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Elucidation of local structure deformation in xk-(BEDT-TTF),Cu[N(CN),]Br
by x-ray fluorescence holography
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k-(BEDT-TTF),Cu[N(CN),]Br (x-Br) is an organic superconductor that changes to an Anderson-type insu-
lator due to the random defects introduced by x-ray irradiation. In this study, we directly investigated the effects
of irradiation on the local structures in the anion layer of k-Br using x-ray fluorescence holography. The local
structures around the Cu atoms in the anion layer were directly reconstructed from holograms. Prior to radiation
damage, the reconstruction clearly shows the atomic images of the Br and N atoms that are directly coordinated
to Cu. In the irradiated samples, the N images in the reconstructions were strongly suppressed as a result of
the positional fluctuations of N introduced by the defects induced by irradiation. Using the previously proposed
“bond-shifted” model and the thermal vibration amplitudes calculated from molecular dynamics simulations,
we simulated the holograms and the atomic reconstructions of the anion layer. The simulations show that the
“bond-shifted” model, along with thermal vibrations at 100 K, suppresses the N atomic images, as was observed

in the experimental reconstructions.
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I. INTRODUCTION

k-(BEDT-TTF),Cu[N(CN),]Br («-Br) is an organic
charge transfer salt based on the donor molecule
CeSs[(CH2),],  or  bis(ethylenedithio)-tetrathiafulvalene
(BEDT-TTF). It is one of a general class of
k-(BEDT-TTF),X, with X = Cu(NCS),, Cu[N(CN),]Br,
Cu,(CN)3, etc., that have attracted significant attention as
strongly correlated m-electron systems [1]. There have been
reports that random defects introduced by x-ray irradiation
can significantly change the electronic properties of these
materials [2-6]. In particular, «-Br has been reported
to change from a superconductor to an Anderson-type
localization insulator due to these defects [4]. Contrary
to Mott metal-insulator (MI) transitions, where electron
localization occurs when the mutual Coulomb repulsion of
electrons at the same site, U, exceeds the band width, W,
the electron localization in Anderson insulators is due to the
interference of the electron wave functions due to the disorder
in the system. This disorder is introduced into «-Br by the
formation of random defects after x-ray irradiation.

Experimentally, these random defects have not been di-
rectly observed in k-Br. There is a lack of detectable
changes in the diffraction images even after long irradiation
times. From the infrared optical conductivity spectra, x-ray
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irradiation showed a suppression of the molecular vibration
modes associated with the C-N and C = N bonds of the
dicyanamide (DCA) molecules in the anion layer [5,6], sug-
gesting that the radiation damage is limited to the anion layer.
First-principles calculations have shown that these deforma-
tions can be formed by a “bond-shifted” (BS) model, where
the excitation of light elements (C and N) is critical in the
deformation process [7]. The BS model is triggered by the
breaking of C—N bonds in the DCA molecules. The bond shift
occurs when a C = N fragment of a broken DCA™ molecule
connects with a N-C = N fragment of the adjacent DCA~
molecule to form a new molecule oriented in a different
direction. The calculated vibration spectra indicated that the
BS model results in the decrease of the C-N and C =N
vibration modes, and the calculated local density of states of
the “bond-shifted” anion layer results in electrostatic potential
modulations. Such random potential modulation in the anion
layer affects the conductive behavior of the 7 electrons in the
BEDT-TTF cation layers, causing the increase in the resistiv-
ity of the system even without radiation-induced deformations
in the BEDT-TTF molecules themselves [7]. However, there
are still no direct experimental verifications for this BS model.
Structural information about these local deformations will be
beneficial to our understanding of MI transitions, particularly
for this class of materials.

The local distortions that produce the BS model does
not necessarily have long-range translation symmetry, which
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makes it difficult to investigate using conventional x-ray based
structural determination techniques. X-ray diffraction (XRD),
and x-ray absorption fine structure (XAFS) techniques are
among some of the most commonly used tools in investi-
gating the structures of materials. However, XRD gives only
averaged, long-range translational periodicity, which makes it
hard to resolve nonperiodic atomic scale distortions. XAFS,
on the other hand, can provide element sensitive, atomic reso-
lution information about the local structures around atoms of
a particular element, but this information is limited to a radial
angle-integrated one-dimensional distribution of surrounding
atoms.

