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Diffraction Properties of Periodic Lattices under Free Electron Laser Radiation
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In this Letter, we report the pioneering use of free electron laser radiation for the investigation of
periodic crystalline structures. The diffraction properties of silver behenate single nanocrystals (5.8 nm
periodicity) with the dimensions of 20 nm X 20 nm X 20 wum and as powder with grain sizes smaller than
200 nm were investigated with 8 nm free electron laser radiation in single-shot modus with 30 fs long free
electron laser pulses. This work emphasizes the possibility of using soft x-ray free electron laser radiation
for these crystallographic studies on a nanometer scale.

DOI: 10.1103/PhysRevLett.104.125503

Experiments with soft x-ray radiation (2-10 nm) are
ideal for studying the spatial features in the nanometer
scale length. They can be used to determine the electron
density distribution of aperiodic systems and to determine
the periodic structures of nanoensembles with lattice con-
stants of about 5-10 nm and bigger, i.e., of periodic self-
assembled structures or macromolecular crystals [1,2].
Structural studies on such materials are of particular im-
portance for the development of nanoconfined materials
with new and extraordinary physical, chemical, or medical
properties [3-5].

The soft x-ray free electron laser FLASH, at the
Deutsche Elektronen-Synchrotron (DESY) in Hamburg,
is the first extreme ultraviolet to soft x-ray free electron
laser (FEL) that provides radiation down to wavelengths as
short as 6.5 nm [6] in the fundamental and is therefore an
ideal tool for investigating nanomaterials by means of
spectroscopic and diffraction methods [7-11]. Coherent
diffraction experiments, such as pioneering imaging ex-
periments of single objects [9], reveal that the outstanding
properties of FEL radiation can be used advantageously for
studying nanometer-sized structures with soft x-ray
radiation.

Here, we report, for the first time, the use of FEL
radiation for investigating periodic structures of crystal-
line nanodimensioned systems. The system investigated
was a metallo-organic compound, silver behenate
(AgC,,H430,), expected to show period structures of a
length scale fitting the resolution of the experiment in
space (5.8 nm lattice dimensions) [12]. The samples were
grown as nanocrystals with varying crystal sizes and were
investigated as single crystals and powder samples. The
periodic structure consists of alternating layers of fatty acid
and silver ions with a periodicity of 5.8 nm (Fig. 1). Silver
salts of the long-chain fatty acids are often used in imaging
and x-ray diffraction techniques.
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The diffraction properties of silver behenate were inves-
tigated using 8 nm free FEL radiation provided at FLASH
(30 fs long pulses, in average 4 X 10! photons/pulse).
FLASH is operated using the principle of self-
amplification of spontaneous emission scheme. The ex-
periments were performed in single-pulse mode. Figure 1
shows a schematic drawing of the soft x-ray diffraction
setup used for these experiments. The detailed information
about the setup can be found elsewhere [13].

Basic properties of free electron laser diffraction of
silver behenate.—In the crystalline phase, silver behenate
forms lamellar structures. Figure 1(a) shows a polycrystal-
line sample. With the experimental configuration sketched
in Fig. 1(b), they give rise to a Bragg peak as recorded in
Fig. 1(c). The lamellar structure [Fig. 1(d)] is typical for
such long carbon chain compounds [12] and is similar to
that of fibrils, nanotubes, or liquid crystals [2]. Scanning
electron microscopy investigations reveal a needlelike
morphology [20 nm in diameter, between 1.5 and 20 um
long, Fig. 1(a)]. The size of the powder grown by a differ-
ent crystallization technique has been determined to be on
the order of 100 nm. Figures 1(c) and 2(a) show the (100)
Bragg diffraction peak collected in single-pulse mode. It is
compared to the diffraction signal from silver behenate
powder in Fig. 2(b). For the powder, an accumulation of
four to ten shots was necessary to yield an acceptable
signal-to-noise ratio. The diffracted intensity of the powder
sample is lower in the upper part of the image, most likely
due to the combined effect of the horizontal polarization of
the incoming FLASH beam (in y direction) and the pre-
ferred orientation of the needle-shaped polycrystalline
sample as shown in Fig. 1(a). One-dimensional cuts paral-
lel to the scattering angle and through the Bragg diffraction
peak and the powder diffraction pattern are shown in
Figs. 2(c) and 2(d). The bandwidth of the FLASH pulses
is in the range of 0.5% of the emitted wavelength. There are
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FIG. 1 (color). Experimental setup for the diffraction experi-
ments with FEL radiation. The whole setup is rotated for 20°
around the x axis, and the incoming beam is polarized horizon-
tally in the direction of the y axis. (a) The needlelike morphology
of a polycrystalline silver behenate sample has been revealed by
scanning electron microscopy. The crystal planes are oriented
parallel to the sample surface. (b) FLASH pulses (30 fs, 8 nm,
5 Hz) are arriving at the sample at an incident angle of 45°.
(c) The x-ray camera is positioned at a 90° angle to the incident
beam, for recording the (100) diffraction peak. (d) Nanoperiodic
structure of silver behenate.

several parameters that can affect the monitored diffraction
peak width—caused by characteristics of the sample like
crystal size and mosaicity, by the FEL source character-
istics like bandwidth, divergence, or beam size, and by the
function of the apparatus as detector resolution. On the
sample side reference measurements reveal no pronounced
crystal mosaicity of silver behenate. The effect of crystal
size will be discussed in the following. Note that detector
resolution, source divergence, and beam sizes do not sig-
nificantly contribute to the peak broadening. For the ex-
perimental configuration used, the source bandwidth
translates to instrumental broadening of the Bragg diffrac-
tion peak of 1° (FWHM) on the detector.

