
In the present set-up, photons are stored by re¯ections from two
independent Bragg mirrors, that is, the photon pulse length is
shorter than the resonator length. We envisage the construction of a
Fabry±Perot-type interferometer where the incoming beam would
interfere coherently with both crystal slabs. This additional inter-
ference would lead to a transmission resonance at least ten times
sharper than the natural Bragg line width. Such devices necessitate a
gap width of a few PendelloÈsung periods, that is, a few hundred
micrometres (refs 10 and 11). With the development of free electron
lasers, pulses on the 100-fs scale will become available±matching
these distances perfectly. M
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Understanding the behaviour of the dielectric constant in ferro-
electric thin ®lms remains a challenging problem. These ferro-
electric materials have high static dielectric constants, and so are
important for their applications in high-storage-density capacitor
structures such as dynamic random access memory (DRAM)1. But
the dielectric constant tends to be signi®cantly reduced in thin
®lms, thereby limiting the potential bene®t of ferroelectrics for
memory devices2. Extensive studies have shown that this phenom-
enon could be caused by a `dead layer' of very low dielectric
constant between the ferroeletric ®lm and the electrode2,3. And,
although very few direct measurements are in fact available, it has
been recognized that the lattice dynamical properties in the thin
®lms should also play a key role in the reduction2 of the dielectric
constant. Here we report far-infrared ellipsometry and low-
frequency dielectric measurements in SrTiO3 thin ®lms, which

demonstrate that the Lyddane±Sachs±Teller relation between the
optical-phonon eigenfrequencies and the dielectric constant is
fully maintained, as is the case in the bulk material. This indicates
that the dramatic reduction of the dielectric constant is a con-
sequence of a profound change of the lattice dynamical properties,
in particular of the reduced softening of its lowest optical-phonon
mode. Our results therefore provide a better understanding of
the fundamental limitations of the dielectric constant values in
ferroelectric thin ®lms.

Phonons are important in the phase transitions in the ferro-
electric perovskite titanates SrTiO3 (STO) and (Ba,Sr)TiO3 (BST)4,5.
As temperature decreases, the eigenfrequency of the lowest optical
mode (the soft mode) falls and approaches zero at a critical
temperature Tc where a lattice instability leads to a ferroelectric
phase transition6. The Lyddane±Sachs±Teller (LST) relation for a
crystal with N infrared-active optical modes (N = 3 for STO) is:

e�0�

e�`�
� P

N

j

q2
LOj

q2
TOj

This relates the static dielectric constant, e(0), and the high-
frequency dielectric constant, e(`), to the eigenfrequencies, qLOj

and qTOj, of the longitudinal (LO) and transverse (TO) optical-
phonon modes, respectively. It is generally found that the eigen-
frequencies of the higher optical modes exhibit no sizeable variation
with temperature. In bulk crystals the LST relation has been proven
experimentally, and the dramatic increase of e(0) is directly related
to the soft-mode behaviour. The decrease of the soft-mode eigen-
frequency with temperature in bulk STO suggests a Tc of 32 K and
causes e(0) to increase to values above 20,000 (ref. 5), although zero-
point quantum ¯uctuations of Ti ions prevent a ferroelectric phase
transition from occurring7. For BST, the most commonly used
ferroelectric material for DRAM applications, Tc can be adjusted
by the Ba/Sr ratio to up to approximately 130 8C and e(0) can be as
high as 15,000 (ref. 8).

This high dielectric constant should allow the production of very
compact capacitor structures. In reality, however, much lower
values have been reported in thin ®lms. For example, a dielectric
constant of 150 was observed for a 24-nm-thick polycrystalline BST
®lm in a DRAM device structure3, while a value of e(0) of ,250 was
found in an epitaxial 25-nm-thick STO ®lm9. A widely accepted
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Figure 1 The effective dielectric function for a 2-mm-thick STO ®lm at 200 K. a, The real

part, e9(q), and b, the imaginary parts, e0(q), were measured by FT-IR ellipsometry using
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optical phonons by ®tting to the factorized form of the dielectric function5. The position of

