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The temperature dependence of the ferroelectric hysteresis and capacitance in PbZrO3 epitaxial
films with �120�O and �001�O orientations was investigated in the 4.2–400 K temperature range. It
was found that the films with �120�O orientation show a mixture of ferroelectric and antiferroelectric
phases on the entire temperature range up to room temperature, with the ferroelectric phase more
stable at low temperatures. Above room temperature the �120�O oriented films seem to behave only
as an antiferroelectric material. By contrast, films with �001�O orientation show only ferroelectric
behavior up to a temperature of about 60 K when the single hysteresis loop splits into a double loop
characteristic for antiferroelectrics. Above this temperature the �001�O oriented films show only
antiferroelectric behavior up to 400 K. The temperature dependence of capacitance and loss tangent
clearly shows a maximum at around 16 K in the case of the �001�O oriented film. This might be
associated with a low temperature ferroelectric-antiferroelectric phase transition. However, this
transition is not visible in the �120�O oriented films. © 2008 American Institute of Physics.
�DOI: 10.1063/1.2831023�

I. INTRODUCTION

Lead zirconate �PbZrO3� �PZO� is the prototype of anti-
ferroelectric �AFE� materials, with a transition temperature
to the paraelectric �PE� state of about 230 °C.1–3 By contrast
to ferroelectric �FE� materials, antiferroelectric PZO pos-
sesses a zero remnant polarization as the elementary dipoles
form two polarization sublattices of the same magnitude but
oriented in opposite directions.4,5 The antiferroelectric axis
lies in the ab-plane, being perpendicular to the c-direction.
Typical for antiferroelectric PZO is the double hysteresis
loop which occurs when the amplitude of the applied exter-
nal field is larger than the critical field Ec for which the
structure changes from AFE orthorhombic �AFEO� to FE
rhombohedral �FER�.6 This electric field-induced phase tran-
sition is possible due to the small difference between the free
energies of the AFEO and FER phases.7 Also, a temperature-
driven AFE-FE phase transition was observed in defect-
containing PZO samples, just prior to the transition to the
paraelectric state.8–11 It was suggested that structural defects
such as oxygen vacancies or impurity atoms stabilize the FE
phase in a narrow temperature range before the transition to
the PE phase. Therefore, the transition would not purely be
AFE-PE but rather AFE-FE-PE. The width of the tempera-
ture domain in which the FE phase is stable depends on the
amount of defects in the PZO sample.12,13 It was also re-
ported that a FE hysteresis loop can be obtained in the case
of PZO films deposited on single-crystal Si substrates when
the thickness of the film decreases below a critical value of
about 500 nm.14 It was suggested that in this case the FE

phase is stabilized by the electric field arising at the PZO-Si
interface due to interface charges. Therefore, in this case the
change from double loop characteristic for AFE to single
loop characteristic for FE phase seems to be related to an
extrinsic effect.

However, it was suggested from the beginning that the
AFE phase is not the only one present in PZO. The existence
of a FE phase along the c-axis, viz., �001�O-direction was
also predicted. An estimate made by Jona et al. suggests a
ferroelectric polarization as high as 25 �C /cm2.15 However,
there is only one experimental report measuring a ferroelec-
tric hysteresis loop with a saturation polarization of only
0.1 �C /cm2, which is far below the previously mentioned
estimate.16 Therefore the question remains if there is a FE
phase coexisting with the AFE one in pure PZO crystals. In
recent years most of the studies on ferroelectric and antifer-
roelectric materials from the lead zirconate titanate �PZT�
family were performed on thin films, as there is a growing
interest in integrating these materials into standard semicon-
ductor technology. The rapid advance of deposition tech-
niques, especially pulsed laser deposition �PLD�, have al-
lowed the growth of epitaxial PZT films with crystalline
quality equivalent to single crystals.17 The careful manipula-
tion of the substrate parameters and growth conditions al-
lows also the deposition of PZT films with different orienta-
tions. The same is valid for PZO.18–22 Recently the growth of
high-quality PZO films with �120�O and �001�O orientations
was reported.23 This is an important achievement which
made it possible to compare the properties of PZO films with
the AFE axis completely in the substrate plane and with the
presumed FE axis parallel to c-direction completely perpen-
dicular to this plane �the case of �001�O oriented film� witha�Electronic mails: pintilie@mpi-halle.mpg.de and pintilie@infim.ro.
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the properties of PZO films having the AFE axis out of the
substrate plane �the case of �120�O oriented films�. Such a
comparison may shed some light on the possible coexistence
of AFE and FE phases in PZO.

