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Squeezing more out of ultrafast x-ray measurements
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The observation of squeezed phonons by x-ray diffraction allows researchers to study the interactions between

ultrafast lasers and matter in a whole new light.
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Fluctuations are unavoidable in any physical system
but they can be the bane of precision measurements. A
way around this is to generate what are called squeezed
states. In a squeezed state, the uncertainty in one of a
pair of conjugate variables (such as position and mo-
mentum) can be reduced below the quantum limit, so
long as the product of the variables satisfies the Heisen-
berg relation. In many important applications like quan-
tum information processing [1] and gravity-wave detec-
tion [2], the squeezed states correspond to an electro-
magnetic field. In a paper appearing in Physical Review
Letters, Steven Johnson and colleagues at the Paul Scher-
rer Institut in Switzerland and collaborators in Switzer-
land, the US, and Ireland are looking at squeezed states
in another bosonic field: vibrations in a solid that are
excited by light. These squeezed phonons correspond
to oscillating fluctuations in the atomic displacements
and momenta for a single crystal of bismuth and they
are measured directly using femtosecond x-ray diffrac-
tion [3] (Fig. 1). Such experiments could have far reach-
ing implications for studying excited state dynamics at
ultrafast times and on atomic-length scales, such as in
chemical reactions and electronic and vibrational relax-
ation in solids.

It is well known that the power spectrum of random
fluctuations in thermal equilibrium is directly related to
the linear response of a system to an external force (this
is the famous fluctuation-dissipation theorem). Physi-
cists routinely use this relationship to study dynamics
over a wide range of distance and time scales. However,
in order to probe displacements on atomic length scales
and the fastest vibrations in solids, new techniques are
required. Time-resolved x-ray diffraction has proven to
be useful for tracking both the average and mean-square
displacement of atoms following intense laser excitation
[4].

In 1913, Debye explained the effects of the thermal vi-
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FIG. 1: X rays measure squeezed phonon states in a crystal
of bismuth. At time t1, a laser pulse excites electrons in bis-
muth from the valence to the conduction band. The change
in electron density in the conduction band causes the inter-
atomic bonds to soften and “squeezes” the thermally excited
phonons. The mean-square displacements of the bismuth
atoms, denoted by the size of the circles, oscillates in time at
a frequency that is twice that of the phonon. The lower the
spread in the displacements, the larger the spread in momenta
(and vice versa), which corresponds to a squeezed state. The
intensity of an x-ray diffraction peak from the bismuth lat-
tice planes, measured at time f;, depends on the amplitude
of the mean-square displacements and can therefore measure
the squeezed state. (Illustration: Alan Stonebraker.)

brations of atoms on an x-ray diffraction pattern from a
crystalline solid [5]. Increasing temperature causes the
intensity of a Bragg diffraction peak to go down, but
the position and width of the peak remains mostly un-
changed. This decrease in Bragg peak intensity—the
so-called Debye-Waller effect—depends exponentially
on the mean-square atomic displacements relative to
the spacing between—and the projection perpendicular
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to—the atomic planes. In a typical experiment this re-
sults in a time-averaged reduction in the area under the
Bragg peak that gets more pronounced with both tem-
perature and at higher order reflections.

In their experiment, Johnson ef al. exploit the Debye-
Waller effect to measure the time-dependence of the
mean-square displacements of atoms in pure bismuth
that are excited with a laser. In bismuth, intense pho-
toexcitation leads to coherent phonons that oscillate
with a high amplitude. (Here, coherent phonon means
that the motions of the atoms in each unit cell of the crys-
tal are in phase.) And, the greater the intensity of the
excitation source, the lower the frequency of the excited
phonon. Johnson et al. excite phonons in bismuth with
laser light that has a wavelength much longer than the
interatomic spacing of bismuth, so that the optical exci-
tation transfers negligible momentum to the crystal lat-
tice and they can study phonon modes with close to zero
momentum. While a number of experimental and the-
oretical studies of such near-zero-momentum phonon
modes have been undertaken in the limit of strong exci-
tation [6], this is the first experiment that directly probes
the effect that the laser excitation has on all the phonon
modes.

In Johnson ef al.’s experiments, the laser excites a sub-
stantial fraction of the electrons from the valence to con-
duction band in a time that is short compared to the
period of the fastest vibrations. This suddenly alters
the forces between the bismuth atoms and the allowed
phonons are no longer those of the equilibrium solid.
However, the position and momentum of the atoms can-
not respond instantaneously. What follows is that the
mean-square amplitudes (and momenta) of individual
phonons oscillate at twice the excited state frequency.
The atoms oscillate between being, on average, a lit-
tle closer to their equilibrium positions (with increased
spread in momenta) and being a little further from their
equilibrium positions (with decreased spread in their
momenta). This is what is meant by a squeezed phonon.

At a definite time interval after the laser excitation,
Johnson et al. measure the time evolution of a Bragg
diffraction peak with short pulses (~ 140 fs) of x rays
(Fig. 1). Since the Debye-Waller factor—and the Bragg
peak intensity—depend directly on this modulation of
the mean-square displacements that results from the
squeezed phonon, the intensity of the Bragg peak os-
cillates in time with a frequency that is twice the ex-
cited state frequency. To see this oscillation, though,
requires a major experimental breakthrough to miti-
gate the effect of the coherent zone-center phonons that
would otherwise swamp the squeezing signal. The re-
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searchers therefore arrange the x rays to diffract from
lattice planes where the displacements associated with
the coherent phonon have no effect on the scattering in-
tensity. The results show a clear oscillation in the mean-
square displacement that is consistent with near uni-
form softening of all phonon modes—in other words,
with a uniform reduction of the force constants—and are
interpreted as the first direct observation of squeezed
phonons [7].

Squeezed phonons were first observed in second-
order Raman scattering [8], but unlike x-ray diffraction,
where the wavelength of the light is close to that of the
spacing between atoms, optical measurements provide
only an indirect probe of the atomic displacements. In
both cases, the measurements sum over a density of
phonon states. It is important to note that with the
advent of fourth-generation light sources, such as the
Linac Coherent Light Source x-ray free electron laser,
which began lasing this week [9], researchers will soon
be able to extend these types of studies to x-ray diffuse
scattering, which is sensitive to the atomic displacement
for a particular wave vector. Such experiments will al-
low us to measure changes in the interatomic forces
across all length scales.
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