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FERROELECTRICS
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Abstract Layered nanostructures (LNs) of the commer-
cial ferroelectric Pb(Zry s3Tig47)O3 (PZT) and the natural
ferroic relaxor Pb(Feg W0 33)03 (PFW) were fabricated
with a periodicity of PZT/PFW/PZT (~5/1/5 nm, thick-
ness ~250 nm) on MgO substrates by pulsed laser depo-
sition. The dielectric behavior of these LNs were
investigated over a wide range of temperatures and fre-
quencies, observing Debye-type relaxation with marked
deviation at elevated temperatures (>400 K). High
dielectric constant and very low dielectric loss were
observed below 100 kHz and 400 K, whereas the dielectric
constant decreases and loss increases with increase in fre-
quency, similar to relaxor ferroelectrics. Asymmetric fer-
roelectric hysteresis loops across UP and DOWN electric
field were observed with high remanent polarization (P,) of
about 33 pC/cm?. High imprint (~5=7 V across 250 nm
thin films) were seen in ferroelectric hysteresis that may be
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due to charge accumulation at the interface of layers or
significant amount of strain (~3.21) across the layers.
Room temperature ferromagnetic hysteresis was observed
with remanent magnetization 5.32 emu/cc and a coercive
field of ~550 Oe. Temperature and field dependent
leakage current densities showed very low leakage
~1077-107 A/cm® over 500 kV/cm. We observed
imprint in hysteresis that may be due to charge accumu-
lation at the interface of layers or active role of polar nano
regions (PNRs) situated in the PFW regions.

Introduction

The lack of single phase multiferroics and increasing
awareness of fabrication of magnetoelectric multiferroic
materials at ambient temperature have led to renewed
interest in exploring the fabrication of alternating ferro-
electric/ferromagnetic layered nanostructures (LNs) [1-7].
We adopted a different approach which led us to pursue the
fabrication of alternating commercially used ferroelectric
Pb(Zrg 53Tig47)O3 (PZT) and natural multiferroic relaxors
Pb(Feo 66W0.33)03 (PFW) in layered nanostructures. These
nanostructures have more than one ferroic property and
because of the coupling among magnetic, elastic, and
electric polarizations, give rise to new physical phenomena
and applications [1-3]. One thing that should be noticed is
that PZT/PFW layered nanostructures have an extra degree
of freedom, i.e., the existence of multiferroic polar nano
regions (PNRs) similar to the recent discoveries of mag-
netoelectric relaxors and magnetic control of large polari-
zation [8, 9].

There are only a few single phase materials existing in
nature which have multiferroic properties at ambient
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COHditiOl’lS, i.e., Pb(FCO.66W0.33)0_80T10A2003 [10], PbF61/2
Nb;,,05 [11] and BiFeO5; (BFO) [4]. In order to compen-
sate the deficiencies of natural multiferroics, alternate
methods have been employed, such as nanocomposites,
multilayers, superlattices, etc. These are comprised of a
mixture of two different types of materials with separate or
combined ferromagnetic and ferroelectric properties. From
theoretical considerations of magnetoelectric (ME) effects
in composites, a strong ME effect could be realized in a
composite consisting of magnetostrictive and piezoelectric
phases, in which the mechanical deformation due to mag-
netostriction results in dielectric polarization due to the
piezoelectric effect.

Nanostructures provide extra degrees of freedom to
design enhanced magnetoelectric multiferroics and better
ME coupling which can be modulated at the nanoscale with
proper tuning of the physical properties/parameters of each
separate entity [12]. Several nanostructured thin film forms
have been reported, among them a few are listed here:
heterostructures of BaTiO; (BTO)-CFO [13], nanocom-
posites of BFO-CFO [14], superlattices of Lag Srg 4MnO3/
0.7Pb(Mg;,3Nb,/3)03-0.3PbTiO; [15], multilayers of BFO/
Pb(Zry5Tip 5)03 [16], and layered nanostructured thin films
[5, 6]. However the basic physics of these nanostructures,
needed for development of proper device applications, is
lacking.