Here we present the results of temperature-dependent
electric measurements performed on �120�O- and �001�O-
oriented epitaxial PZO films.

II. EXPERIMENTAL METHODS AND RESULTS

All samples were grown by pulsed laser deposition using
a LambdaPhysik KrF laser with a wavelength of 248 nm.
The �120�O-oriented PZO films were grown on a �100�-
oriented epitaxial SrRuO3 �SRO� layer previously deposited
by PLD on a �001�O-oriented SrTiO3 single-crystal �STO�
substrate. The SRO layer plays the role of the bottom contact
for the PZO capacitor. The �001�O-oriented PZO films were
grown on a BaPbO3�BPO� /BaZrO3 buffer stack previously
deposited by PLD on STO substrates. The different buffer
layers were used to obtain different orientations of the PZO
films. The BPO layer also plays the role of a bottom elec-
trode for the electric measurements performed on PZO. De-
tails regarding the deposition parameters and in-depth struc-
tural investigations of the �120�O- and �001�O-orientated
PZO films grown on the two types of buffer layers can be
found in a recently published paper.23 The �120�O sample is
120 nm thick, and the �001�O one is 200 nm thick.

Top Pt contacts were deposited onto the PZO layers by
radio-frequency �rf� sputtering through a shadow mask, in
this way defining the capacitors for the electric measure-
ments. Polarization-voltage �P-V� and switching current-
voltage �I-V� hysteresis loops were recorded by an AixAcct
Thin Film Analyzer 2000. The capacitance was measured
using a HP4194A impedance-gain analyzer. The
temperature-dependent measurements were performed by
placing the sample inside a Lake Shore cryogenic probe sta-
tion, with open liquid He circulation, operating in the tem-
perature range from 4.2 to 475 K. However, the temperature
measurements were performed only in the temperature range
between 4.2 and 400 K as above 400 K the top Pt contacts
start to become damaged by the BeCu tips used for electri-
cally contacting them in the cryogenic probe station. In the
case of the P-V and I-V measurements, first the temperature
was stabilized at the desired value within ±0.05 K, then the
electrical measurements were performed. First measurement
was performed at 4.2 K, second at 10 K, and then the mea-
surements were performed in temperature steps of 10 K up
to 400 K. In the case of capacitance-temperature measure-
ments, the temperature was continuously varied with a heat-
ing rate of 1 K /min.

Figure 1 shows the recorded hysteresis loops at 4.2 K for
the PZO films with different crystalline orientations. Surpris-
ingly, the film with �001�O orientation shows only ferroelec-
tric behavior, while the film with �120�O orientation shows a
mixed antiferroelectric-ferroelectric behavior as suggested
by the triple hysteresis loop and the six current peaks ob-
served in Fig. 1. As the temperature was increased, signifi-
cant changes were observed only in the case of the film with
�001�O orientation, meaning that the hysteresis loop splits

into two loops and four current peaks occur in the switching
current-voltage characteristic. This fact suggests that the film
with �001�O orientation undergoes a phase transition from a
ferroelectric state at temperatures below about 60 K to a
dominant antiferroelectric state above 60 K. The FE state
might be also present above 60 K, but its presence is masked
by the dominant current peaks associated with the AFE hys-
teresis. The films with �120�O orientation do not suffer major
changes as the temperature is increased. The loops recorded
for both orientations at 100 K are given as an example in
Fig. 2. As can be seen the film with �120�O orientation still
shows a triple hysteresis loop with six peaks in the current,

FIG. 1. The dynamic hysteresis loops at 1000 Hz �a� and the corresponding
switching current-voltage characteristics �b� recorded at 4.2 K for PZO films
with �001�O orientation �thin line� and �120�O orientation �thick line�.