the optical phonons obtained from the best ®t are marked with arrows.
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view is that this reduction of e(0) is caused by a dead layer at the
ferroelectric±electrode interface which has a very low dielectric
constant2,3,10. Such a dead layer may arise from oxygen interdiffu-
sion, chemical reaction, structural defects, Schottky barriers at the
interfaces, or the electric-®eld penetration into the metal electrodes.
Using a lattice dynamical approach to consider the interruption of
dipole±dipole interaction by the interface, Zhou and Newns further
pointed out that this dead-layer effect is intrinsic2. Applying the
dead-layer model to STO ®lms of various thicknesses, we have
derived a temperature-dependent dielectric constant for the volume
of the ®lm material which is only about 1,000 at its maximum; that
is, still well below the value of e(0) in bulk single crystals9. A
fundamental understanding of this effect demands lattice dynamic
studies, in particular on the soft-mode behaviour in thin ferro-
electric ®lms. An important question in this context is whether or
not the LST relation is maintained in the thin ®lms. Because it is
rather dif®cult to measure the optical properties of transparent thin
®lms, there is no report that addresses this issue. Recently, we have
used a metal-oxide bilayer Raman scattering technique in STO thin
®lms and observed strong optical-phonon peaks, indicating a low-
ering of crystal symmetry11. However, the soft mode was not
detected in the conventional Raman measurements, and an infrared
spectroscopic measurement would be more suitable for detecting
the infrared-active optical phonons.

We performed the far-infrared ellipsometry measurements at the
National Synchrotron Light Source (NSLS) at the Brookhaven
National Laboratory. This newly developed technique combines
ellipsometry, which directly measures the complex dielectric func-
tion without relying on the Kramers±Kronig transformation, with
Fourier-transform infrared (FTIR) spectroscopy, which allows a
high throughput and multiplexing. Combined with the high bright-
ness of the synchrotron radiation, far-infrared ellipsometry pro-
vides a powerful capability to measure vibrational properties with
high reliability and accuracy. The experimental set-up and data-
processing procedure have been described previously12. The com-
plex dielectric function was measured in the frequency range 30±
700 cm-1 as the temperature was varied from 5 to 300 K. The
samples were prepared by pulsed laser deposition with the same
bilayer structure as those used in the metal-oxide bilayer Raman
scattering experiments11. During the deposition, the substrate was

heated to 720 8C in an oxygen pressure of 100 mtorr, and the as-
deposited ®lm was then cooled to room temperature in 400 torr of
oxygen. STO ®lms with thicknesses of 0.5, 1 and 2 mm were
deposited on a 0.35-mm conducting oxide SrRuO3 (SRO) buffer
layer, which screens the optical signal from the single-crystal STO
substrate. The entire bilayer structure was epitaxially grown with
high crystalline quality. X-ray diffraction indicated that the STO
®lms have a cubic structure and transform to a tetragonal structure
at about 125 K, a slightly higher temperature than in the bulk
crystals (,105 K). The static dielectric constant e(0) was measured
at 1 kHz using an LCR meter in a parallel-plate capacitor con®g-
uration, formed by evaporating a gold electrode onto the bilayer
sample. The low-frequency loss tangent at room temperature is a
few times10-3 , indicating the high quality of the ®lms.

The real and imaginary parts of the effective dielectric function,
e9(q) and e0(q), for the 2-mm-thick STO ®lm at 200 K are shown in
Fig. 1. The soft TO1 phonon mode is clearly observed along with
other TO modes, and their positions are marked in the ®gure. We
also performed measurements on an SRO buffer layer, and ensured
that the substrate signal was indeed blocked by the metallic SRO.
The optical response of the SRO ®lm compares very well to the
previously reported data13. A detailed discussion on the correction
procedure for the SRO buffer layer will be published elsewhere. The
spectra from the 0.5- and 1-mm STO ®lms showed the same general
features as those in Fig. 1, except that the spectral weight of the
STO±SRO interface-related Berreman mode14 decreases with
increasing ®lm thickness.

The e0(q) spectrum between 30 and 160 cm-1, which includes the
peak corresponding to the soft-mode TO1 phonon, is shown as a
function of temperature in Fig. 2 for the 2-mm STO ®lm. The TO1
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phonon peak is broad due to phonon damping and inhomogene-
ities in the ®lms. The full-width at half-maximum (FWHM) of the
soft mode in the ®lm is about 40 cm-1; this is wider than the 25 cm-1

found in bulk crystals5,15. The additional broadening is probably the
consequence of structural defects in the STO thin ®lm, such as
oxygen vacancies11. To determine the soft-mode phonon frequency,
the experimental spectra are ®tted to the factorized form of the
dielectric function that takes into account the contribution of the
phonon broadening5. The positions of the soft mode from the best
®t are marked by the arrows in Fig. 2. As shown in this ®gure, the
eigenfrequency of the soft mode decreases as the temperature is
lowered. But in clear contrast to the bulk crystalsÐwhere the
eigenfrequency of the TO1 phonon mode saturates at 13 cm-1 at
low temperature15Ð in our STO thin ®lm the TO1 eigenfrequency
remains fairly high and saturates at 62 cm-1. The eigenfrequencies of
the other LO and TO phonon modes are rather similar in the thin
®lm and the single crystals.

