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Figure 1 Sketch of the resonator with the two active slices sticking out of the monolithic
device. Photons impinging from the left can be trapped due to transmission and re¯ection
probabilities T and R, respectively. They exit the resonator with probabilities TT, TRRT,
TRRRRT¼T 2R 2N for 0, 1, 2¼N back-and-forth bounces at t 0, t1¼, being delayed by
N times the time of ¯ight inside the resonator of 1.0 ns. The re¯ection angle is adjusted to
exactly 180 degrees and the beam paths of multiply re¯ected photons are exactly
superimposed in space.

discussed for more than thirty years4,6,7, but have yet to be realized.
Here we report the storage of hard X-ray photons (energy 15.817
keV) in a crystal resonator formed by two plates of crystalline
silicon. The photons are stored for as many as 14 back-andforth cycles within the resonator, each cycle separated by one
nanosecond.
The X-ray resonator consists of a pair of vertical plates cut from a
monolithic silicon crystal, separated by 150 mm and with the 111
orientation along their surface normals, as sketched in Fig. 1. The
plates are slightly wedge-shaped in order to vary the effective crystal
thickness between 50 mm and 500 mm by a horizontal translation
perpendicular to the axis of the beam. The experiment was performed at the inelastic scattering beamline ID28 at the European
Synchrotron Radiation Facility (ESRF). The radiation from the
undulator source was monochromatized using the silicon 888
re¯ection at a Bragg angle of 89.865 degrees. This provided an Xray beam of approximately 15.817 keV with an energy resolution of
3.7 meV and a divergence of about 10 mrad. The energy of the
incoming photons could be varied through thermal expansion of
the lattice spacing by an accurate temperature control of the
monochromator, and a typical overall stability of 10 mK during
the integration time of one pattern could be achieved. (Using the
thermal expansion coef®cient a = 2. 56 ´ 10-6 K-1 for silicon, gives
the relative lattice parameter uncertainty Dd/d = aDT = 2. 56 ´ 10-8,
where T is temperature. This is a much smaller value than the energy
resolution DE/E = 2. 3 ´ 10-7 of the incident X-ray beam.) The
resonator was aligned such that photons are Bragg re¯ected exactly
back into the axis of the incident beam, and the intensity
transmitted through the crystal plates was measured behind the
resonator by a fast avalanche diode with a response time matching
the intrinsic time structure of the synchrotron X-ray beam.
The Bragg condition for the resonator was determined by energy
variation of the incoming photons through the controlled thermal
expansion of the monochromator lattice spacing. The result of such
a scan is shown in Fig. 2. The exact Bragg condition is ful®lled when
the transmitted intensity has a minimum, because most of the
photons are then back re¯ected and do not reach the detector. The
observed full-width-half-maximum (FWHM) on the relative
energy scale is DE/E = 7.4 ´ 10-7 and the minimum transmission
through the two 292-mm slices is 17% after consideration of normal
absorption.

Figure 2 Calculated re¯ection and transmission curves R and T of a resonator 2 ´
292 mm in thickness as a function of relative energy deviation DE/E from the centre of the
Bragg re¯ection. The monochromator delivers a similar curve to R, regardless of the small
wiggles stemming from the slice thickness; thus the calculated curve for the simulation of

an energy scan is the convolution T*R. The experimental data have been adapted to the
intensity scale. The dashed line is the absorption far off the Bragg peak; the experimental
data is consistent with theory for anomalous absorption, the asymmetry around the Bragg
position.
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The temporal structure and high brilliance of the X-ray beams
produced by third-generation synchrotrons open up new possibilities in time-dependent diffraction and spectroscopy, where
timescales down to the sub-nanosecond regime can now be
accessed. These beam properties are such that one can envisage
the development of the X-ray equivalent of optical components,
such as photon delay lines and resonators, that have proved
indispensable in a wide range of experimentsÐfor example,
pump-probe and multiple-interaction experimentsÐand
(through shaping the temporal structure and repetition rate of
the beams) time-dependent measurements in crystallography,
physics, biology and chemistry1±3. Optical resonators, such as
those used in lasers, are available at wavelengths from the visible
to soft X-rays4,5. Equivalent components for hard X-rays have been
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The time dependence of the transmitted beam at the centre of the
Bragg re¯ection, that is, at the dip in Fig. 2, is shown in Fig. 3 for
various crystal thicknesses. The data was obtained in the ESRF 16bunch mode where X-ray pulses of 100-ps duration are separated by
176 ns. The time delay between a registered photon and the
synchrotron bunch clock was measured stroboscopically and the
events were stored in corresponding channels of a multi-channel
analyser3. The ®rst curve shows the time structure of the detector
without the resonator in the beam. The intensity maximum
corresponds to the undelayed photons at time t = 0. The signal
has a FWHM of 500 ps, corresponding to the time response of the
detector. The shape asymmetry arises from intrinsic capacities8 and
can be neglected in this experiment. The time patterns with the
resonator in the Bragg position differ qualitatively from the ®rst
curve and show a series of sequential maxima separated by 1.0 ns
forming an exponential decay towards longer times. The maxima
correspond to photons trapped within the resonator for 1, 2, 3¼N
successive re¯ections from both crystal plates. When the beam
impinges onto the ®rst crystal slice, there is a probability for
transmission, giving the forward diffracted beam. The same holds

