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The technique of domain visualisation, revealed by a film of nematic liquid crystal (NLC) on a ferroelectric crystal
substrate, is demonstrated for the first time to be applicable to thin films of lead zirconate–lead titanate (PZT )
ferroelectric ceramics. PZT film thicknesses <1 mm were deposited on indium tin oxide coated glass substrates.
Commercially available NLC materials with positive dielectric anisotropy were employed. The electro-optic
properties of devices incorporating the ferroelectric ceramic and NLC are reported. The poled PZT grains induce a
local Fréedericksz transition in the NLC and it is proposed that the ferroelectric–NLC interaction is primarily due
to the depolarisation field due to the ferroelectric remanent polarisation.

Introduction
It has been known since 1973 that a thin film of nematic liquid
crystal (NLC), when placed upon a ferroelectric crystal, is
able to delineate the domain structure of the underlying crystal
substrate.1–10 This phenomenon was first demonstrated by
Furuhata and Toriyama for the ferroelectric crystal triglycine
sulfate (TGS) and the NLC p-N-( p-methoxybenzylidene)am-
ino-n-butylbenzene.1 They proposed a model whereby the
spontaneous polarisation of a ferroelectric domain couples

Fig. 1 Schematic representation of the OFE/NLC device investigated.
with the dipole moment of the NLC allowing parallel and The diagram is not to scale and the dimensions of the layers are
anti-parallel domains to be distinguished using polarising typically as follows: glass substrate, 1 mm; OFE layer, 0.5 mm; NLC
microscopy. This so-called domain visualisation technique has layer, 5 mm; PVA layer, <0.1 mm. The rubbing direction and hence

the NLC director ñ are from left to right.since been used to observe the static domain structure of other
ferroelectric crystals such as NaNO2,5,6 Li2Ge7O158 and
LiH3(SeO2)311 as well as the dynamic switching of ferroelectric

the OFE remanent polarisation since the PVA layer providesdomains for TGS,3 NaNO25,6 and (CH3NH3)5Bi2Br11 .7 More
the direct surface interactions. Further, the well defined devicerecently the coupling mechanism between the domains of
geometry allows the interaction of the NLC layer with theferroelectric crystals with NLC has been described in terms of
OFE to be quantified, as will be discussed. (The term ‘remanentthe dielectric anisotropy of the NLC, De, the cohesive energy
polarisation’ will be used in this paper, rather than ‘spon-of the crystal surface and the symmetry of the ferroelectric
taneous polarisation’, because it refers to the polarisationcrystal.4
remaining in the ferroelectric after the poling voltage has beenTo date, the domain visualisation technique has only been
removed. The term ‘spontaneous polarisation’ really refers toapplied to ferroelectric crystalline materials of thickness
the intrinsic lattice polarisation of the ferroelectric, which is0.05–10 mm. The results presented in this paper demonstrate
only achieved in a fully polarised material, which we neverthat this technique may be extended to include oxide ferroelec-
achieve in these experiments.)tric (OFE) films of submicron thickness. NLC materials of

The device comprises four dielectric layers; the OFE, thepositive dielectric anisotropy are shown to interact with the
lower PVA layer, the NLC layer and the upper PVA layer.poled grains of a thin film of lead zirconate–lead titanate,
The electrical properties of the PVA are comparable with thosePb(Zr0.30Ti0.70)O3 (PZT 30/70). The visualisation technique
of the NLC, the dielectric permittivity and resistivity beingis shown to provide a valuable way of observing the poled
approximately 10 and 1010 V m respectively in both cases.domain structure in OFE thin films.
Because of the electrical similarity of these layers, it is possible
to consider the contribution of the PVA layers (<0.1 mm thick)
to the characteristics of the device as a whole as an insignifi-Theory
cantly small increase in the layer thickness of the NLC
(typically between 5 and 10 mm thick). Hence, as a firstIn order to investigate the interactions between the poled

regions of a thin film OFE ceramic and a NLC layer, the approximation the electrical characteristics of the device may
be modelled by considering only two dielectric layers in aschematic device geometry shown in Fig. 1 was considered.

