APPLIED PHYSICS LETTERS 106, 154101 (2015)

@CrossMark

Nonlinear delayed symmetry breaking in a solid excited by hard x-ray free
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We have studied the ultrafast changes of electronic states in bulk ZnO upon intense hard x-ray exci-
tation from a free electron laser. By monitoring the transient anisotropy induced in an optical probe
beam, we observe a delayed breaking of the initial c-plane symmetry of the crystal that lasts for
several picoseconds. Interaction with the intense x-ray pulses modifies the electronic state filling in
a manner inconsistent with a simple increase in electronic temperature. These results may indicate
a way to use intense ultrashort x-ray pulses to investigate high-energy carrier dynamics and to con-
trol certain properties of solid-state materials. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4917506]

Light-induced control over the properties of solid-state
materials has attracted considerable attention.'™” In the
ultraviolet (UV), optical, and near-infrared regions of the
electromagnetic spectrum, the dominant interaction is usu-
ally with electronic states on the order of 1eV above the
Fermi level.*'® These electronic states can couple to
atomic or magnetic structure, allowing some level of coher-
ent control via an indirect Raman mechanism.'"'? In the
mid- and far-infrared range of the spectrum, it becomes
possible to directly couple to infrared-active excitations.
Such mechanisms for control have recently been demon-
strated in multiferroics® and in strongly correlated systems
in the vicinity of phase transitions.'>'* Excitation using
higher frequencies extending from the deep-UV to hard x-
rays, however, remains largely unexplored for solid-state
systems, mainly due to the limited availability of intense
ultrafast sources.

The advent of x-ray free electron lasers (XFELs)lS’18
now allows us to address the question of how high energy
photons can be used to alter the state of condensed phase sys-
tems. Pumping with x-rays allows access to new states and
nearly arbitrary regions of the Brillouin zone. For example,
x-ray photon energies near core-level binding energies pro-
vide a way to create highly localized, element-specific exci-
tations. This is simply not possible with optical frequency
photons, where the low energy and momentum of photons
restrict the excitations to nearly the center of the Brillouin
zone.

In principle, the interaction of solids with intense x-rays
might be expected to parallel interactions observed at lower
frequencies, but this remains to a large extent experimentally
unexplored.'®?® X-ray pump experiments have so far mainly
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focused on ablation studies®'*>

rect for random jitter between the FEL and laser pulses.
In the latter experiments, an ultrafast change in transmission
or reflectivity of a sample upon hard x-ray excitation is meas-
ured in a single shot configuration. Phenomenologically, this
change is often modelled as a step function that slowly recov-
ers to the initial value before time zero. For the majority of
currently implemented schemes for measuring timing jitter,
this phenomenological treatment is sufficient, since the precise
shape of the optical response as a function of time is not
directly relevant. The actual dynamics of the electronic
response, however, becomes important in schemes where the
effect is used to measure the pulse duration of XFEL pulses.**
This application of x-ray/optical cross correlators relies on the
validity of a physical model where the x-ray excited carriers
in a transparent insulator induce a highly excited and thermal-
ized electron-hole plasma state that slowly relaxes to the
ground state. In this work, we present results that challenge
this assumption for some systems, specifically in the case of
ZnO.

Another key question concerning the interaction of
intense x-rays with solids is whether it is possible to use x-
ray pulses to drive a persistent change in the symmetry of a
material. This could potentially lead to novel schemes of
phase or domain control in solids. In the optical regime opti-
cal excitation schemes, such as impulsive stimulated Raman
scattering (ISRS), have been shown to drive symmetry-
breaking coherent phonon modes in crystals,'? relaxation dy-
namics in liquids,?” and rotational and vibrational motions in
gases.’*3! Optical excitation has also been shown to induce
ultrafast anisotropy in the momentum distribution of excited
electronic carriers in graphene.*

To investigate the possibility of similar symmetry-
breaking processes with x-rays, we have conducted measure-
ments of the transient optical properties of a single crystal of
ZnO excited by an intense x-ray pump pulse from a free

and as a diagnostic tool to cor-
23-28

© 2015 AIP Publishing LLC



154101-2 Ferrer et al.
electron laser. The experiment has been performed at the
XPP instrument at the LCLS FEL."