Unlike XRD or XAFS, x-ray fluorescence hologra-
phy (XFH) is uniquely capable of visualizing the three-
dimensional (3D) arrangement of atoms of these nonperiodic
local structures [8,9]. XFH is an atomic resolution holography
technique that utilizes atoms of a target element in the mate-
rial as point sources of fluorescent x-rays. The interference
between the fluorescent x-rays (reference wave) and the x-
rays scattered by the surrounding atoms (object wave) stores
the 3D arrangement of these scatterers as a hologram. A 3D
reconstruction of this atomic structure can be directly obtained
from the holograms by applying reconstruction algorithms,
without needing prior structural information about the sample.
XFH has been used to reveal the local structures in metal
alloys [10], and around dopants in various functional mate-
rials [11,12]. XFH has been particularly powerful in imaging
atomic scale distortions [13—15]. More detailed discussions
about the principles of XFH, and more comprehensive reviews
of recent papers have been published elsewhere [9,16].

While XFH has mostly been used on inorganic crystals,
work has recently started on adapting XFH for use on soft
matter [17,18]. Additional experimental difficulties are intro-
duced in XFH when working with soft matter, these include
low metal concentrations, backscattering from the sample
holder, and x-ray induced damage on the sample. A successful
demonstration of XFH of soft matter was reported in 2016 by
some of the authors of this work, where an XFH apparatus
designed for protein crystals was developed and tested on a
hemoglobin crystal [17]. Using this apparatus, Fe holograms
were obtained without inducing radiation damage on the crys-
tal. However, a clear atomic image was not obtained in the
reconstruction due to the complicated local structures around
the multiple nonequivalent Fe emitters in the hemoglobin
heme [17]. A clear reconstruction from the anion layer of
pristine «-Br was partially reported in Ref. [18].

In this paper, a successful XFH experiment on an or-
ganic sample is reported. The atomic reconstructions obtained
clearly show the Br and N atoms around Cu in the anion planes
of the pristine k-(BEDT-TTF),Cu[N(CN),]Br sample. The
changes in the local structure of «-Br upon x-ray irradiation
were directly observed by XFH. The N atomic images were
suppressed in the reconstruction, a clear indication of radia-
tion damage in the DCA groups. XFH simulations using the
pristine model show strong Br and N atomic images, which
partially agrees with the experimental results. Simulations
using the BS model also show strong Br and N atomic images,
which is inconsistent with the strongly suppressed N images
in the irradiated samples observed in the experiments. To im-
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FIG. 1. (a) Structural model of the pristine
k-(BEDT-TTF),Cu[N(CN),]Br crystal, (b) the anion layer,

(c) the four inequivalent Cu sites in the anion layer and (d) the
superposition of local structures centered around the Cu atoms.

prove the simulations, the positional fluctuations from thermal
vibrations were calculated from molecular dynamics (MD)
simulations, and used in the hologram simulations. Simula-
tions at 100 K showed that the increased dynamic fluctuations
in the relative positions of the N atoms can introduce strong
suppressions of the N atomic images. The simulations at 100
K for both the pristine and BS model showed good agree-
ment with the experiment, suggesting the BS model is a good
approximation of the defects introduced by x-ray irradiation.
These results show the unique capabilities of XFH in investi-
gating the local structures around metal atoms in soft-matter,
opening up the possibilities for future bio-XFH experiments.

II. EXPERIMENT AND COMPUTATIONAL DETAILS

A. k-Br crystal preparation

The «-Br single crystals were prepared and irradiated with
x-rays as described in Ref. [4]. The crystals were grown using
a standard electrochemical oxidation method, and were irradi-
ated at 300 K using a nonfiltered tungsten target at 40 kV and
20 mA, at a dose rate of 0.5 MGy/h [2,3].

Figure 1(a) shows the orthorhombic crystal structure of
the k-Br crystal, with space group Pnma and lattice parame-
tersa = 12.884(5) A, b = 29.581(8) A and ¢ = 8.484(4) A at
100 K [19]. This organic charge-transfer salt is based on the
donor molecule BEDT-TTF, with the anion layer consisting
of Cu[N(CN),]Br [Fig. 1(b)]. The anion layers consist of two
inequivalent Cu sites each, as shown in Fig. 1(b), and the two
anion layers are related by symmetry. All four inequivalent
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FIG. 2. Schematic diagrams of (a) the inverse mode XFH exper-
iment used in this study, and (b) the experimental setup, (c) photo of
the bio XFH apparatus used in BL37XU, SPring-8.

sites in the unit cell are shown in Fig. 1(c), and the superposi-
tion of these different local structures are shown in Fig. 1(d).