The inner surfaces of the upper indium tin oxide (ITO) coated series circuit as shown in Fig. 2.
The NLC and OFE layers have associated with them aglass and lower OFE/ITO glass substrates were coated with

thin (<0.1 mm) layers of rubbed poly(vinyl alcohol ) (PVA) to resistive element, RLC and ROFE, as well as a capacitive element
CLC and COFE , where the subscripts refer to the NLC andprovide a uniform, parallel orientation of the NLC director

with the surfaces. Treating the surfaces in this way ensures OFE layers respectively. If a sinusoidal voltage is applied to
the device shown in Fig. 1 then the impedance of each layer,that the interaction of the NLC with the OFE must be through
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the voltage across the OFE layer in the device must be of the
order of the coercive field, i.e. 5 V mm−1. From eqn. (4) it is
apparent that |VOFE| is dependent on the dielectric constants
and thickness of both layers as well as the driving voltage.
Using the above equations, the voltages applied to the ferro-
electric layer can be calculated for specific device structures
and poling regimes.

Experimental
PZT (30/70) was deposited onto ITO coated glass by a sol–gel/
spin-coating procedure13 resulting in a film thickness in the

Fig. 2 The equivalent circuit of the OFE/NLC device shown in Fig. 1, range 0.15–0.50 mm as confirmed by a combination of scanning
where V9 is the applied sinusoidal voltage. The capacitances and electron microscopy and Talysurf@ (Rank Taylor Johnson)
resistances of the layers are indicated by C and R, respectively, with measurements. The perovskite nature of the PZT films was
the appropriate subscript. confirmed with a Phillips PW1720 X-ray diffractometer,

operating at 1.789 Å (iron filtered cobalt Ka, slit width
Z9 i, may be written as 0.05 mm). Fig. 3 shows a typical X-ray diffraction plot of a

PZT (30/70) film of thickness 0.26 mm (see Table 2 for theZ9 i=−jR
i
/vC

i
(R
i
−j/vC

i
) (1)

assignments of peaks). The dielectric properties, resistivity and
where i is LC or OFE, depending on the layer type. The hysteretic properties of the films were determined using a
voltage across the OFE layer, V9 OFE, can be expressed as GenRad 1689M RLC Digibridge, Keithley Model 6517

Electrometer and Radiant Technologies RT66A loop tracerV9 OFE=V9 /[(Z9 LC/Z9 OFE)+1] (2)
respectively. The values determined are those cited in Table 1.

as it can be shown that The ITO and PZT were removed from the edges of the
upper and lower substrates producing active electrode areas
of 10–25 mm2. The removal of the ITO avoided electrical

Z9 LC
Z9 OFE

=
rLCtLC

rOFEtOFE

(v2t2OFE+1)
(v2t2LC+1)

[1−jvtLC ]
[1−jvtOFE ]

(3)
breakdown of air (the breakdown field is between 1 and
3 V mm−1) at the device edge during the application of electricwhere rLC, tLC and tLC are the DC resistivity, thickness and
fields to the device. Antiparallel NLC director alignmentmaterial time constant of the NLC (defined as a rLCeLCe0 was achieved with unidirectionally rubbed PVA.where eLC and e0 are the relative permittivity of the NLC and
Polyethyleneterephthalate spacers were used to maintain wellfree space, respectively). Similar parameters are defined for
defined spacing between the substrates in the range 4–15 mm.the OFE layer in eqn. (3) by the quantities with the
The device edges were sealed with AralditeA epoxy leaving asubscript OFE.
small hole along one edge to enable filling. The thickness ofThe anisotropic NLC layer has two dielectric constants
the device was measured before filling to an accuracy ofassociated with it, one parallel and one perpendicular to the
±0.25 mm using spectrophotometry. The devices were filleddirector (e

d
and e

)
respectively); e

d
is the appropriate one to

with NLC in vacuum to minimise the presence of air. Wiresinclude in eqn. (3) since the voltages that are applied to create
were attached to the electrodes on the substrates usingthe fields necessary to pole the OFE are well above the
indium solder.switching threshold of the NCLs which is usually of the order

