�c�.
This behavior will be discussed later.

The C-V curves were also measured at 10 K under
�0H=0, 5.0 T, and removal of the magnetic field �0 T2�
successively. The result is shown in Fig. 3�d�. With a 5.0 T
magnetic field, the capacitance of the junction is enhanced
remarkably and MC reaches 170%. After the removal of the
magnetic field, the capacitance decreases but is still larger
than its initial value, indicating that the capacitance of the
junction shows a magnetic memory effect. This memory ef-
fect can be explained by considering the PS in the LCMO
film. As shown in Fig. 1�d�, the FM regions in LCMO in-
crease upon applying a 5.0 T magnetic field and cannot con-
vert to the COAFM phase completely with decreasing field.
At low temperatures, the junction is inhomogeneous and can
be regarded as a capacitor with COAFM and FM regions in
the LCMO film alternately contacting with the NSTO sub-
strate. Since the COAFM regions are insulating and FM re-
gions are more conducting, the increase in FM regions
makes the effective electrode area S larger, resulting in the
increase in the effective capacitance of the junction. The total
effective capacitance of the LCMO/NSTO junction is mainly
determined by the FM regions in LCMO near the interface.
So the persistence of FM regions after the removal of the
magnetic field can account for the magnetic memory effect
of the junction capacitance. This scenario can also account
for the difference between MCFC and MCZFC shown in Fig.
3�c�. The FM regions induced by magnetic field in the FC
process are larger than that in the ZFC process at low tem-
peratures and this difference enhances with decreasing tem-
perature, resulting in the larger MCFC and the temperature
dependence of �MC=MCFC−MCZFC.

It should be emphasized that the phase separated man-
ganite junctions show giant MC due to the tuning of PS by
magnetic field. This mechanism is quite different from those
based on the magnetic field-induced reduction in the effec-
tive depletion width of La0.67Sr0.33MnO3−� /Nb:SrTiO3 �Ref.
4� or the increase in the effective carrier concentration in
Nd0.5Sr0.5MnO3 /Nb:SrTiO3 �Ref. 5�. For our phase sepa-
rated LCMO/NSTO junction, MC can reach 170% at T
=10 K with �0H=5 T, much larger than those reported by

Nakagawa et al.4 �MC�33%, T=10 K, �0H=8 T� and Mat-
suno et al.5 �MC�26%, T=5 K, �0H=7 T�, suggesting the
advantage of phase separated manganite p-n junctions in get-
ting giant MC.

In summary, the magnetic properties of the LCMO
film and the capacitance characteristics of the
La0.5Ca0.5MnO3 /Nb–SrTiO3 junction have been studied.
The magnetic field-induced increase in FM regions, irrevers-
ibility, and the exchange bias effect were observed. A re-
markable thermal hysteresis of capacitance, a giant positive
MC, a remarkable difference of MC for the ZFC and FC
processes, and a memory effect of the magnetic field were
present in this junction. PS scenario was used to account for
the results. This work demonstrates that the capacitance of
phase separated manganite junctions shows various interest-
ing behaviors, which may have potential applications.
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