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Synchrotrons produce continuous trains of closely spaced X-ray
pulses. Application of such sources to the study of atomic-scale
motion requires efficient modulation of these beams on time-
scales ranging from nanoseconds to femtoseconds. However,
ultrafast X-ray modulators are not generally available. Here we
report efficient subnanosecond coherent switching of synchro-
tron beams by using acoustic pulses in a crystal to modulate the
anomalous low-loss transmission of X-ray pulses. The acoustic
excitation transfers energy between two X-ray beams in a time
shorter than the synchrotron pulse width of about 100 ps. Giga-
hertz modulation of the diffracted X-rays is also observed. We
report different geometric arrangements, such as a switch based
on the collision of two counter-propagating acoustic pulses: this
doubles the X-ray modulation frequency, and also provides a
means of observing a localized transient strain inside an opaque
material. We expect that these techniques could be scaled to
produce subpicosecond pulses, through laser-generated coherent
optical phonon modulation of X-ray diffraction in crystals. Such
ultrafast capabilities have been demonstrated thus far only in
laser-generated X-ray sources, or through the use of X-ray streak
cameras' ™.

X-ray anomalous transmission (the Borrmann effect) is a classical
diffraction effect where X-rays propagate through a crystal with low
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loss over many average attenuation lengths’~’. The X-ray field found
by solving Maxwell’s equations in a periodic medium has two
linearly independent eigensolutions (see Fig. 1). Solution a is the
anomalous transmission wave, where absorption is reduced because
the nodes of the X-ray field lie near the atomic crystal planes, asin a
waveguide. Solution 3 has the antinodes of the field near the lattice
planes, creating enhanced absorption. In crystals thicker than
several attenuation lengths, the B-solution is almost completely
absorbed, and the X-rays are nearly pure a-type. At the exit face of
the crystal, the a-wave redistributes into two freely propagating X-
ray beams with approximately equal intensities: the forward dif-
fracted beam, with a momentum parallel to the original incident
beam; and a deflected diffracted beam, which satisfies the Laue
condition for a particular set of crystal planes.

Anomalous transmission is sensitive to small lattice distortions.
Borrmann’s own experiments demonstrated the sensitivity of
anomalous transmission to lattice strain due to a small thermal
gradient'’. More recent work has shown that low-frequency acoustic
waves can spatially modify the anomalous transmission'' or even
destroy it In all of these experiments, the induced strain
weakens the anomalous transmission.

The forward and deflected beams are the eigenmodes outside the
crystal. At the exit face of the crystal, a and B redistribute into
orthogonal linear combinations of these two freely propagating
mutually coherent X-ray beams. The a- and B-solutions propagate
at different phase velocities, because they experience different
indices of refraction. This leads to the Pendell6sung effect—that
is, the modulation of the intensity of the outgoing X-ray beams as a
function of the total accumulated phase difference between the two
interior solutions—provided that the crystal is thin enough for the
B-solution not to be absorbed”™’. The key to coherent control of the
X-ray pulses is to create coherent combinations of a and 3 near the
exit face of the crystal, which will interfere to produce the desired
modulation in the free solutions outside the crystal. In particular, a
buried interface (such as a dislocation) repopulates the B-solution
even after it has decayed away in a thick crystal'.

In previous experiments on anomalous transmission''™", the
perturbations encompassed the entire crystal bulk. In the present

Incident

Figure 1 Geometry for X-ray diffraction from the asymmetric 202 crystal planes of
Ge[001]. Inside the crystal, the field consists of two transverse standing waves: the
a-wave has its nodes on the atomic planes and thus experiences low absorption, while
the B-wave has its antinodes on the atomic planes and thus experiences enhanced
absorption. At the exit face of the crystal, « and B redistribute into orthogonal linear
combinations of two freely propagating X-ray beams: a forward-diffracted beam and a
deflected-diffracted beam.
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Figure 2 Time-resolved measurement of the 202 diffraction following laser impulsive

excitation of an acoustic wave on the exit face of a thick Ge [001] crystal. Top: forward
(blue) and deflected (red) X-ray intensity near the diffraction peak as a function of time
delay (At) following excitation. Bottom: expanded scale showing the regions where the