FIG. 2. The dynamic hysteresis loops at 1000 Hz �a� and the corresponding
switching current-voltage characteristics �b� recorded at 100 K for PZO
films with �001�O orientation �thin line� and �120�O orientation �thick line�.
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while the film with �001�O orientation shows a double hys-
teresis loop and four peaks in the switching current. With
further increasing the temperature the FE behavior is more
and more suppressed in the case of the PZO layer with
�120�O orientation. The FE behavior is still present at room
temperature, although very much reduced compared with
low temperatures. At 400 K the PZO films with both orien-
tations seem to behave only as antiferroelectrics, as shown in
Fig. 3. As can be seen, a double hysteresis loop is obtained in
both cases, although the polarization at zero voltage is not
zero as it should be in the case of an ideal antiferroelectric.
This might be due to the nonzero leakage current at small
voltages, which adds a parasitic contribution to the integrated
charge during the polarization switching. The switching cur-
rent shows four peaks �see Fig. 3�b�� for both orientations, as
it should be if only an AFE behavior is present in the PZO
films.

As mentioned above the leakage current may generate
some problems in the case of hysteresis measurement per-
formed in the dynamic mode, which is based on a continuous
integration of the current flowing through the ferroelectric
capacitor. This can affect the polarization value and distort
the hysteresis loop. One way to minimize the leakage contri-
bution is to perform hysteresis measurements in the static
mode, which is based on the integration of a current pulse
generated when the polarization state changes from the one
corresponding to the current applied voltage to the positive
saturation state. An example of hysteresis loops measured in
the static mode is shown in Fig. 4. The measurements were
performed at 250 K, and show that the leakage contribution
is negligible as long as the shape of the loops is very similar
to those recorded in the dynamic mode. Some differences
may occur in the values of remnant polarization, and coer-
cive voltage as in the static mode the recorded polarization is
the relaxed polarization after a relaxation time of 0.1 s. In
any case, the sample with �001�O orientation shows only a

double loop, while the sample with �120�O orientation shows
a triple loop. The results are consistent with those observed
in the measurements performed in the dynamic mode.

Positive-up negative-down measurements were also
tested with the Thin Film 2000 analyzer, but the results were
similar to those presented in Figs. 1–3.

III. DISCUSSIONS

The results presented for the �001�O oriented film clearly
show that the PZO is ferroelectric along the c-axis, with a
remnant polarization of about 27 �C /cm2 at 4.2 K. This
value is in remarkable agreement with the estimate of
25 �C /cm2 made by Jona et al. about 50 years ago.15 How-
ever, they were very skeptical regarding the presence of fer-
roelectricity along the �001�O direction because of the lack of
experimental results supporting this fact.

The problem is why the presence of ferroelectricity
along the �001�O direction is observable only at low tempera-
tures, especially in the case of �001�O-oriented films. To bet-
ter understand the possible coexistence of ferroelectricity and
antiferroelectricity in PZO some schematics were drawn for
the two orientations. These are shown in Figs. 5�a� and 5�b�.
The notation in Fig. 5 correspond to the following: AFEO is
the antiferroelectric axis in the orthorhombic phase; FER is
the ferroelectric axis in the rhombohedral phase; FET is a
tetragonal-like ferroelectric axis. The switching between
AFEO and FER is induced by the applied electric field and is
responsible for the normal double loop observed in the case
of antiferroelectric PZO. The switching along the FET axis,
which is parallel to the c direction, is giving a single hyster-
esis loop. The combination of double loop with single loop
leads to the triple loop observed experimentally. In the case
of the �001�O oriented sample the AFEO axis is in the sub-
strate plane as it is shown in Fig. 5�a�, while the FET axis is
perpendicular to the substrate. It might be that the coercive
field for FET switching is much smaller than the critical elec-
tric field necessary to induce the AFEO-FER phase transition
and to produce the double hysteresis loop characteristic for
antiferroelectrics. If both AFEO-FER and FET switching
would take place, then a triple loop should be obtain as in the
case of �120�O orientation, when the AFEO is out of the
substrate plane and the FET axis is in plane �see Fig. 5�b��.