Three samples were prepared for the XFH experiments: a
pristine, nonirradiated sample, and two irradiated samples: a
low-dose sample irradiated for 200 h, and a high-dose sample
irradiated for 500 h.

B. x-ray fluorescence holography

The local structures in «-Br were investigated using
inverse-mode XFH. The XFH apparatus developed for protein
crystals in Ref. [17] was used in this experiment. The princi-
ples behind inverse-mode XFH, and a schematic diagram of
the XFH experiment is shown in Fig. 2.

To address the unique challenges soft matter pose on XFH,
the fluorescent x-rays were focused using a graphite crystal
analyzer on an avalanche photodiode, a special sample holder
was used to minimize backscattering, the incident x-ray flux

was controlled, and the sample was cooled to 100 K using a
liquid nitrogen gas flow system to minimize additional radia-
tion damage during the experiment [17]. Diffraction patterns
were taken immediately before and after the XFH experiments
to monitor for any radiation damage [20]. The in-plane resis-
tivities were also measured after the experiment to check for
additional radiation damage [20].

The XFH experiments were performed in BL37XU and
BL39XU of SPring-8, Japan. The experiments were done
using a 10 x 25 um? x-ray beam focused using a Kirkpatrick-
Baez mirror. The photon flux was set by variable Al film
attenuators to ~ 10°photons/s. The Cu-Ka holograms were
recorded using incident x-ray energies of 9.5—12.0keV, at
intervals of 0.5 keV. The angular scan ranges were: 0-75°
for the polar angle # and 0-360° for the azimuthal angle
¢. For each incident x-ray energy, the hologram scan took
~3 h, resulting in an average dose of ~3 MGy for each
sample [21]. The experiment and the data processing have
been discussed in detail elsewhere [9,17,18]. To extend the
experimental holograms, symmetry operations were applied:
twofold symmetry along the x, y, and z axis, and mirror planes
in the xy, yz, and xz planes. The simulated holograms were
masked to the same size as the experimental hologram and
the same symmetry operations were also applied. The 3D
atomic images were reconstructed from the experimental and
simulated holograms using Barton’s algorithm [22]. Details of
the sample preparation and XFH experiments are summarized
in Table L.

C. Calculation details

The structure optimization and molecular dynamics cal-
culations were done using the Vienna ab initio simulation
package [23] with the revised van der Waals—density func-
tional (vdW-DF2) [24], which can reproduce vdW interaction.
The projector-augmented-wave scheme was used with the
plane-wave cutoff energy of 500 eV and I'-point sampling.
While 2 x 2 size unit cell was used for the pristine and bond
shift model, 1 x 4 size unit cell was used for the bond break-
ing model. After both the atomic configurations and the lattice
parameters were optimized for each system, MD simulation
with NVT ensemble at 100 and 300 K were performed. The
time step was 1.0 fs (the mass of hydrogen atoms was 2.0).

III. RESULTS AND DISCUSSION

A. Pristine «-Br crystals

Using a 50-A radius cluster built using the pristine «x-Br
structural model shown in Fig. 1(a), x-ray fluorescence holo-
grams were calculated using the same incident x-ray energies
as the experimental holograms. Furthermore, the as-simulated
holograms were rotated and masked to match the scanned
region in the experimental holograms. The simulated and
experimental holograms with an incident x-ray energy of
11.0 keV are shown in Fig. 3 after application of a low pass
filter. The Cu Ko fluorescent intensities recorded were in the
same order as typical XFH experiments reported. The promi-
nent feature in the simulated hologram is the curved lines
marked by the white dashed line in Fig. 3(a), and appear to
be x-ray standing wave (XSW) lines. Typical holograms from
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TABLE I. Details of the sample preparations and XFH experiments for «-Br.