work, an ultrafast (70-fs) laser pulse is absorbed in a 200-nm-thick
surface layer of a 280-pum-thick Ge single crystal. This launches an
acoustic impulse into the crystal'*’, which modulates the ratio of
the two diffracted X-ray beams on a subnanosecond timescale. The
laser absorption, and the accompanying acoustic impulse, occurs
over a length much less than the characteristic Pendellosung length
(~5wm). The impulse can be modelled as a thin interface that
separates two distinct but otherwise perfect crystals. This interface
rotates the wave solution in the (o,3) basis (thus maintaining their
mutual coherence), in effect modifying the boundary conditions to
the second crystal. By adjusting the delay between the X-rays and the
acoustic pulse we can cause the exit beams to switch energy
preferentially from one beam to another, modulate the two beams
together, or even enhance the anomalous transmission.

The experiments were performed at the Michigan-Howard-
Lucent Technologies undulator beamline at the Advanced Photon
Source synchrotron. The spacing between X-ray pulses was 152 ns,
sufficient to detect single X-ray pulses by gating the signal from a
silicon avalanche photodiode (APD). Two independent APDs were
used to measure the forward and deflected beams simultaneously. A
Si(111) double crystal monochromator delivered up to 107 10-keV
X-ray photons per pulse in a bandwidth of 1.4 eV. The X-ray switch
was a 280-um crystal of Ge[001], polished on both faces, which was
impulsively excited by a 70-fs laser pulse, at 840 nm wavelength,
with a fluence of ~5m]Jcm™. The X-ray attenuation length at
10keV is 50 wm. The laser was synchronized to the X-ray pulses
with a precision of 19 ps, over a delay of —1 to 1 ms. Our measure-
ment resolution was limited by the X-ray pulse length of ~100 ps.

Figure 1 illustrates the transmission geometry for X-rays incident
in a direction that satisfies the Bragg condition for the 202 crystal
planes of a [001]-oriented crystal. This geometry is asymmetric, in
that the forward and deflected beams leave the crystal at different
angles with respect to the surface normal. Inside the crystal, the X-
rays propagate at 45° with respect to the surface normal, parallel to
the crystal planes, such that the effective propagation distance was
about eight average attenuation lengths. Figure 2 shows the time-
resolved transmission following ultrafast laser-excitation on the exit
face of the crystal (the face at which the a- and B-solutions
redistribute into the freely propagating forward and deflected
beams). We detected both the forward and the deflected X-rays as
a function At and as a function of crystal angle, near the diffraction
peak. (At is the time difference between the arrival of the X-ray pulse
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At (ns)

acoustic pulse is near the exit or entrance crystal surface. Two-dimensional plots: the
measured X-ray transmission versus Atand crystal angle (® — ®g) near the forward (top)
and deflected (bottom) diffraction peaks in normalized false colour.

and the laser pulse; the deviation from the Bragg condition is given
by @ - @B)

At time delays less than Af = 0, the X-rays arrive at the crystal
before any laser excitation, and propagate via the Borrmann effect.
The incident beam outside the crystal splits into o and B immedi-
ately inside the surface, and because the crystal is thick, only the o
portion propagates with little attenuation. At the output face, a
splits into approximately equal portions of forward and deflected
beam.

Starting at At = 0, the diffracted intensity switches from the
deflected beam to the forward beam. Approximately 75% of the
energy is transferred in less than 100 ps. The amount of energy
transfer was observed to depend on the incident laser fluence. As
only the a-solution exists at the exit face, a full transfer of energy
requires repopulation of the  solution. After X-ray propagation
over one-quarter of a Pendellosung period (which is greater than
1.25um for 10-keV X-rays in this geometry), the output has
switched to pure forward or deflected X-rays, depending on the
initial sign of the rotation. Assuming an upper limit of the switch
time given by our resolution of 100 ps, this implies that either the
Pendellosung length decreases by a factor of at least 2.5 or the
excitation propagates into the crystal at greater than 2.5 times the
sound speed (5,000ms™" for longitudinal acoustic phonons along
[001]). To resolve the initial switch mechanism, faster time resolu-
tion (for example a picosecond X-ray streak camera) may be
required.