FIG. 3. The dynamic hysteresis loops at 1000 Hz �a� and the corresponding
switching current-voltage characteristics �b� recorded at 400 K for PZO
films with �001�O orientation �thin line� and �120�O orientation �thick line�.

FIG. 4. The static hysteresis loops recorded with a relaxation time of 0.1 s
for the PZO films with �001�O orientation �thin line� and �120�O orientation
�thick line�.

024101-3 Pintilie et al. J. Appl. Phys. 103, 024101 �2008�

Downloaded 17 Jan 2008 to 85.232.23.177. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



The presence of a triple loop at low temperatures was
predicted by Fesenko, but he predicts that the field necessary
to produce the triple loop should be about 750 kV /cm at
−200 °C �73 K�.24 At 4.2 K the field necessary to induce the
AFEO-FER transition and to produce the double loop would
be around 1 MV /cm, which is higher than the observed
breakdown field at this temperature �approximately
800 kV /cm for the �001�O oriented film�. We may presume
that the experimentally applied field is not high enough to
induce the AFEO-FER transition and to produce the triple
hysteresis loop in the case of �001�O oriented sample. There-
fore only the FET switching along the �001�O axis is ob-
served, leading to a single loop at very low temperatures.
The coercive field for the FET switching, as resulting from
Fig. 1, is about 220 kV /cm at 4.2 K. This value is much
smaller than the critical electric field necessary to induce the
AFEO-FER transition. In other words, the applied field is too
small to move the AFEO axis from the substrate plane and to
change the structure from orthorhombic to rhombohedral but
is high enough to switch the ferroelectric polarization per-
pendicular to the substrate.

It might be that increasing the temperature, the thermal

energy helps in reducing the critical field for the AFEO-FER

transition. At some temperature the value of the critical field
may drop below the breakdown field, leading to the occur-
rence of the double loop characteristic for antiferroelectric
materials and masking the FET switching along the c axis in
the case of �001�O-oriented PZO films. In the case of
�120�O-oriented films the AFEO axis is out of the substrate
plane �see Fig. 5�b��. Probably in this case the AFEO-FER

transition can be induced at lower values of the applied field.
For example, the maximum field applied at 4.2 K is
750 kV /cm, while the critical field for the onset of the
double loop is about 300 kV /cm. The last one is lower than
the critical field predicted by Fesenko. We may conclude that
the field-induced AFEO-FER transition is favored when the
AFEO axis is out of the substrate plane. Regarding the coer-
cive voltage for the ferroelectric switching along the FET

axis, we observe that this is about 160 kV /cm in the case of
the �120�O sample. This value is not so different compared to
the �001�O sample. We may conclude that the switching
along the FET axis is not so strongly dependent on the PZO
orientation as it is the field-induced AFEO-FER transition.

It is interesting to note that at the highest tested tempera-
ture, 400 K, the saturation of the double loop for the
�001�O-oriented films takes place at a lower amplitude of the
applied voltage than in the case of the �120�O-oriented films
although the �001�O films are thicker ��200 nm� than the
�120�O ones ��120 nm�.

It can be concluded that a saturated triple loop is clearly
obtained in the �120�O films at low temperatures; with in-
creasing temperature the ferroelectric behavior along the
c-axis disappears faster in the �001�O films; at high tempera-
tures the double loop is saturated at lower fields in the
�001�O-oriented films compared to the �120�O-oriented ones.