In the present study epitaxial PZT/PFW layered nano-
structures (LNs) with alternating layers of PZT ~5 nm and
PFW ~1 nm were fabricated on a MgO substrate with
Lag 5S1rg5C0o05 (LSCO) as the bottom conducting electrode
by using the pulsed laser deposition technique. PZT/PFW
LNs have ferroelectric and multirelaxor (birelaxor) prop-
erties at room temperature. For the first time, we have
fabricated the PZT/PFW LNs and measured the tempera-
ture and frequency dependence of their ferromagnetic,
ferroelectric, and electrical properties. Unique features
were observed, such as a colossal (~5-7 V) imprint in
ferroelectric hysteresis that is not due to lattice mismatch
between substrate and films but due to the electrostatic
strain/lattice mismatch between ferroelectric and multi-
relaxor layers. Since the ferroelectric layers are sandwiched
between two multirelaxor (PFW) layers as shown in the
sketch diagram (Fig. 1), their imprints were observed in the
positive and negative side under application of external
“up” and “down” electric fields respectively. In the case of
imprint due to substrate and films, imprints on only one
polarity have been observed which shift a little to the
opposite polarity under application of a “down” electric
field [17-19]. High dielectric constant, low tangent loss at
lower frequencies and low dielectric constant, high tangent
loss at higher frequencies were observed respectively.
Similar phenomena have been observed in epitaxial ferro-
electric heterostructures [20]. We also report the existence
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Fig. 1 Schematic of PZT/PFW layered nanostructure with LSCO as
conducting bottom electrode on MgO substrate

of polar nano-regions (PNRs) along with switchable
polarization in LNs.

Experimental

Layered nanostructures (LN) of Ferroelectric Pb(Zrg 53
Tig.47)O5 (PZT) and multiferroic relaxor Pb(Feg ¢¢W( 33)O3
(PFW) with alternate layers of PZT ~5 nm and PFW
~1 nm were deposited from individual PZT and PFW
targets on conducting (bottom electrode) LaSrjsCogsO3
(LSCO) ~80 nm layer on MgO substrate using pulsed
laser deposition with total thickness of LN films ~250 nm.
PZT and PFW ceramic targets of 2 cm diameter were
prepared by conventional solid-state route. An excimer
laser (KrF, 248 nm) with a laser energy density of
1.5 J/em® and pulse repetition rate of 10 Hz was used to
deposit the LN films. During deposition the substrate
temperature was maintained at 600 °C and oxygen pressure
of 200 mTorr. The LSCO was deposited at 600 °C and
oxygen pressure of 300 mTorr. The films were character-
ized by X-ray diffraction (XRD) using Cu K, radiation in a
Siemens D500 difractometer and the surface morphology
of the films was investigated by AFM in contact mode over
a5 x 5 pm area and 20 nm heights. For electrical mea-
surements, capacitors were fabricated by sputtering Pt top
electrodes with a diameter of ~200 um through a shadow
mask. Note that values of dielectric constant ¢ and polari-
zation P quoted in this paper assume the electrode diame-
ters are the same as the diameter of the mask holes; due to
Pt diffusion, this gives an overestimate of both ¢ and P. The
dielectric properties in the frequency range of 100 Hz to
1 MHz were studied using an impedance analyzer
(HP4294A from Agilent Technology Inc.) over a wide
temperature range (100-650 K) attached to a temperature
controlled probe station (MMR Technology) with an
accuracy of £0.5 °C. Magnetic measurements were carried
out using a Quantum Design MPMS XL-7 SQUID mag-
netometer. The sample was placed in a standard drinking
straw sample holder and the sample space was evacuated
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multiple times to ensure removal of air by displacing it
with He. The hysteresis curves were measured at room
temperature under applied fields of up to 7 T. Magnetic
measurements were carried out parallel to the c-axis (i.e.
applied field was perpendicular to the substrate).