The Pendellosung length decreases as the crystal tilts away from
the Laue resonance. A transient strain with components along the
reciprocal lattice vector could reduce the oscillation length enough
to switch the beams. Another possible mechanism is the supersonic
transfer of energy through the ambipolar diffusion of the dense
electron—hole plasma produced by laser excitation. The plasma then
provides the source of stress that produces lattice strain in the
crystal7?", Estimates based on our experimental parameters
indicate that either mechanism is plausible.

Following the initial switch in Fig. 2, Pendellosung oscillations are
apparent in both the forward and deflected beams. The oscillations
appear to be  radians out of phase with a frequency of ~1 GHz.
This frequency is consistent with the passage of an acoustic impulse
that redistributes energy from the o wave to a linear combination of
o and B as it moves along the [001] crystal normal at the speed of
sound. These oscillations decay with a time constant ~5 ns. This is
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Figure 3 Time-resolved measurement of the 202 diffraction following simultangous

impulsive excitation of an acoustic wave on the entrance and exit faces of a thick Ge[001]
crystal. Top: forward (blue) and deflected (red) X-ray intensity near the diffraction peak as
a function of time delay (At) following excitation. Bottom: expanded scale showing the

faster than an average attenuation length divided by the speed of
sound (~10ns), owing to the enhanced absorption of the
solution.

Around 55 ns the acoustic pulse approaches the input face of the
crystal at the sound speed, so that the acoustic disturbance forms a
thin interface separating the near-input region from the rest of the
crystal. The diffraction efficiency increases as the interface
approaches the input face because the initial 8 solution has not
yet decayed. Once again, the time constant is determined by the 3
absorption and the speed of sound. The disturbance is such that the
rotation of the («,B) basis results in an increased amplitude in the
solution. Pendellosung oscillations are apparent as the interface
moves through the crystal in this near-surface region. However, the
two diffracted beams now oscillate in phase because the B solution is
severely attenuated by the following thick crystal; that is, the two
external fields are determined solely by the a-solution (anomalous
transmission) as it is modified at the interface.

We can double the Pendellosung frequency by colliding two
counter-propagating acoustic disturbances. Figure 3 shows the X-
ray transmission in the forward and deflected beams following
simultaneous excitation of acoustic waves on the input and output
crystal faces. In this case the crystal was oriented so that the incident
wave diffracts from the 202 planes. This is similar to the 202
geometry (Fig. 1) except that the incident beam is now along a
direction parallel to the 202 deflected beam, that is, the opposite
asymmetry.

Two acoustic pulses separate the crystal into three regions. Near
At = 0 and again near At = 55ns a thick inner crystal is separated
by thinner crystals at the entrance and exit faces. The initial switch
increases the intensity of the deflected beam and decreases the
intensity in the forward beam. This is in contrast to the effect
observed with the switch using the opposite asymmetry. We also
observed (not shown) that single-pulse excitation in this geometry
results in a similar initial redistribution of energy. We infer that the
sign of o/ at the point of the disturbance changes with the crystal
orientation asymmetry. Near At = 27.5ns, or half of the acoustic
transit time, a thin crystal develops in the centre of the Ge. This is
accompanied by a revival of the Borrmann effect that is particularly
evident in the deflected beam. Pendellosung oscillations are again
visible but the oscillation frequency is now ~2 GHz, indicating that
two interfaces are approaching each other at twice the speed of
sound. As At approaches 55 ns, the oscillations are out of phase
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region where the two acoustic pulses cross in the centre of the crystal. Two-dimensional
plots: the measured X-ray transmission versus At and crystal angle (@ — ®@g) near the
forward (top) and deflected (bottom) diffraction peaks in normalized false colour.

because the B-solution is repopulated by the acoustic pulse
launched from the input surface at At = 0.