The devices were observed using an Olympus BH-2of 1 Vrms at 1 kHz). Further, the poling voltage is applied for
polarising microscope with the device alignment direction atseveral seconds, much longer than the reorientation time of
45° to the crossed polarisers. Sinusoidal voltages of up tothe NCL (typically around 1 ms).
650 Vrms, with frequency in the range 1–5 kHz, were appliedConsider the case where a relatively high frequency voltage
to the devices using an in-house built high voltage amplifierof 1 kHz is applied to the device. Then, the voltage appearing
connected to a programmable function generator. The voltagesacross the OFE layer is
necessary to pole the OFE layer were applied for 1–3 s. After
the poling fields were removed, the devices were left for|VOFE|=V0NC1+

eOFEtLC
eLCtOFED (4)

typically 5 s before photographs of the electrode area of the
device were taken. The long time delay between poling the

where V0 is the driving voltage. The OFE used in this work device and subsequent observations ensured that no transient
was the lead zirconate–lead titanate [Pb(Zr1−xTi

x
)O3 ] system effects due to ionic conduction or defect motion in the device

with the composition Pb(Zr0.30Ti0.70)O3 , denoted PZT could account for the observations made.
(30/70). The NLCs used were commerically available12 with
a positive dielectric anisotropy (De=e

d
−e

)
>0). The OFE and

ResultsNLC materials are listed in Table 1 together with their respect-
ive dielectric constants (e), resistivities (r), time constants (t), Numerous hybrid NLC devices were fabricated as described
remanent polarisations (Pr) and coercive fields (Ec). in the previous section where the PZT thickness varied from

In order to induce a bulk remanent polarisation of the PZT 0.15 to 0.50 mm and that of the NLC varied from 4 to 15 mm.
(30/70), and hence observe its influence on the overlying NLC, Direct observation of the devices prior to poling confirmed

that the alignment of the NLC layer was uniform.
Table 1 Electrical properties of the NLCs and OFE investigated; note An important characteristic of the PZT films which has not
that e for the NLCs is that for e

d
measured12 at 20 °C (at 1 kHz) been discussed so far relates to the size of the grains. Fig. 4

shows an optical photomicrograph of a PZT film of thicknessE7 MLC 6204 000 PZT (30/70)
0.34 mm (parallel polarisers) where the grain size is of the

e 19.0 44.8 230 order of 5 mm. The contrast at the grain boundaries is thought
r/V m ~1010 ~1010 109 to originate from the presence of pyrochlore phase in that
t/s ~1.7 ~4.0 2 region. The grain size was found to depend on firing time and
Pr/C m−2 — — 200 firing temperature of the films, the grains reaching theirEc/V mm−1 — — 0.50

maximum size after typically 12–13 min at 512 °C.

376 J. Mater. Chem., 1999, 9, 375–380



Fig. 3 X-Ray diffraction plot for a PZT (30/70) film of thickness 0.26 mm.

Fig. 4 Photomicrograph of a PZT film of thickness 0.34 mm, parallel Fig. 5 Photomicrograph of the electrode edge of a device comprising
polarisers, 30 °C. 4.2 mm of MLC 6204 000 and 0.26 mm PZT after a poling voltage of

150 Vrms (at 1 kHz) has been applied. Crossed polarisers, 30 °C.

Prior to poling the PZT film there is no bulk remanent
polarisation. This is because within each grain there is a fine applied to the device. In many of the PZT grains, the birefrin-

gence colour of the NLC has been altered from a blue to a(sub-micron scale) structure of 90 and 180° domains. This
structure is not visible optically, although it has been observed red colour. The region within the electrode area shows numer-

ous ‘red coloured’ PZT grains whereas outside this area thereby transmission electron microscopy (TEM).14
As already mentioned, although the PVA layer provides the are very few red grains. This indicates that coupling of the

PZT grains with the NLC has been caused by the effect of thedirect surface coupling with the NLC, any field appearing at
the surface of the ferroelectric due to a net remanent polaris- applied electric field, presumably as a result of an induced

remanent polarisation within those grains. The magnitude ofation within the PZT grains will have a component that leaks
through the PVA layer. If this field is sufficiently large it will the voltage pulse applied in relation to the coercive field of

the PZT grains is discussed further below.interact with the NLC by causing a Fréedericksz transition
and the polarised grains will thus be visualised. This effect is The optical properties of the device are dominated by the