ZnO is a waurtzite II-VI semiconductor with a large
bandgap (~3.37 eV), which makes ZnO a good candidate
for high frequency light emitting devices. It has a very large
exciton binding energy (=60 meV), which makes excitonic
emission possible even at room temperature. These proper-
ties together with a large polarizability and the mixed polar
and ionic character of the Zn-O bond result in strong light
matter interaction effects.

ZnO is a birefringent uniaxial crystal.>® Structurally, it
is a relatively simple system that can be grown as a single
bulk crystal in the hexagonal wurtzite structure. It consists of
Zn and O planes, alternately stacked along the c-axis. ZnO
belongs to the space group C¢, and consists of 4 atoms per
unit cell, leading to 12 vibrational eigenmodes. The lowest
energy phonon mode (2.97 THz) corresponds to a pair of
degenerate E modes, usually referred to as EY" in the litera-
ture.>* When coherently excited with sufficiently short pulses
of linearly polarized light (via ISRS), this phonon mode
breaks the symmetry in the c-plane and modulates tempo-
rally the dielectric tensor of the material. These modulations
can be experimentally measured using standard transient
birefringence or transmission probes.>>

With ZnO as a model system, we have performed a
pump-probe experiment with the aim to understand the
changes induced by strong excitation with femtosecond
pulses of light in the hard x-ray regime. Pump induced tran-
sient anisotropy in the sample is monitored using a polariza-
tion gating detection scheme, similar to that used in optical
Kerr effect and electro-optic sampling measurements.*®>’
We observe complex relaxation dynamics showing a
strongly non-linear, hard x-ray induced anisotropy.

The sample is a commercial c-cut ZnO single crystal,
with dimensions 5Smm x 5mm x 0.2 mm. Both (001) facets
are polished to optical grade. As depicted in Figure 1, the
hard x-ray (6.67 keV) pump beam is focused down to 15 um
1/e* diameter at the sample position and meets the Bragg
condition for diffraction from the (210) ZnO planes. The
detection setup is similar to a standard optical Kerr effect
setup. A linearly polarized 800 nm laser beam (45 fs FWHM
pulse duration) is focused at normal incidence onto the sur-
face of the sample (1/e” spot diameter of 140 um and pulse
energy of 0.7 uJ). The large probe size as compared to the
pump beam size ensures spatial overlap despite the pointing

x-ray pump ~ % T e PD
(6.67 keV) \\\ [210] @ L

800 nm probe ®

Zn0O @ PD,

FIG. 1. Schematic of the hard x-ray pump (6.67 keV)-800 nm probe experi-
mental setup. The orientation of the (linear) polarization of each beam is
outlined at different stages of the set up with arrows enclosed in circles. P is
a Glan Laser polarizer with a 107> extinction ratio. QWP is a quarter wave
plate. The x-ray pump is incident at 61° with respect to the surface normal
and the 800 nm probe at normal incidence.
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instability present in the x-ray pump beam. The probe beam
is polarized at 45° with respect to the pump beam polariza-
tion. A quarter wave plate (QWP) placed before the sample
is initially aligned with its fast axis along the probe beam
polarization. Under these geometrical conditions, the group
velocities of pump and probe beams are matched. We
observe similar dynamics when slightly detuning the sample
out of this x-ray diffraction condition. The shot-to-shot fluc-
tuation of the incident pump intensity is larger than 100%. It
is monitored upstream allowing all the data to be grouped
into bins of varying pump excitation levels.