Before irradiation

After irradiation

Irradiation time [4]
XFH experiment

Incident x-ray energies

Polar angle 6 range
Step size

Azimuthal angle ¢ range

Step size
Fluorescent x-ray
Fluorescent Intensity

BL39XU, SPring-8
9.5keV —12.0keV
0°—75°
1 o
0°—360°
0.25°
Cu Ko
4900 counts/degree

200h
BL37XU, SPring-8
9.5keV —12.0keV

500h
BL37XU, SPring-8
9.5keV —12.0keV

0°—75° 0°—75°
1° 1°
0°—360° 0°—360°
0.25° 0.25°
Cu Ko Cu Ka
2200 counts/degree 2800 counts/degree

inorganic samples are dominated by strong and sharp lines
known as Kossel lines or XSW lines, which contain structural
information about the long-range order of the sample [16].
Kossel lines are formed when the fluorescent x-rays from
an emitter atom in the sample are scattered by lattice planes
satisfying the Bragg condition, where strong intensity varia-
tions are observed along the cone whose axis is perpendicular
to these planes [25,26]. For soft-materials, which are mostly
composed of light elements and have large and complicated
unit cells, such XSW line features are not expected to be dom-
inant. However, the fine holographic oscillations observed
agree with the general features of the holograms recorded
from the protein crystal hemoglobin [17]. In the simulation,
curved lines (indicated by the white dashed line) appears. This

(a) Simulation (b)

Pristine x-Br (c)

is also roughly observed in the experiment, even prior to the
application of symmetry operations [Fig. 3(b)].

The successful reconstruction of the atomic images from
the holograms confirmed that the fluorescence patterns
recorded contain the holographic signal. The anion plane was
reconstructed from the simulated and experimental holograms
of the pristine x-Br sample using Barton’s algorithm [22], and
are shown in Fig. 4. The circles overlaid on the left side of
the atomic images are the expected atomic positions of the
neighboring Br, N, and C atoms extracted from the structural
model of pristine «-Br, as shown in Fig. 4(c).

In the reconstruction from the experimental holograms
[Fig. 4(a)], strong atomic image intensities were observed at
the Br positions, while weak images were observed at the N

Pristine x-Br

Before symmetry operations

60°H

90°

FIG. 3. (a) Cu Ko hologram calculated at an incident x-ray energy of 11.0 keV for a pristine «-Br crystal, and the experimental Cu Ko«
holograms taken at 11.0 keV for a pristine «-Br crystal (b) before and (c) after the application of symmetry operations, and «-Br crystals
irradiated at (c) low dose (200 h), and (d) high dose (500 h). A low pass filter (Gaussian convolution FWHM ~ 3 °) was applied for this figure.
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FIG. 4. Atomic images of the anion plane reconstructed from the (a) experimental and (b) simulated Cu Ko holograms from the pristine
k-Br samples, and (c) the superposition of the local structures around Cu atoms in the structural model for the «-Br sample. The circles
represent the ideal positions of atoms around Cu calculated from the structural model of the pristine «-Br.

positions. Overall, this is in good agreement with the simula-
tion in Fig. 4(b). From these atomic images, the Cu—Br and
Cu—N bond lengths were obtained and compared with values
obtained from XRD and EXAFS results previously reported
in the literature and are shown in Table II.

For both the experiment and the simulations, the N atomic
images are shifted towards the Cu emitter, as seen in the
reconstructions in Fig. 4, and in the Cu-N bond lengths in
Table II. The atomic images in the reconstruction represent the
average positions of the surrounding atoms and could result in
these small shifts in the atomic position.

Aside from the Br and N atomic images, additional im-
ages are also observed between the Br and N positions in
the simulations, indicated by the black arrow in Fig. 4(b).
This is an artifact that results from the masking of the as-
simulated hologram pattern, resulting in truncation error in the
reconstruction [20].

In the reconstruction from both the experiment and the
simulation, the C atoms in the anion plane are not visible. In
general, the atomic image intensity obtained in XFH depends
on the x-ray scattering cross section, its distance from the
emitter atom, and positional fluctuation of that atom. The
x-ray scattering cross section of C and N are much lower
than Br, and are expected to produce weak atomic images
in the reconstruction. Furthermore, the complicated structure
of this sample results in the weak visibility of the atomic
images. Light elements are rarely observed in the atomic
reconstructions in XFH, even for simpler inorganic crystals.
So far, the lightest element observed in XFH is O in the
atomic images reconstructed from Pb Lo holograms from
Pb(Mn;/3Nb,/3)O03 [30], and Y K holograms from YO sam-

TABLE II. Summary of the Cu—Br and Cu—N bond lengths of «-Br.

Cu-Br (10\) Cu-N (A) Temperature (K)
XFH Exp. 2.20 1.64 100
Sim. 2.35 1.70 0
XRD Ref. [27] 2.32 1.95 298
Ref. [28] 2.33 1.96 127
EXAFS Ref. [29] 2.32 1.95 100

ples [31]. In this work, the appearance of the N atomic images
may be due to its proximity to the Cu emitter and the overlap
in the N positions in the different local structures, as shown in
Fig. 4(c).