NLC layer since the optical retardance is much greater fordiscussed further below.
Evidence that after application of a poling field the PZT the NLC layer (Dn=0.1478 for MLC 6204 000 and tLC#5 mm)

than for the PZT. The contribution to the retardance of theinteracts with the overlying NLC is provided by Fig. 5 in
which the edge of the electrode area has been indicated by a PZT is negligible since the maximum birefringence (for a grain

with the c-axis parallel to the substrate and at 45° to thedashed line. The plate shows the appearance of a device
comprising 4.2 mm of MLC 6204 000 and 0.26 mm of PZT crossed polarisers) is 0.01, the film thickness is <0.5 mm, so

the retardance of the PZT film is <0.5% of that of the NLCseveral seconds after a poling voltage pulse of duration
approximately 3 s and amplitude 150 Vrms (at 1 kHz) was film. Above the poled PZT grains, the birefringence colour
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Fig. 6 Photomicrograph of the electrode edge of a device comprising
8.85 mm of E7 and 0.26 mm PZT after a poling voltage of 640 Vrms (at
1 kHz) has been applied. Crossed polarisers, 30 °C.

has changed from blue to red, as can be seen in Fig. 5.
Rotation of the microscope hot stage confirmed that there
was no reorientation of the NLC optic axis in the plane of the
device so the change in colour can be attributed entirely to
reorientation of the NLC in a plane perpendicular to the
substrates. This is also discussed in more detail below.

The PZT grain–NLC interaction has also been observed for
the mixture E7 as shown in Fig. 6. Here, the device comprised
8.9 mm of E7 and 0.26 mm of PZT. The poling voltage applied
was 640 Vrms at 1 kHz.

Fig. 7 A model representing the coupling mechanism of poled grains
of PZT with NLCs. The small arrows represent the ferroelectric

Discussion domains with the grains of the PZT, whereas the larger arrows indicate
the nematic director orienation. (a) The device prior to poling, (b)

In order to understand the poled PZT-NLC interaction one the device after a poling field has been applied and some of the grains
must first consider the structure of the ferroelectric ceramic are poled, (c) the substructure of the ferroelectric grains.
film. Fig. 7(a) shows a schematic representation of the hybrid
device before a poling field has been applied. [Here, the

Table 2 X-Ray diffraction data obtained for a PZT (30/70) film ofunpoled crystals are shown schematically as blocks with sets thickness 0.26 mm (plot shown in Fig. 3)
of anti-parallel arrows. Their actual structure is as shown
schematically in Fig. 7(c).] The deposition of PZT onto ITO Peak Angle, Counts/ D-space/ Relative intensity/ Miller

number 2h/° arb. units Å arb. units indexcoated glass is known from the X-ray diffraction studies to
produce plate-like crystallites with a random orientational

1 24.96 381 4.139 28 001distribution of the tetragonal perovskite c-axis (polarisation
2 25.98 349 3.979 25 100axis), see Fig. 3 and Table 2. This can be interpreted such that
3 36.29 1377 2.872 100 101

within each grain there exists a fine lamellar structure of 90 4 37.06 485 2.815 35 110
and 180° ferroelectric domains (having a net zero bulk reman- 5 45.07 418 2.334 29 111

6 50.91 237 2.081 17 002ent polarisation within each grain before poling). However,
7 53.33 284 1.993 21 200the orientation of the polar axes varies from grain to grain

across the whole film. Since there is no bulk remanent polaris-
ation of any grain, and hence the whole film, there is no
coupling of the PZT grain structure to the NLC director, ñ. ferroelectric layer is 8.3 Vpp mm−1, slightly less than the other

device and here it does appear that significantly fewer grainsIf we consider the case of the device using the MLC 6204 000
liquid crystal shown in Fig. 5, then it is easy to show from are poled by the process. It is interesting to consider the charge

flows and fields associated with a single polarised grain.eqn. (4), the device dimensions listed above and the materials
properties listed in Table 1 that the field drop across the Assuming the properties given in Table 1, it is simple to show

that the depolarisation field (Ed ) within the ferroelectric as aferroelectric layer is 9.7 Vpp mm−1, or about one half of the
coercive field. It is worth noting at this point that the term consequence of the remanent polarisation is ca. 200 MV m−1