Figure 3 Time pattern of stored photons at the exit of the resonator. Without the crystal in
the beam, only a direct bunch of photons is observed at time zero, whereas many bunches
appear when the device is in Bragg condition. Each peak at later times corresponds to
multiple back-and-forth travels inside the device. The widths of the peaks are dominated
by the time resolution of the avalanche detector.

for the second plate and therefore yields a maximum signal at t = 0.
But there is also a probability for re¯ection at each slice, permitting
part of the beam to go back and forth and thus travel several times
the length between the slices, that is, multiples of 30 cm in length or
of 1.0 ns in time, resulting in the detected peak separations. We
observe up to 14 peaks corresponding to up to 14.0 ns of time delay
and even intensity beyond that for the 243-mm-thick crystals. The
delayed maxima are less intense for thicker crystal slices because the
transmission probability for entering and leaving the resonator is
reduced, even in the case of no absorption, and a compromise has to
be made between transmission and re¯ectivity.
The storage capacity of the resonator depends on the ratio of the
crystal thickness to the `PendelloÈsung period' of the chosen
re¯ection9; this ratio de®nes the minimum thickness that will
yield maximum re¯ectivity. For the silicon 888 re¯ection it is
150 mm; a resonator of this plate thickness would reach optimum
storage and thus longest delay times. For thicker crystals, fewer
photons enter or exit the resonator, as a result of back re¯ection, and
so the total observed intensity decreases. Thinner crystals down to
half a PendelloÈsung period could be useful for a small number of
bounces, that is, a small number of re¯ections, when higher
transmission is advantageous at the cost of reduced re¯ectivity.
The intensity ratios between successive back-and-forth bounces
derived from Fig. 3 are plotted in Fig. 4 as a function of the number
of bounces. Again, the thinnest crystal gives the highest values. Most
of the intensity leaks out of the resonator during the ®rst bounces,
mainly as photons with energies in the tails of the re¯ection curve
where the re¯ectivity is low. Photons exactly ful®lling the Bragg
condition have the highest re¯ectivity and thus survive longest in
the cavity. Consequently, the beam becomes ®rst highly monochromatic, reducing the intensity of its wings, and only photons in a
very narrow energy range within the intrinsic width of the re¯ection
curve remain in the resonator. The experimental bounce ratio
approaches asymptotically the value 0.5, corresponding to a crystal
re¯ectivity of about 70%. The points connected by the continuous
line are results from a calculation. The curve shows a faster decrease
for the very ®rst bounces followed by a higher asymptotic value of
66%. These discrepancies with theory are consistent with the
broader width and deeper dip in the experimental energy scan of
Fig. 2 and are probably attributable to lattice strain of the Czochralski grown crystal with high oxygen concentration used in this
set-up.
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Figure 4 Intensity ratios between neighbouring peaks in the time period of Fig. 3 and calculated values obtained from dynamical theory (joined circles).
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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 interference 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.
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Soft-mode hardening
in SrTiO3 thin ®lms

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 consequence 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 ferroelectric 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:
N q2
e 0
LOj
P 2
j qTOj
e `

This relates the static dielectric constant, e(0), and the highfrequency dielectric constant, e(`), to the eigenfrequencies, qLOj
and qTOj, of the longitudinal (LO) and transverse (TO) opticalphonon modes, respectively. It is generally found that the eigenfrequencies 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 eigenfrequency 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 zeropoint 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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Understanding the behaviour of the dielectric constant in ferroelectric thin ®lms remains a challenging problem. These ferroelectric 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 phenomenon 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 lowfrequency dielectric measurements in SrTiO3 thin ®lms, which
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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
synchrotron radiation. From the spectra we determined the eigenfrequencies of the
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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