These results are the first successful atomic reconstructions
from x-ray fluorescence holograms recorded from organic
samples. Unlike the hemoglobin crystal used in Ref. [17], the
region of interest in this study is limited to the 2D anion layer
in the sample, which is much simpler than the complicated
arrangement of the heme planes in the hemoglobin unit cell.
Furthermore, there are only four inequivalent local structures
around Cu, making the interpretation of the reconstruction
simpler than, unlike for example, the 16 distinct Fe environ-
ments in hemoglobin [17].

B. Radiation induced deformations

To investigate the effects of x-ray irradiation on the local
structures of the anion layer of x-Br, XFH experiments were
also performed on irradiated samples. Two irradiated sam-
ples were measured for this study, a sample irradiated at low
dose (irradiation time, ' = 200h) and another at high dose
(#' = 500 h). These samples were chosen to obtain informa-
tion across the MI transition. For the pristine samples, the
resistivity curve shows a broad hump at 100 K, a crossover
from a bad to good metallic state, and finally, the supercon-
ducting transition at 7, = 11K [4,32]. For #™ < 100 h, x-ray
irradiation changes the p(T) resistivity behavior of k-Br, with
the residual resistivity, pg, increasing and the superconducting
transition temperature 7, decreasing almost linearly with irra-
diation time [4]. At #™ = 200h, p(T) is almost temperature
independent before sharply dropping at 7, =~ 6 K [4]. At 500
h, the resistivity at 4 K is more than 5 orders of magnitude
larger than the pristine «-Br.

The resistivity curves, p(T) and the diffraction images
taken after the XFH experiments indicate that no further de-
fects were introduced [20]. The atomic reconstructions of the
anion layer are shown in Figs. 5(a) and 5(b).

In the reconstructed atomic images of the both the low-
and high-dose samples [Figs. 5(a) and 5(b)], the Br atoms are
well reproduced in the reconstructions. The N atomic images,
however, could not be observed above the background noise
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FIG. 5. Atomic images of the anion plane reconstructed from
the experimental Cu Ko holograms recorded from the «-Br samples
irradiated with (a) low dose (200 h) and (b) high dose (500 h) x-rays,
from holograms simulated using (c) the “bond-shift” model and (d)
the “bond-breaking” model. Structural models of (e) the BS model,
(f) the BB model, and (g) a superposition of the pristine and BS
models.

levels in the reconstructed images, suggesting that radiation
damage results in the suppression of the N atomic image
intensities. In XFH, the suppression of the atomic image in-
tensities can generally be attributed to changes in the static or
dynamic (thermal vibrations) positional fluctuations between
the scatterer and the emitter [33]. However, it is difficult to
differentiate the effects of static and dynamic fluctuations in
the atomic images. To isolate the effects of static fluctuations,

which consists of the spatial distributions of the atoms around
the emitter, the holograms and resulting atomic reconstruc-
tions were calculated at 0 K using different structural models
proposed for the irradiated «-Br.

First, the “bond-shift” model proposed in Ref. [7] was
considered. In the reconstruction obtained from the hologram
simulations using the BS model [Fig. 5(c)], the Br and N
atomic images were clearly reproduced, similar to the atomic
reconstruction from the pristine «-Br in Fig. 4(b). However,
additional atomic images are also observed. As a result of
the bond shifts in the BS model, some Br atoms [labeled Br3
in Fig. 5(e)] are significantly shifted from the Br sites in the
pristine model [Fig. 5(d)], resulting in the additional images
in the reconstruction [20].

While the atomic images of these shifted Br atoms were
well reproduced in the reconstruction [Fig. 5(c)], these were
not observed in the experiment, for both the low- and high-
dose samples [Figs. 5(a) and 5(b)]. This could be due to the
concentration of the bond-shifts in the samples being lower
than the 25% defect concentration in the BS model used for
the simulations, and thus, the atomic image intensities of
these shifted Br atoms are too weak to be observed in the
reconstruction. In the calculations of the vibration modes of
k-Br with 0% (pristine) and 25% ‘“‘bond-shifted” regions, new
peaks corresponding to the C-N and C = N vibration modes
related to the “bond-shifted” regions were observed [7]. Ex-
perimentally, however, these new peaks were not observed
[5], suggesting that the irradiated «-Br samples have lower
bond-shift concentrations.