Analysis of the structural properties of silver behenate
crystallites and powder under free electron laser radia-
tion.—We first analyze the structural properties of silver
behenate powder under FLASH radiation by applying
Scherrer’s formula. This way, it is possible to set the
sample size limit which contributes to the diffraction
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FIG. 2 (color). (a) (100) Bragg diffraction peak of silver
behenate investigated by single-shot FEL radiation. (b) Part of
the (100) silver behenate powder diffraction ring. Accumulation
of 4-10 shots was required to gain a sufficient signal-to-noise
ratio. (c) One-dimensional cut through reflection profile [inten-
sity in arbitrary units (a.u.)]. (d) One-dimensional cut through
powder diffraction profile. Both cuts were made through the
dashed lines shown in (a) and (b).

peak broadening under the experimental conditions used.
According to Scherrer’s formula, L = A/[A(20) cos(6,)].
Here, L is the thickness of the crystallites, A(26) is the
width of the peak (FWHM, rad), 6, is the Bragg angle of
incidence (rad), and A is the FLASH wavelength. From the
experimental broadening of the (100) Bragg diffraction
peak [Fig. 2(c)] of a single crystal, an average thickness
of L = 1.5 um was calculated setting the lower limit of
the periodic structure contributing to the Bragg diffraction
peak properties.

Contrary to the limit settings discussed for single crys-
tals, the width of the diffraction peak in the powder dif-
fraction pattern [Fig. 2(d)] is more than doubled
(A(20) = 3.5°), which needs to be understood. The pow-
der diffraction pattern is a sum of 4 single-shot images. The
pulse-to-pulse wavelength instabilities of the FLASH ra-
diation lead to an accumulated powder diffraction pattern
(4 shots) which is artificially broadened. The calculated
mean size of the powder grains is L = 200 pum, which is
explained in detail in the supplementary material [14].
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FIG. 3 (color online). (a) Comparison of the radial intensity
distribution of the powder diffraction ring (in arbitrary units)
with the position of the diffraction spots of various single
crystals as a function of FLASH energy. (b) Horizontal
FWHM (in number of pixels) and intensities of the Bragg
reflections (in photon units) as a function of FLASH energy

(8 nm radiation). Note that for the intensity the symbol size has
been chosen to reflect the error bar.

Effect of free electron laser peak power on diffraction
processes of silver behenate crystallites.—Figure 3 sum-
marizes the properties of the (100) Bragg reflection peak
as a function of FLASH energy. As already noted, the
position of the (100) Bragg diffraction peaks of silver
behenate single crystals fluctuates due to the pulse-to-pulse
wavelength fluctuations of FLASH (8.0 nm * 0.1 nm)
[Fig. 3(a), right-hand side]. Comparison to the powder
[Fig. 3(a), left-hand side] gives a coincidence expected
due to the FLASH wavelength fluctuations.

Within the resolution of the experiment performed and
the x-ray fluxes used (10'' photons/pulse on a 600 um
focal spot), a clear correlation to the pulse power has not
been observed. It should be noted that the FLASH power
density—though not focused on a 100-200 um focal
spot—was already completely sufficient to remove the
metallo-organic sample from the target within ~10 shots.
The presented results yield from true single-shot experi-
ments. Figure 3(b) compares the integral intensity of the
(100) Bragg reflection and the FWHM of the reflection for
various single crystals as a function of FLASH pulse
energy. Also here, the data scatter statistically and no clear

correlation has been observed. The symbol size has been
chosen to reflect the error bar.

Estimation on the distortion of the crystallites under free
electron laser radiation.—One of the major concerns dis-
cussed in literature is whether FEL radiation would affect
the crystalline properties of matter in such a way that
crystallographic studies would not be possible anymore.
One should emphasize that the power densities used in
these studies were set to 10'> W/cm? in maximum (in
average 2 X 10'" W/cm?), which is in the range or just
below the Coulomb explosion limit of 10'> W /cm? [15].
Nonetheless, the power used was sufficient for single-shot
experiments. After damaging, the sample was refreshed.
For further discussion it is now assumed that the slowest
motions supporting the dissipation of thermal energy and
the heating process into the crystal are the excitations of
acoustic modes and thermal diffusion processes. With
respect to the periodicity of the lattice it is expected that,
in particular, the travel of the acoustic waves through the
lattice leads to a volume expansion of the lattice which
would be observable as a decrease in d spacing. For silver
behenate the typical thermal diffusion speed is
v(diffuse) = 1.67 X 103 m/s [16]. In the smallest pow-
der grains observable, the diffusion times needed for the
thermal energy to travel through the whole grain are then
typically 120 us (L = 200 nm), 900 us for 1.5 wm long
crystals, and 12 us for 20 nm thick single crystals.