Results and discussion

Figure 2a shows the X-ray diffraction (XRD) pattern of
PZT/PFW epitaxial LNs thin film. The films were found to
be epitaxial with a small ~0.01% intensity of the (110)
peak. These are oriented with an in-plane epitaxial rela-
tionship LNs [100] Il LSCO [100] | MgO [100]. The room
temperature lattice parameters of LNs, LSCO, PZT and
PFW are given in Table 1. The lattice mismatch (¢)
between substrate/bottom electrodes/PZT/PFW are calcu-
lated from the equation & = [(asubstrate — afim ) / (Qsubstrate )] X

(a)

Intensity (a.u.)

Fig. 2 a Room temperature XRD patterns of PZT/PFW LNs showing
epitaxial nature of films. b Surface morphology of the LNs thin films
by AFM in contact mode over a 5 x 5 um area and 20 nm heights

100% and are listed in Table 1. We observed a tensile
strain (~1.60%) between substrate/LLNs and compressive
strain (~ —5.24%) between bottom electrode/LNs along
the c-axis, so we cannot exactly determine the exact nature
of the depth dependence of strain on the LNs. We also
believe that there were negligible effects of these strains on
imprint in ferroelectric hysteresis (discussed later), since
under the same conditions (substrate, bottom electrode) we
grew pure PZT and did not observe any imprint in ferro-
electric hysteresis. This suggests imprint somehow arises
from the lattice mismatch across the interfaces of PZT/
PFW/PZT. Strain across the interfaces of PZT/PFW were
examined which revealed that a tensile strain of ~3.11%
along the c-axis occurs during UP polarization whereas a
compressive strain of ~ —3.21% along c-axis occurs
during DOWN polarization. These calculations confirm
and support the +Ve and —Ve shift of ferroelectric hys-
teresis from the origin during UP and DOWN applied
electric fields. Below we will use these strain data to
explain the imprint in ferroelectric hysteresis. Misfit strain
is not the only possible source of strain in the LNs. Strain
due to thermal stress arose in the film because MgO,
LSCO, PZT, and PFW have different thermal expansion
coefficients and are constrained to contract at the same rate
on cooling. The surface morphology of the films was
investigated by AFM in contact mode over a 5 x 5 um
area and 20 nm heights, as shown in Fig. 2b. Well-defined
grains with dimensions ~ 10 nm in height and 180 nm
width were observed. Surface topography revealed average
surface roughness of 2.021 nm. The observed smaller grain
size and low surface roughness may be due to growth at
moderate temperature and utilization of the pulse laser
deposition technique. The piezo-force microscopy (PFM)
image showed the dark and bright contrast which indicates
the difference in domain orientation and the presence of
these nano-domains (not shown here). Interestingly, when
the amplitude and phase images are compared, the regions
of the nano-domains which appear dark in the phase image
are also the regions with higher piezoresponse (bright
regions) in the amplitude data.

Figure 3a and b show the real (¢') and imaginary (&)
part of dielectric permittivity as function of frequency at
several temperatures (100 K to 500 K). Step like behavior
was observed in (¢') at 50-250 kHz from 100 to 500 K, at
the same diverging frequencies dielectric loss &’ peaks
occur suggesting Debye type relaxation. The frequency
dependence of ¢’ showed a Debye-like relaxation peak
which shifted to higher frequencies with increasing tem-
perature. The frequency dependence of ¢’ can be repre-
sented by the empirical Cole—Cole relaxation equation [21]

sl

& (w) = d(w) —ig(w) = e + It (o)
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Table 1 Lattice mismatches

parameter (A)