After the sample, the probe beam passes through a Glan
Laser polarizer (P), which is crossed with respect to the initial
laser beam polarization. The two beams coming out of P are
delivered to two photodiodes to record the crossed (PD ) and
parallel (PD)) polarizations (relative to initial polarization of
the probe beam). The QWP is rotated slightly to minimize the
increase of light going to PD after inserting the sample at
normal incidence in the probe beam. In this configuration, the
QWP partially compensates for the residual birefringence of
the ZnO sample, which we attribute to strain.>® The angle of
the QWP is then o = 0°. An additional rotation of the QWP
may introduce a local oscillator allowing heterodyne detection
of the signal.*®*” A set of such heterodyne results are shown
in the supplementary material.®® A bandpass filter together
with absorptive neutral density filters are placed in front of
the photodiodes (not shown). These serve both to block the
photoluminescence of the sample and to attenuate the probe
beam in order to prevent saturation of the photodiodes. An
additional reflective variable filter is placed just before the
PD) photodiode in order to attenuate the light and make it
equal in magnitude to that of the PD, channel for balanced
detection.

A mechanical delay line introduces an average control-
lable delay between pump and probe pulses. A single-shot
x-ray/laser cross correlation installed at the XPP endstation®
measures the fluctuations in the relative timing between the
pump and the probe pulses. The data are afterwards cor-
rected for temporal jitter.

The normalized change in transmission for each of the
two polarizations is shown in Figs. 2(a) and 2(b). The colors
of the time traces correspond to different pump fluences. The
ratio of the two photodiode signals is shown in Figure 2(c).
To leading order, the signals in Figures 2(a) and 2(b) are pro-
portional to the overall transmission of the sample as well as
the probe laser shot-to-shot fluctuations. The photodiode
PD, is in addition proportional to the anisotropy introduced
by the sample,* a situation that happens only upon symme-
try breaking in the c-plane. The ratio (Fig. 2(c)) is a pure ani-
sotropic signal, since the isotropic change in transmission
has been removed after dividing the two constituent
signals.®®

As shown in Fig. 2, ZnO presents rich anisotropic and
isotropic responses upon hard x-ray pump as a function of
probe delay, which we divide into three ranges: (i) time zero
anisotropy, (ii) delayed anisotropy (comprising pump-probe
delays between ~1.6ps and =~8ps), and (iii) isotropic
response (time delays ¢ > 8 ps according to the ratio shown
in 2(c)).
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FIG. 2. Normalized change in transmission for parallel (a) and perpendicular
(b) polarization channels for different fluences (colors) as a function of the
temporal delay between the hard x-ray pump (6.67 keV) and optical probe at
800nm. (c) Transient anisotropy data and representative fit to the expression

Yo +%{1 +erf[v2(t — t0) /o] } x exp(—(t — 10)/7), for fluence of 13.0
J/cm? (black dashed line).

1) Time zero anisotropy: A small negative spike is
observed in the vicinity of time zero even for the
traces at low pump fluences (Fig. 2(c)). After this
short time-zero spike, there seems to be an induction
time of about 1.6 ps, where no anisotropy is generated
in the probe beam.

(i)  Delayed anisotropy: The most striking response of
the material appears at time delays ranging from
1.6 ps to 8 ps. An increase in the signal is observed af-
ter an approximately 1.6ps induction time. This
delayed anisotropic response also appears only above
a critical fluence.

In order to quantify this behavior, the traces in Fig.
2(c) have been fitted to the phenomenological function
Yo +%{ 1+erf[v2(1—19) /0] } xexp(—(t—10) /1), where
erf is the Gauss error function, y, is a vertical offset,
A is proportional to the amplitude of the anisotropy
signal, ¢ is the time delay, 7, is the time offset for the
anisotropy signal, and ¢ and 7 are the time constants
for the rise and the fall, respectively. One representa-
tive fit is shown in Figure 2(c) (dashed line), while
the complete set of fits is shown in the supplementary
material.*® The retrieved amplitude A is plotted in
Figure 3 as a function of the pump fluence. The
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FIG. 3. Amplitude of the anisotropy signal A as a function of the of the pump
fluence. The error bars correspond to 95% confidence bounds of the fitting pa-
rameter. The dashed line is a linear fit to the points above 2 mJ/cm?.

amplitude remains close to zero below a critical pump
fluence (3.48+0.97J /cm?) and increases linearly after
this threshold.