Aside from the atomic images of the shifted Br atoms,
strong N atomic images were also observed in the reconstruc-
tion, which is contradictory to the missing N atomic images in
the experimental reconstructions.

Additional structural models were explored to try and
model the experimental results. Several models were pre-
pared and optimized using first-principles calculations. First,
an extreme case where all DCA molecules were pivoted was
considered, a 100% “bond-shifted” model. Upon structural
optimization, the DCA network of this model was unstable
and fragmented. In another model considered, random de-
fects were introduced into the anion layer assuming randomly
generated core holes at some DCA units, but again, in this
model, the DCA networks fragmented during the structural
optimization process.

A stable structure was found when only a single defect
is introduced in the anion layer. In this scenario, a single
C-N bond breaking is introduced in a DCA molecule in
the anion layer. This is the single-excitation scenario pro-
posed for the formation of the BS model in Ref. [7]. While
the resulting structure was stable after structure optimization
even at 300 K, the broken DCA fragment promptly rebonds,
and the structure reverts back to an almost pristine k-Br
structure.

By introducing a second C-N bond breaking in an adja-
cent DCA molecule, a single “bond shift” is induced. This
is the double-excitation scenario in Ref. [7]. In this model, a
N-C = N fragment bonds with the C = N fragment of the ad-
jacent DCA molecule. This leaves isolated N-C = N and N-C
fragments separated by the “bond-shifted” DCA molecule.
This “bond-breaking” (BB) model was found stable even up
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FIG. 6. 2D histograms of the relative positions of the nearest neighboring Br and N atoms at 100 K obtained from the 1.5-ps molecular
dynamics simulations of the (a) pristine model, (b) bond-shift model and (c) the bond-breaking model.

to 300 K. The isolated fragments are marked by the red circles
in Fig. 5(f), while the single “bond-shifted” DCA molecule is
marked by a dashed square.

Figure 5(d) shows the reconstruction of the anion layer,
where both the Br and N atoms are clearly observed. Com-
pared to the reconstruction obtained from the simulations of
the BS model in Fig. 5(c), no atomic images are observed at
the Br3 site. This is due to the low concentration of Br3 atoms
in the BB model, where only one bond-shifted DCA molecule
is introduced in the anion layer. The defect concentration of
this model is so low that the resulting reconstructed anion
layer is almost identical to the reconstruction from the pristine
model in Fig. 4(b).

In all the simulations considered so far, the N atomic im-
ages are consistently much stronger than was observed in the
experiment for the irradiated samples. This suggests that the
static displacements in the structural models are not enough
to suppress the N atomic images. The XFH simulations pre-
sented so far does not include any thermal vibrations, thus,
the suppression of the N atomic images in the experiment is
most likely due to dynamic fluctuations of the N atoms due
to thermal vibration. In the next section, these dynamic fluc-
tuations are investigated using MD simulations and additional
XFH simulations.

C. Simulations: Molecular dynamics and x-ray
fluorescence holography

To investigate the effects of dynamic fluctuations on the
simulated holograms, MD simulations were performed on the
pristine, “bond-shift” and “bond-breaking” models. For these
structural models, 150 snapshots every 10 fs were extracted
from the MD trajectories at 100 and 300 K. From the atomic
positions at each frame, the positions of the scatterers rela-
tive to the Cu emitter were extracted. The calculated relative
positions now include both the static and dynamic displace-
ments of the atoms. Figure 6 shows the 2D histograms of
the positions of the nearest neighboring Br and N atoms of
the three structural models at 100 K. For the pristine model
[Fig. 6(a)], the distribution of both Br and N atoms are sharp,
centered on the Br and N positions of the pristine model in
Fig. 4(c). For both the BS and BB models, the positional
distributions of the Br and N atoms are broadened along the
angular direction, with an additional distribution for the Br3
atoms in the bond-shift model.

The effects of the positional fluctuation of the scatterers on
the reconstructed atomic image has been systematically stud-
ied by some of the authors of this work in Ref. [15]. Hayashi
et al. [15], simulated the holograms of a simple Zn-Te dimer
system and found that by introducing a disklike or a spherical
distribution in the position of the Te scatterer, the intensity
of the reconstructed image can be significantly suppressed.
While a spherical positional distribution is more analogous
to thermal vibrations of atoms, the disklike distribution is
a more appropriate approximation in situations where the
emitter-scatterer bond length is fixed and that the only degree
of freedom is along the angular direction [34]. In this case, the
angular direction can be approximated as perpendicular to the
radial direction, giving a disklike distribution (inset of Fig. 7).
From the disklike distribution in the Zn-Te dimer system, a
standard deviation value (o4) of 0.2 A in the scatterer position
results in the suppression of the Te atomic image intensity to
60% of the ideal system [15].