Lattice mismatch
(%) with PFW

Lattice mismatch
(%) with PZT

Lattice mismatch
(%) with LSCO

8.97 4.20 4.65
1.60

- —5.24 —4.74
—8.10

- —0.472 -

—-3.21

- - 0.47

3.11

. . L Substrate/ Lattice
and their strain in epitaxial sublaver
layered nanostructure thin films _ Y
MgO rocksalt 4.213
LSCO cubic 3.835
PFW multi relaxors 4.017
PZT tetragonal 4.036
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Fig. 3 aand b Real and imaginary part of permittivity as functions of
frequency from 100 to 500 K

where o is the frequency of the applied electric field (10*—
10° Hz), & and &, are the static and high frequency limit
of the dielectric constant, 7¢ is the most probable relaxation
time, and o« is a constant with values between O and 1. For
o =0, Eq. 1 reduces to the Debye expression. When
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o > 0, the relaxation has a distribution of relaxation times,
leading to a broader peak than the Debye peak. Our Cole—
Cole fitting of dielectric loss spectra indicated nearly ideal
Debye relaxation. The o value increased with temperature,
suggesting that the distribution of relaxation times nar-
rowed with temperature. One more relaxation at low fre-
quency were observed at elevated temperatures (>400 K)
which shifted to higher frequency with increasing tem-
perature suggesting these are due to grain boundary con-
tributions [6]. It is important to notice that very low
dielectric constants were observed at high frequency
(>100 kHz). Erbil et al. [20] found giant permittivity at
low frequency and very low permittivity at higher fre-
quency. We have also observed similar characteristics in
relaxor ferroelectric thin films.

Variation of dielectric characteristics with temperature
is very important for materials with potential electronic
applications. The temperature dependence of real and
imaginary permittivities at 10 kHz are shown in Fig. 4a
and b. In the temperature range of 100-400 K, the per-
mittivity (¢) exhibited almost constant behavior with small
enhancement with increase in temperature. In this tem-
perature range, the dielectric constant decreased (very
fast > 100 kHz, above the Debye relaxation) with increase
in frequency whereas the tangent loss was much less
(~0.02) at low frequency and increased with increase in
frequency. These phenomena are completely new for LNs.
Comparable behavior was observed in relaxor ferroelec-
trics which showed similar frequency dispersion near and
below the phase transition temperature. In both cases (LNs
and relaxor ferroelectric), frequency dispersion in tangent
loss values shifted from low to high frequency with
increase in temperature, i.e., low dielectric loss for low
frequency and high dielectric loss for higher frequencies
[22, 23]. This kind of dielectric behavior ruled out the
active participation of space charge in these temperature
regions [5, 24]. Above 450 K the reverse phenomenon was
observed, i.e., high loss for low frequency, which suggests
the possible development of space charge at elevated
temperatures.



J Mater Sci (2009) 44:5113-5119

5117

a
( )1600— —m—1 kHz
]
—e—5kHzZ -
10 kHz .If
—_ —w— q
Z 1200 Y 50khz o~
-g 100 kHz - ‘.o
'(75 —<— 500 kHz o°
c 1MHz ®
/ o wY
8 800 igee? uat o
'g 1 kHz
(4]
Q2
2 400
o )=
0 -
T T T T T T
100 200 300 400 500 600
Temperature (K)
(b)
—m—1kHz
—o—10 kHz
50 kHz
14 —v—100 kHz
_ 1 V- Vouy 1 MHz
A ]
(]
»
=]
E,, i n""
8 ,.: 2 ::ﬁw‘
014 '
1=

T T T T T T T T T T T
100 200 300 400 500 600
Temperature (K)

Fig. 4 aand b Real and imaginary part of permittivity as functions of
temperature over wide range of frequencies from 100 Hz to 1 MHz