(i)  Isotropic response: At later times, i.e., after 8 ps, the an-
isotropy signal has fully decayed and only an isotropic
change in transmission remains. In order to quantify
this change, we have averaged the last 4 ps of each trace
in Figure 2(a) (it is equivalent for the traces shown in
Fig. 2(b)) and fitted it to an exponential decay as a func-
tion of the pump fluence. The results are shown in Fig.
4. The isotropic normalized change in transmission sat-
urates at level close to 41%. This would correspond to
a complete block of the probe transmission over a cen-
tered circular region of 36 um in diameter.

We begin the discussion with a short description of the
x-ray excitation of carriers. Hard x-ray absorption takes
place in atomic shallow core states and valence electrons,
leading to the ejection of highly excited electrons. Each
ejected electron may traverse many crystal unit cells, leaving
potentially thousands more highly excited electrons in its
wake due to impact ionization. The highly excited electrons
can lose energy through Auger processes, impact ionization,
electron-electron scattering processes, and eventually recom-
bination. Theoretical studies on silicon showed that in the
hard x-ray regime, most excited carriers are created through
impact ionization processes,”” with the excited carrier con-
centration reaching a maximum within tens of femtoseconds
for an intense 13 fs FWHM 8 keV x-ray pump pulse.

0 2 4 6 8§ 10 12 14 16 18
Fluence (J/cm?)

FIG. 4. Normalized change in the transmission of the parallel polarization as

a function of the of the pump energy, averaged from 8 to 12 ps. The error

bars correspond to the standard error. The dashed line is a single exponential
decay fit.
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The time zero anisotropy consists of a negative spike.
We attribute this (potentially experimental time-resolution-
limited) effect to the anisotropy of the initial excitation with
linear polarization of the hard x-ray pump. In other hexago-
nal materials like graphene, it has been shown, both theoreti-
cally*®™*? and experimentally, that linear polarization of
pump radiation can break the symmetry of the system by cre-
ating an excited carrier population with an anisotropic mo-
mentum distribution, with maxima in the momentum
perpendicular to the pump polarization direction. The iso-
tropic signal immediately after the time zero response could
potentially be because the carrier momentum distribution has
become randomized and isotropic or potentially also because
the high energy carriers simply do not contribute to the ZnO
optical properties at the 800 nm probe light frequency.

As described above, after a 1.6ps delay, a strong
delayed anisotropic signal appears in the crossed polarized
channel. Such an effect has not been previously reported in
the literature and its origins are unclear. In nanostructured
ZnO, a delayed appearance of photoluminescence (at similar
timescales) appears after pumping with 266 nm light.** In
that case, it is attributed to the radiative relaxation of the
electron-hole plasma formed in that material. However, there
is so far no evidence of how such a process of formation and
relaxation of an electron hole plasma would be related to a
symmetry breaking in the c-plane. In graphene, upon inter-
band excitation, an anisotropic carrier population generation
and detection as well as evidence for collinear anisotropy-
preserving electron-electron scattering has been demon-
strated.>* But in this case, the anisotropic response appeared
instantaneously and subsequent thermalization leading to a
loss of anisotropy occurred within tens of femtoseconds.
Simulations of the x-ray excitation and subsequent relaxing
of high energy carriers, such as those performed on silicon,””
may be required to fully understand the intriguing, delayed
electronic symmetry breaking observed here in ZnO.

In conclusion, we have found that the relaxation dynam-
ics of the electronic system in bulk ZnO is strongly aniso-
tropic when excited with linearly polarized hard x-rays, and
that it cannot be described by a simple electronic tempera-
ture rise. This result suggests that, at least in the case of
ZnO, the previously held assumptions that the x-ray excited
electrons in an insulator form a thermalized, isotropic plasma
on a time scale of a few 10s of femtosecond may not be
completely correct.”* Furthermore, this anisotropic behavior
could not be observed with standard transmission or reflec-
tion probe setups (e.g., timing tool measurements> %), since
it requires a careful choice and analysis of the polarizations
of the pump and probe beams. Further experiments are
needed to more fully understand the induction time and the
anisotropic dynamics in ZnO, as well as the possibility of
similar symmetry breaking dynamics in materials commonly
used in jitter correction measurements. Such studies may
well provide insights into new phenomena in solid state
materials made possible with XFEL facilities as well as an
improvement in existing diagnostic tools.
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