The above discussion is mostly speculative and consid-
ers only the temperature changes of the critical field inducing
the AFEO-FER transition, as well as the different orientations
of the AFEO and FER /FET axes in the two samples with
different crystalline orientations. From the hysteresis mea-
surements it is not very clear whether the �001�O-oriented
PZO films undergo a FE-AFE phase transition or not. There-
fore we have performed some capacitance-temperature mea-
surements at zero bias after prepoling the films in the same
direction at low temperature �4.2 K�. The measurements
were performed at a frequency of 1 kHz with an amplitude
of 50 mV for the ac probing signal. The obtained results are
presented in Fig. 6. Without detailing too much the results, it
can be seen that a clear peak occurs in the temperature de-
pendence of the loss tangent of the �001�O-oriented films at a
temperature of about 16 K. The peak is less clear in the
temperature dependence of the dielectric constant; however,
a sharp drop can be observed at temperatures above 16 K.
This behavior resembles very well a phase transition from a
FE phase below 16 K to an AFE phase above 16 K. How-
ever, the FE phase does not totally disappear above 16 K.
The two phases coexist up to about 60 K, with the AFE
phase becoming stronger and stronger as the temperature in-
creases. It seems that above 60 K only the AFE phase is
present as suggested by the four peaks present in the switch-
ing current �cf. Fig. 2�.

FIG. 5. Schematics of the antiferroelectric and ferroelectric axes with the
resulting hysteresis loops on various temperatures domains. �a� is for the
sample with �001�O orientation and �b� is for the sample with �120�O orien-
tation. The hatched plane in �a� is �002�O= �001�pc �pc-pseudocubic perov-
skite unit cell�, and in �b� it is �120�O= �100�pc. These are the planes parallel
to the substrate surface. For the relation between orthorhombic and
pseudocubic lattices, see Refs. 3 and 4 as well as Ref. 23. AFEO is the
antiferroelectric axis in the antiferroelectric orthorhombic phase; FER is the
ferroelectric axis in the field-induced rhombohedral phase; FET is a ferro-
electric tetragonal-like axis along the c-direction.
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All the presented experimental results suggest that a
structural change occurs at very low temperatures, around
16 K, accompanied by a peak in the dielectric constant and
loss tangent. The shape of the hysteresis loop also changes
from a simple loop characteristic for a FE phase to a double
loop characteristic for an AFE phase. This apparent phase
transition seems to be present in the �001�O-oriented films
but is not visible in the films with �120�O orientation. For the
latter, there is no peak in the loss tangent around 16 K, nor a
sharp drop in the dielectric constant. It appears that the low
temperature FE-AFE phase transition, if present, is strongly
anisotropic. This would be very unusual for a ferroelectric. It
is more likely that the possible structural modifications of the
PZO films induced by the changes in the strain/stress condi-
tions at the substrate interface during the temperature scan
produce significant changes in the values of the critical field
and in the dielectric response. It might be that the FE and
AFE phases coexist in the entire temperature range, but their
“visibility” depends on the relative orientation of the two
axes with respect to the direction of the applied electric field.
It appears also that the FE phase along the c axis is more
“visible” at low temperatures, while the AFE phase is more
visible at high temperatures �cf. Figs. 1 and 3�.

In conclusion, it was clearly shown that both ferroelec-
tricity and antiferroelectricity coexist in epitaxial PZO films
with high crystalline quality. Triple hysteresis loops were
obtained at low temperatures for the films with �120�O ori-
entation. The temperature behavior of the �001�O-oriented
films suggests a low temperature FE-AFE phase transition
with a Curie temperature of about 16 K. However, this tran-
sition is not visible in the case of �120�O-oriented PZO. In-
depth structural investigations at low temperature are neces-
sary in order to clarify this controversy.
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