Room temperature electric field induced polarization
switching (P-E) behavior was studied by Sawyer—Tower
measurements at 60 Hz. It can be seen from Fig. 5 that
LNs thin films have well saturated asymmetric hysteresis
loops with remanent polarization (P,) of about 33 uC/cm2
for 600 kV/cm maximum external electric field. We did
not observe much change in the coercive field with increase
in applied electric field. The observed P, value is compa-
rable with the investigated PZT/CoFe,O, multilayer
structure [25]. The observed remanent polarization may be
attributed to the relaxed local strain, higher nucleation of
grains and compositional disorder due to the solid solution
of ferroelectric and relaxor at the interfaces. The shift in
hysteresis loop observed in LNs on LACO/MgO substrate
was about 27 V at 250 nm thin films. This hysteresis loop
shifted by a similar amount —Ve off set voltage under the
application of a DOWN external electric field as shown in
Fig. 5. To the best of our knowledge, the ferroelectric
imprint has only been attributed to the development of

dipole alignment, redistribution of charge carriers under the
influence of the depolarization field, and charge injection
through the interfacial layer [26, 27]. However, for ferro-
electric thin films used in memory applications, only the
charge injection through the interfacial layer was found to
be compatible with the totality of the experimental obser-
vations. The concept employed in this scenario suggests
that in the ferroelectric film the polarization decreases
gradually within the nearby-interfacial region, and this
region is approximated by a low-dielectric-constant layer
between the film and the interface. The charge accumula-
tion at the interface is shown to provoke a voltage offset
and polarization loss which are nonlinearly dependent on
time in a logarithmic scale. This result is obtained for
different charge injection mechanisms including Schottky,
Pool-Frenkel, and tunneling scenarios.

As we discussed previously, the imprint arising in LNs
was not due to the passive layer between substrate and
films. PZT films of the same thickness were also grown
under the same conditions and did not show any ferro-
electric imprint, which indicates imprint arises due to the
sandwich structure in the LNs. In present LNs, the ferro-
electric PZT slab (~5 nm) was sandwiched between two
multiferroic relaxor (PFW) slabs (~ 1 nm). This shows that
the imprint is related to the charge injection and charge
accumulation in the nearby PFW/PZT/PFW interfaces. A
similar ferroelectric hysteresis with similar amount of
imprint was observed over a wide range of temperature
(100-350 K) (not shown here) with little enhancement in
the coercive field at low temperature. As we know, the
bi-ferroelectric relaxor PFW possess polar nano regions
(PNRs) below 540 K (Burns temperature) whereas these
PNRs freeze and form long-range order below tempera-
tures of 150 K (Ty) [9]. The effects of PNRs on ferro-
electric hysteresis in LNs are completely new. Careful
study is needed to develop theory and models to explain the
imprint behavior in ferroelectric-biferroic relaxor nano-
structures. A schematic diagram was prepared to explain
the blocking phenomena of polarization in LNs (shown in
Fig. 5). It indicates that during UP external electric field,
the imprint in hysteresis is mainly due to the upper bifer-
roic relaxor regions, whereas in the DOWN electric field
the imprint is due to the lower biferroic relaxor regions.
XRD analysis indicates that high amounts of tensile strain
(~3.11% along c-axis) were generated along the c-axis
near the PZT/PFW interface whereas ~ —3.21% com-
pressive strain develops along the c-axis near the PFW/
PZT interface. Since the LNs possess more than 40 inter-
faces in the ~250 nm thin films, we believe a significant
amount of internal stress develops in LNs, which may also
cause the development of a large amount of imprint in
ferroelectric hysteresis. Still a better understanding of
imprint in LNs is needed.
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Fig. 5 a and b Room- (a) UP

(b) DOWN

temperature electric field
induced polarization switching

(P-E) for UP and DOWN
applied external electric field
using Sawyer—Tower
measurements at 60 Hz. A
model was presented to explain
the high imprint in ferroelectric
hysteresis
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Fig. 6 Magnetization versus applied field (M-H) response of the
PZT/PFW LNs thin films at room temperature