(this occurs in all ferroelectrics and is given by Ed=−Pr/ee015).‘coercive field’ (Ec) when applied to a ferroelectric is not the
field required to ‘switch’ the ferroelectric, but is the field After poling, free charges will flow within the ferroelectric to

tend to neutralise the remanent polarisation and hence therequired to reduce the net remanent polarisation of a fully
poled ferroelectric to zero. (Typically, the field required to surface potential. The time, t

f
taken to reduce the polarisation

to a fraction f of Pr due to charge flow within the ferroelectricfully pole a polycrystalline ferroelectric will be two or three
times Ec.) However, because of their orientations and stress will be given by t

f
=eeorln(f−1)=tOFEln(f−1). Typically, this

time will be about 43 s to reduce the surface potential to 0.1 V.environments, some grains will be far more easily poled than
others and a significant number will be poled by fields which This point is discussed further below.

The NLC above those grains which have been poled willare much smaller than Ec. It is believed that this is what we
are observing in this specimen. Inspection of Fig. 5 shows that experience a small electric field. Coupling between this field

and the positive dielectric anisotropy of the NLC results in aabout 20–25% of the grains are switched, which is in line with
the net field applied to the ferroelectric layer. If we consider change in the birefringence colour observed and corresponds

to a tilt of ñ in the plane perpendicular to the device substrate.the device made with E7 liquid crystal, the field across the

378 J. Mater. Chem., 1999, 9, 375–380



Table 3 A comparison of the binding energy of NLCs with differentSuch field induced deformations of NLCs are usually termed
ferroelectric substratesFréedericksz transitions.16 Here, it is appropriate to call this

grain induced birefringence change above poled PZT grains a Material Pr/mC cm−2 Permittivity/e P/e Eb/10−2 erg cm−2
local Fréedericksz transition. It is apparent that since not all
crystallites within the PZT film have their crystallographic TGS18 2.8 43 0.065 2.1

PZT 30/70 50 230 0.22 5–9directions favourably oriented for switching with respect to
the applied field direction, and only a fraction of the coercive
field has been applied, one would only expect to pole a fraction
of the grains and it is observed that the birefringence of the is likely to be electrostatic in nature. This is borne out by our

experiments in which there is a PVA layer between theNLC changes only above some grains. Poling with ac fields
will result in some grains possessing a remanent polarisation ferroelectric and the NLC, so there cannot be any direct

chemical interaction between them.in either the +z or −z directions [Fig. 7(b)], which would
affect the non-polar NLC materials identically, amid a majority One factor still open to question is why the effect does not

disappear with time as the movement of charges within theof unpoled grains. The structure of the unpoled grains and
the way in which this will affect the NLC deserves some ferroelectric tends to neutralise the depolarisation field, which

we would expect to happen on a time scale of minutes. Thediscussion. As noted above, these grains consist of a fine (sub-
micron scale) lamellar structure of 90 and 180° domains, as grains showing altered birefringence colours were stable for

months. In fact, there were no devices which had been ‘poled’shown schematically in Fig. 7(c). The domain structure will
organise itself to minimise the depolarisation and mechanical in which the remanent polarisation interacted with nematic

where the poled regions reverted back to their original colour.strain energies14 and the penetration of the electrostatic field
from the surface of the domains into the NLC can be no It may be that the free charges moving within the ferroelectric

effectively get trapped at defects (dislocations, grain boundariesgreater in depth than the size of the domains at the surface.
It is most likely that the effect of the extremely fine domain etc.) within the bulk of the material, neutralising the bulk

depolarisation field, but still leaving a free electrostatic dipolestructure in these crystallites is effectively to present a uniform,
zero polarisation surface to the NLC, giving the uniform at the surface of the ferroelectric to interact with the NLC.

However, this is largely speculation at this stage and the issuecolour observed between the poled grains in Fig. 5 and 6.
The model presented in Fig. 7 is, we believe, the most likely must await the results of further work to be resolved.