To compare our results with the theoretical prediction based on
the LST relation, Fig. 3 shows the temperature dependence of the
square of the soft-mode frequency, q2

TO1, and the inverse dielectric
constant, 1/e(0), as obtained from the low-frequency dielectric
measurement for the STO ®lm and an STO single crystal. The
soft-mode frequency data for the single crystal are from our
ellipsometric measurement and the hyper-Raman result by Vogt15.
At room temperature, the values of q2

TO1 are about the same for the
thin ®lm and the single crystal, but when the temperature is lowered
the softening of the TO1 mode is much weaker in the thin ®lm.
Because the eigenfrequencies of all the other LO and TO phonons
change only slightly with temperature and are the same as those in
the bulk STO, according to the LST relation e(0) should depend
mostly on the eigenfrequency of the soft TO1 mode. Such a trend is
indeed observed: the harder soft mode in the thin ®lm clearly
correlates to a lower static dielectric constant. In Fig. 4, the ratio of
the measured e(0) to the theoretical value eLST, calculated according
to equation (1) with the experimental phonon frequencies and the
parameter e(`) = 5.6 (ref. 16), is plotted as a function of tempera-
ture. In the entire temperature range e(0)/eLST remains almost
constant and close to 1 for the STO crystal and the 2-mm ®lms.
(The slight deviation from 1 at low temperatures is due to the soft-
mode splitting into the A2u and Eu symmetry components. Averaged
soft-mode frequencies are used in Fig. 4. The low-temperature-®lm

values are obtained with the help of our recent electric-®eld-
induced Raman scattering measurement22. This demonstrates
that, as in the bulk crystal, the LST relation between the measured
eigenfrequencies of the optical-phonon modes and the static
dielectric constant is maintained with an accuracy of better than
10% in our 2-mm STO thin ®lms.

We have previously shown that the dead layer correction to e(0) is
negligibly small for 2-mm-thick STO ®lms9. The large STO ®lm
thickness is central to the observed agreement with the LSTrelation.
Also shown in Fig. 4 is the e(0)/eLST ratio for a 0.28-mm-thick STO
®lm obtained by Fedorov et al.16. Although a similar soft-mode
hardening behaviour was obtained by a far-infrared transmittance
experiment, the LST relation was not ful®lled because the measured
static dielectric constant was much smaller than in our ®lms. This
recon®rms that the e(0) reduction due to the dead-layer effect is
more important for smaller ®lm thickness.

From the LST relation, we obtain

q2
TO1;film

q2
TO1;bulk

�
ebulk�0�

efilm�0�

where qTO1,®lm and qTO1,bulk denote the eigenfrequencies of the soft
TO1 mode in the thin ®lm and the bulk crystal, respectively. Our
result con®rms this relation, and suggests that besides the dead-
layer effect, the lower dielectric constant in STO thin ®lms is due to
their fundamental lattice dynamical propertiesÐspeci®cally, the
soft-mode hardening. The physical mechanisms for the soft-mode
hardening now become the central issue. It is rather surprising that
our highly crystalline thick ®lm exhibits soft-mode behaviour
similar to that shown by the very thin, polycrystalline ®lm inves-
tigated by Fedorov et al.16, which seems to suggest a mechanism
related to the reduced dimensionality. On the other hand, it has
been shown that much higher dielectric constants can be obtained
in STO ®lms17,18 and that the epitaxial growth mode has a marked
in¯uence on their dielectric properties18, which suggests a critical
role of strain and defects. An analysis of our recent electric-®eld-
induced Raman scattering results in STO thin ®lms indicates that
the local polar regions surrounding the oxygen vacancies contribute
to the soft-mode hardening.

Our result has implications for the theories of dielectric response
in ferroelectric thin ®lms. The phenomenological theory that
attributes the reduction of permittivity to the interface-modi®ed
depolarization ®eld19 should be reconciled with the soft-mode
behaviour in thin ®lms. It also shows that the microscopic theory
of the intrinsic dead-layer effect2 needs to be modi®ed to extend it
beyond the soft-mode hardening in the interfacial layer. The result
we report here could also be relevant to investigations of other
ferroelectric materials, and to the `size effect' on ferroelectric
properties in polycrystalline ceramics. For example, in polycrystal-
line BST thin ®lms, the reduction of dielectric constant has been
attributed to interfacial dead-layer effect, cation nonstoichiometry,
and in-plane stress20. In ®ne-grained BaTiO3, the small grain size
and stress are closely linked, and cause an increase in the dielectric
constant21. Such size effects will no doubt in¯uence soft-mode
behaviour in thin ®lms and ®ne particles, with signi®cant implica-
tions for high-e(0) applications of ferroelectric thin ®lms. M
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The increasing demand of the chemical and pharmaceutical
industries for enantiomerically pure compounds has spurred
the development of a range of so-called `chiral technologies'
(ref. 1), which aim to exert the ultimate control over a chemical
reaction by directing its enantioselectivity2. Heterogeneous enan-
tioselective catalysis3±5 is particularly attractive because it allows
the production and ready separation of large quantities of chiral
product while using only small quantities of catalyst. Heteroge-
neous enantioselectivity is usually induced by adsorbing chiral
molecules onto catalytically active surfaces1,3±7. A mimic of one
such catalyst is formed by adsorbing (R,R)-tartaric acid molecules
on Cu(110) surfaces: this generates a variety of surface phases, of
which only one is potentially catalytically active8, and leaves the