We have created an efficient X-ray switch that can transfer energy
between two widely separated X-ray beams at speeds faster than
100 ps. The motion of atoms in the crystal lattice limits the ultimate
speed of this switch. Optical phonon excitations in this geometry
could lead to subpicosecond switching times. U
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The efficiency of light-emitting diodes (LEDs) made from organic
semiconductors is determined by the fraction of injected electrons
and holes that recombine to form emissive spin-singlet states
rather than non-emissive spin-triplet states. If the process by
which these states form is spin-independent, the maximum
efficiency of organic LEDs will be limited to 25 per cent'. But
recent reports have indicated fractions of emissive singlet states
ranging from 22 to 63 per cent’~, and the reason for this variation
remains unclear. Here we determine the absolute fraction of
singlet states generated in a platinum-containing conjugated
polymer and its corresponding monomer. The spin-orbit cou-
pling introduced by the platinum atom allows triplet-state emis-
sion, so optically and electrically generated luminescence from
both singlet and triplet states can be compared directly. We find an
average singlet generation fraction of 22 £ 1 per cent for the
monomer, but 57 * 4 per cent for the polymer. This suggests that
recombination is spin-independent for the monomer, but that a
spin-dependent process, favouring singlet formation, is effective
in the polymer. We suggest that this process is a consequence of
the exchange interaction, which will operate on overlapping
electron and hole wavefunctions on the same polymer chain at
their capture radius.

Several sophisticated methods have been used to determine the
singlet generation fraction in organic LEDs, but these are often
complicated by the fact that triplet states are generally non-emissive
in conjugated organic compounds. As a result it has previously only
been possible to place a lower limit on the singlet generation
fraction in polymer LEDs. We have circumvented the problem of
a non-emissive triplet state by investigating a Pt-containing poly-
mer and its corresponding monomer (Fig. 1). The heavy Pt atom
introduces spin-orbit coupling which allows the spin of the electron
to flip or rephase and transitions between the singlet and triplet
manifolds become possible®. Conjugation is preserved through the
Pt atom by mixing of the frontier orbitals of the Pt and the ligand’.
Direct emission from the triplet state is therefore observed for both
optical and electrical excitation of LEDs made from these materials
and this allows a straightforward calculation of the absolute singlet
generation fraction.

The photoluminescence and electroluminescence spectra of the
polymer and monomer (Fig. 2) both show two characteristic
emission bands, and the relative contribution of each band to the
total emission is indicated as a percentage. The high and low energy
bands are due to singlet and triplet excited states S; and T,
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Figure 1 The chemical structures of the platinum-containing polymer and monomer
investigated. A schematic of the simple light-emitting diode structure used is also given.
PEDQT, poly(3,4-ethylenedioxythiophene); PSS, poly(styrenesulphonate); ITO, indium-tin
oxide.

respectively. The triplet-state emission of this polymer and mono-
mer and that of other similar materials has been well characterized
previously by lifetime and photoinduced absorption measure-
ments®"". The triplet emission is observed at around 0.7 eV below
the singlet in this and other conjugated polymers”'®'*' and
this finite exchange energy implies an excited state which is
self-localized.

We note that although the spin-orbit coupling induced by
the heavy Pt atom has been shown to produce close to 100%
intersystem crossing® from the S, state to Ty, there is still more
emission observed from S; than from T, in photoluminescence at
290 K. This is because, despite the T,—S, transition being partially
allowed in this polymer and monomer, the radiative decay rates
from the triplet states are still only of the order of 10°s™ in
comparison with non-radiative decay rates of 10°~10°s™", so only
one in 1,000 of the triplets generated emits"”. The non-radiative
decay rate increases exponentially with decreasing T,—S, gap and is
controlled by multi-phonon emission".

In order to compare electroluminescence and photoluminescence
spectra we measured both in LED structures. For electrical excita-
tion we observe a greater percentage of the photons to be from the
triplet state than with optical excitation, but in other respects the
spectra are very similar (Fig. 2). In order to use the emission spectra
to calculate the fraction of excited states generated in the singlet spin
state, xs, we model the processes of photoluminescence and elec-
troluminescence as shown in Fig. 3. In photoluminescence a
number [ of excitons are originally all created in the singlet S,
state, and from there they decay radiatively (with a decay rate kg(s))
or non-radiatively (with a decay rate kyg(s)) to the singlet ground
state Sy, or undergo intersystem crossing to the triplet manifold
(with a rate kisc). Both radiative and non-radiative decay occurs
from the triplet state T, to the ground state Sy. For electrolumines-
cence the processes are exactly the same as in photoluminescence,
with the important exception that it is also possible to create a
fraction xrof triplet excitons directly. We define the quantum yields
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