Using Young’s modulus E and the shear modulus G of
waxlike materials (like silver behenate), longitudinal c¢jq,,

and transversal ¢, speed of sound cjype = VE/p =2 X

10° ecm/s and cyyns = 4/G/p = 2.5 X 10° cm/s are found
[16]. During the 30 fs duration of the FLASH pulse the
longitudinal acoustic wave and the transversal acoustic
wave therefore can travel only 60 and 0.75 pm, respec-
tively, which is on the order of 0.1%—1% of the d spacing.
Vice versa, one can estimate how long a longitudinal or
transversal mode travels through the investigated powder
and crystals. In the powder (L = 200 nm), the longitudinal
acoustic wave and the transversal acoustic wave would
need 100 ps and 8 ns, respectively. In the crystals, the
propagation times are even longer, i.e., 750 ps (longitudi-
nal) and 60 ns (transversal) for crystals of 1.5 um length
and 10 ps (longitudinal) and 800 ps (transversal) for crys-
tals of 20 nm width. Even if the FLASH pulses produce
lattice heating which is dissipated through these acoustic
modes and leads to a lattice increase, the duration of the
FLASH pulse is too short to observe the listed effects.
Studies with femtosecond optical laser reveal that the
lattice of silver behenate can expand up to 10% within 4 ps.
If FEL radiation has a similar effect, there arises the
question of how this affects the investigated structure.
The described lattice expansion can be monitored as inten-
sity changes of the Bragg reflection, changes in the dif-
fraction angle, and changes in its FWHM. For the
diffraction angle changes and the FWHM changes, no clear
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correlation has been found as already stated. In the follow-
ing, we will discuss the last remaining parameter, i.e., the
influence of the FLASH energy on the integral intensity of
the Bragg diffraction peaks by performing a one-
dimensional Fourier analysis [17]. In silver behenate, in
one periodic unit the silver carboxylates form a chelate
complex (between the colored layers in Fig. 1). They are
the dominant scattering centers compared to cigar-shaped
electron densities of the carbon chains surrounding. The
electron density can be described as a one-dimensional
electron density distribution p(u) which is defined as
pw) = 1/a)Fy+ 23 ,F,cos(2 whu/a)] with a the lat-
tice constant of silver behenate, u the relative coordinate of
the silver chelate atoms, F, the predicted structure factor,
and F), the experimental structure factor, where F % is
directly proportional to the scattered integral intensity.
The simulations based on this Fourier analysis predict an
intensity decrease of the (100) Bragg reflection peak by
about 25% if one assumes an increase in d spacing from 5.8
to 6.4 nm—which corresponds to an Ag,-Ag, distance
increase of more than 10%. Taking into account the accu-
racy of integral intensity determination, we have not ob-
served such an effect. Figure 3(b), right-hand side, shows
the intensity distribution of the various silver behenate
single crystals as a function of FEL energy. The integral
intensity varies by a factor of 4. Taking into account the
simulations based on the Fourier analysis, this would cor-
respond to a change in d spacing of about 50%, which is
very unlikely. Since no clear correlation of the integral
intensity to the FEL energy has been found, the distortion
of structures of nanocrystals during the 30 fs long pulses is
less than the assumed 15%-25% also taking into account
that the reflection angles do not change considerably.
Therefore, we assign the intensity fluctuations found
mainly to the size distribution of the nanocrystals which
vary by a factor of 2. This effect leads to the observed
intensity fluctuations by a factor of 4.

In this work, we have studied for the first time the
diffraction behavior of periodic nanoassemblies with FEL
radiation. We demonstrated the possibility of using free
electron laser radiation for crystallographic studies on the
nanometer scale. Under the experimental conditions used,
we have shown that the one-dimensional Fourier analysis
and Scherrer’s equation can still be applied successfully to
determine structure properties of single crystals and pow-
ders. Analysis of the observed diffraction peak from single
crystal samples and from powder samples gave results
consistent with the known properties of these samples.
Specifically, the broadening of the diffraction peak was
consistent with the size of the diffracting crystallites. A
calculation of the expected distortion of the crystal on the
30 fs time scale indicated that a negligible distortion should
be expected for the FEL pulse energy used. Since no
correlation was found between FEL pulse energy and

diffraction peak width, the diffraction process was not
strongly affected by the FEL peak power.

The studies prove that free electron lasers, similar to
state-of-the-art x-ray sources like synchrotrons, bear the
potential to be used as highly brilliant x-ray sources for
future x-ray science with the advantage of 30 fs short x-ray
pulses enabling the real-time monitoring of molecular and
chemical structural dynamics.
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