² Permanent address: IRC for Surface Science, University of Manchester, Manchester M13 9PL, UK.

question of how adsorbed chiral molecules give rise to enantio-
selectivity. Here we show that the active phase consists of extended
supramolecular assemblies of adsorbed (R,R)-tartaric acid, which
destroy existing symmetry elements of the underlying metal and
directly bestow chirality to the modi®ed surface. The adsorbed
assemblies create chiral `channels' exposing bare metal atoms, and
it is these chiral spaces that we believe to be responsible for
imparting enantioselectivity, by forcing the orientation of reac-
tant molecules docking onto catalytically active metal sites. Our
®ndings demonstrate that it is possible to sustain a single chiral
domain across an extended surfaceÐprovided that re¯ection
domains of opposite handedness are removed by a rigid and
chiral local adsorption geometry, and that inequivalent rotation
domains are removed by successful matching of the rotational
symmetry of the adsorbed molecule with that of the underlying
metal surface.

The hydrogenation of b-ketoesters over Ni catalysts that have
been modi®ed with (R,R)-tartaric acid ((R,R)-TA) is one the most
successful heterogeneous enantioselective reactions, producing
enantiomeric excesses of .90% of the hydrogenated R-product4,6,7.
The enantioselectivity can be switched to yield the S-enantiomer
product by simply using the mirror-image (S,S)-tartaric acid as a
modi®er6. When a single molecular layer of (R,R)-tartaric acid is
adsorbed on Cu(110), only the ordered phase created at low
coverages and temperatures in excess of 350 K is capable of
subsequent adsorption of the reactant molecule, methylacetoace-
tate, which represents the simplest b-ketoester. Surface infrared
data8 indicate that this active phase consists solely of the bitartrate
form in which both acid groups have deprotonated to yield
carboxylate moieties. The bitartrate molecule straddles the Cu
rows so that both carboxylate ends are positioned above the
preferred9 two-fold short-bridge adsorption site, and the oxygen
atoms are equidistant from the surface8 (Fig. 1A). This adsorption
mode leaves the C2±C3 bond almost parallel to the surface, with the
C±OH groups extending out from the molecular skeleton, project-
ing a large component parallel to the surface.

Here we present a detailed study of the two-dimensional ordering
of this active phase, which gives rise to a low-energy electron
diffraction (LEED) pattern (Fig. 1B) that can be indexed in
matrix notation as (9 0, 1 2) (see Fig. 1B legend for details of this
nomenclature). Scanning transmission microscopy (STM) images
of this phase (Fig. 1C) con®rm the presence of long-range order,
yielding an oblique (9 0, 1 2) repeat surface unit mesh, with the
dimensions (AÊ ) 23.04 ´ 7.68 , a = 19.478. Each unit cell contains
three molecules, resulting in a fractional coverage of 1/6 with respect
to the number density of surface metal atoms. The STM images
reveal that the bitartrate molecules are self-assembled in rows of
three, each row stacking in parallel with others to form long chains.
These long chains are aligned along the h11Å4i surface direction,
which does not coincide with any of the symmetry directions
present on the Cu(110) surface. As a result, this molecular growth
direction has the effect of destroying all the symmetry elements of
the underlying metal, leading directly to the creation of a chiral
surface that is non-superimposable on its mirror image. This
observation suggests that cooperative10 behaviour of the adsorbed
bitartrate molecules plays a central role in bestowing chirality, or
`handedness', to the achiral metal surface. We attribute this self-
assembly to the close proximity of the a-hydroxy groups on
neighbouring bitartrate molecules, leading to intermolecular
hydrogen-bonding interactions that extend across the surface. The
growth direction of this supramolecular assembly is dictated solely
by the conformation of the a-hydroxy groups on the adsorbed
bitartrate species (Fig. 1A); in this case, the optimum interaction
leads to a h11Å4i chain alignment. We note that in order to restrict
supramolecular growth along one particular direction, the locations
of the hydroxy groups need to be constrained in space. The
bitartrate form meets this requirement by its two-point attachment
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