Apart from being intrinsically interesting, these observationsmechanism for coupling the spontaneous polarisation of the
poled PZT grains with the NLC. Because of the well defined could have some technological importance. The study of

ferroelectric thin films is important for integrated memory anddevice geometry, it is possible to model the director tilt and
thus gain a more detailed insight into the OFE/NLC inter- sensor applications and the NLC method could be useful in

helping to understand the switching phenomena in theseaction. The magnitude of detector tilt can be determined by
applying a small driving voltage (#1 Vrms) to the device which materials. Furthermore, there are studies in progress on the

use of ferroelectric films on alumina substrates in xerographiccauses the entire NLC area to undergo a Fréedericksz trans-
ition. Measuring the voltage at which the original birefringence printing applications.19 Here, toner particles are selectively

attracted to poled regions of a ferroelectric layer and here,colours of the poled grains matches that of the surrounding
area allows the director tilt to be deduced.16,17 Such measure- again, the phenomenon shows long term stability and although

stable surface-potential measurements after poling of hundredsments on various devices constructed using the OFE and NLC
materials indicate that the binding energy contribution is of volts have been made, little is understood about the basic

physics of the phenomenon. These NLC–OFE film interactionsignificant and infinite anchoring cannot be assumed. Although
further work is required in order to confirm the correct studies could help to shed light upon the effect.
coupling mechanism, it is possible to gain some significant
insight into them through estimates of the surface anchoring Summary and conclusions
energies. Since there is no twist distortion of the nematic
director, the surface anchoring energy W h may be calculated It has been demonstrated that the well known technique of

domain visualisation as applied to ferroelectric crystals andfrom16 W h=p2t(k11+k33)/2dB2, where k11 and k33 are the
splay and bend elastic constants of the NLC, t is the thickness NLCs may be extended to include thin film oxide ferroelectric

ceramics as the substrate. Hybrid devices comprising thin filmof the LC layer and dB is the thickness of the domain wall
that occurs between the area of the NLC that experiences a PZT and various NLCs have been constructed. By considering

such devices as two dielectrics in series, a model was describedlocal Fréedericksz transition and the surrounding unchanged
area. Observation of the various devices studied leads to dB of whereby the PZT layer can be poled by applying a high

frequency sinusoidal electric field across the layers. The poledbetween 2 and 5 mm, resulting in anchoring energies of between
5 and 10×10−2 erg cm−2. This compares with 2.1×10−2 grains of the PZT were observed to induce contrast in the

NLC which is explained by the occurrence of ‘localerg cm−2 reported for the nematic liquid crystal MBBA on
the ferroelectric crystal triglycine sulfate.18 A number of factors Fréedericksz transitions’ in the NLC layer above those grains

which possess ferroelectric domains collinear with the appliedwill affect anchoring energy. However, if the depolarisation
field is playing a major role in the orientation of the liquid field direction. These ‘local Fréedericksz transitions’ are more

noticeable for large grained PZT (i.e. >5 mm). The graincrystal, as suggested here, it would be expected to affect the
binding energy. The magnitude of any surface field which will structure makes quantifying the OFE–NLC interaction diffi-

cult, and work with other substrates such as magnesium oxideinteract with the NLC should thus be proportional to the ratio
of the remanent polarisation to the dielectric constant in the (MgO), on which it is known that PZT can be deposited with

an epitaxial c-axis orientation19 is underway. A preliminaryferroelectric substrate (see equation given for Ed above). The
properties of the OFE system studied here are compared with comparison of the anchoring energies of the OFE–LC systems

studied here with those published elsewhere for organic ferro-that reported by Gunyakov et al.18 in Table 3. It can be seen
that the ratios of Pr/e for TGS and PZT compare well with electric crystals implies that the anchoring energy of the NLC

is dominated by the depolarisation field of the ferroelectric.the ratios of the binding energies. While the binding energy
data are preliminary, it is felt that this is reasonably good These results provide the first evidence that it is possible to

couple the poled regions of thin film PZT with a NLC. A fullevidence that the OFE/NLC interaction is dominated by the
depolarisation field in the OFE. Other authors have not study of the interactions of NLCs with poled OFEs is underway

and will be the subject of future publications.discussed in detail the nature of this interaction. However, it
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