The magnetization versus applied field (M-H) response of
the PZT/PFW LNs thin films is shown in Fig. 6, in which the
applied magnetic field was parallel to the c-axis. A well
saturated ferromagnetic hysteresis was observed with
remanent magnetization of 5.32 emu/cc and a coercive field
of ~550 Oe under the application of high magnetic fields
of ~7 T. M-H data are consistent with previous work on
PFW which indicated canted antiferromagnetic (AFM)
(~ Ty ~ 343 K) spin order and weak ferromagnetism
[10]. As discussed in previous work, a super-exchange in the
disordered regions through Fe’"—O-Fe" is expected to
yield antiferromagnetic ordering below the Neel temperature
(~ 350 K for PFW) [28]. Usually, angles in the
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Fig. 7 Current density versus electric field J-E characteristics of
epitaxial PZT/PFW LNs thin film measured over wide range of
temperature (250—400 K) and electric field (500 kV/cm)

Fe’*—O-Fe®" bonds are close to 180°. The compressive
strain in the films may cause a small distortion in the Fe’"—
O-Fe’* spins. We believe that the observed room-temper-
ature ferromagnetism is due to spin canting. These LNs
possess a great deal of strain (~3.21%) across each PZT/
PFW/PZT interface, which might responsible for enhancing
ferromagnetism at room temperature.

Figure 7 shows current density vs electric field J-E
characteristics of epitaxial PZT/PFW LNs thin films on
MgO structures measured over a wide range of temperature
(250400 K). The LNs film shows leakage current densi-
ties on the order of 1077 A/em” in the low electric field
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region at room temeprature, with an increase (from
1077 A/em? to 107* A/em?) with increasing applied elec-
tric field (~500 kV/cm). The material also shows
enhancement in leakage current with increase in tempera-
ture. The leakage behavior mechanism may be explained
on the basis of different charge injection mechanisms
including Schottky, Pool-Frenkel, and tunneling scenarios.
Field and temperature dependent measurements showed
very low leakage current in the LNs, which provides very
high ferroelectric polarization in the layered nanostructure
and indicates its suitability for device applications.

There are no published models for imprint in artificially
layered ferroelectric superlattices and certainly none for the
case in which one set of layers are relaxors. However, it is
known [29] that such superlattices have unusually large
densities of space charge at their interfaces, and that such
charge, injected from the electrodes, exacerbates both
fatigue and imprint [30]. In the present case, imprint might
be expected to be exaggerated because the bottom elec-
trode (LSCO) and the top electrode (Pt) have different
work functions, producing asymmetric charge injection,
primarily through the bottom electrode.

In summary, epitaxial ferroelectric PZT and ferroic
relaxor PFW layered nanostructures were fabricated on
MgO substrate by pulsed laser deposition. These materials
showed Debye-type dielectric relaxation over a wide rage
of temperature with marked deviation at elevated temper-
atures, whereas low frequency grain boundary relaxation
was observed at elevated temperature. Step-type dielectric
behavior with very low dielectric constant above 100 kHz
was observed. High dielectric constants with low dielectric
loss were seen below 100 kHz and 400 K, similar to
relaxor ferroelectrics. Well saturated asymmetric ferro-
electric hysteresis loops with high remanent polarization
(P,) of about 33 uC/cm2 for 600 kV/cm maximum external
electric field were found. Ferroelectric hysteresis illustrated
high imprint ~5-7 V at 250 nm thin films which may be
due to charge accumulation at the interface of layers or
significant amount of strain (~3.21%) along the c-axis of
LNs. A well saturated ferromagnetic hysteresis was
observed with remanent magnetization 5.32 emu/cc and a
coercive field of ~550 Oe. Very low leakage current den-
sities were obtained ~ 1077 — 107> A/em? at 500 kV/cm.
Low leakage current densities, high ferroelectric polariza-
tion, well saturated ferromagnetic hysteresis, and flat
dielectric constant over wide range of temperature make
LNs a potential candidate for artificially designed
multiferroics.
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