From the atomic positions calculated for 1.5 ps in the MD
simulations, the standard deviations of the relative positions
of the nearest neighboring Br and N atoms were calculated
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FIG. 7. The standard deviations of the angular positional distri-
butions of the nearest neighboring Br and N atoms in the normal,
bond-shift and bond-breaking models after 1.5-ps molecular dynam-
ics simulations at 0, 100, and 300 K.
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along the angular (o, ) direction and are summarized in Fig. 7.
The 0 K distributions represent the static distribution of the
scatterers relative to the Cu atoms and were used in the
XFH simulations and their corresponding reconstructions in
Figs. 4(b), 5(c), and 5(d). For the o4 calculations for Br atoms
at 0 and 100 K, the values for the Br atoms at the Br3 sites
were excluded as the simulation in Fig. 5(c) showed that this
results in a separate Br atomic image in the reconstruction. At
300 K, the large thermal fluctuations vibrations make the Br
and Br3 atoms indistinguishable.

At 0 K the introduction of the bond-shift defects in the BS
model results in a large increase in the positional fluctuations
in the Br atoms, almost doubling the o4 value of the BS model
compared to the normal model at 0 K. For N, there is an in-
herently larger static fluctuation as a result of the complicated
local structure around Cu. This is from the superposition of
the different local structures, as was shown in Fig. 1(c).

At higher temperatures, the o4 values for both Br and N
atoms increase for all models, consistent with thermal vi-
brations. For N at 100 K, the o, value of the BS model is
~0.1A higher than the normal model, which will result in a
suppression of the N atomic image intensity by 20% [15].

For the BB model, the large o4 values for Br are
inconsistent with the strong Br atomic image intensities ex-
perimentally observed for the irradiated samples [Figs. 5(a)
and 5(b)]. Furthermore, the o, values of both Br and N atoms
in the BB model are higher than the BS model despite the BB
model only having a single bond-shifted DCA molecule. This
suggests that the isolated DCA fragments could be introduc-
ing strong instabilities in the DCA network that results in the
large o values.

To isolate how the o4 values can affect the atomic images
in the reconstruction, a series of simple hologram simulations
were done using only Cu and N atoms, beginning with an
ideal Cu—N dimer system, whose reconstruction is shown in
Fig. 8(a). In this ideal dimer system, the N atom is placed in
the average N position of the pristine x-Br model, as indicated
by the red circle.

In Figs. 8(b)-8(d), a series of XFH simulations and atomic
reconstructions were made using the distribution of N atoms
in the pristine «-Br model, BS and BB models at 0 K. With
increasing o4 values, the shape of the N atomic images hardly
changed, but the intensities are suppressed. The suppression
of the intensities, relative to the ideal Cu-N dimer system
is summarized in Fig. 8(e). At 0 and 100 K, the N atomic
image intensities of the BS model is 11% and 9% lower than
the pristine «-Br. While this trend is consistent with what is
observed in the experiments, the ~10% suppression in this
simulation is less than the atomic image intensity suppression
observed in the irradiated samples.

Since the x-ray fluorescence holographic signal, and the
resulting reconstruction, consists of the sum of holographic
oscillations from all the scatterers around the Cu emitter
atoms, another set of holograms were simulated using a
5 A radius cluster around Cu constructed from the relative
positions of all scatterers calculated from the 1.5-ps MD sim-
ulations at 100 K.

The atomic image reconstructed from the hologram simu-
lations of the pristine model at 100 K [Fig. 9(a)] agrees well
with the reconstruction from the pristine sample in Fig. 4(a),

@ 34 CuN dimer |(b) Normal model
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Bond-shift model{(d) Bond-breaking
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y (&)
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Cu-N 0K
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FIG. 8. Atomic reconstructions from the holograms simulated at
0 K from (a) a simple Cu-N dimer system and the Cu and N atoms
only from (b) the pristine x-Br model, (c) the bond-shift model
and the (d) the bond-breaking model. (¢) Summary of the normal-
ized N atomic image intensities from the simulations at different
temperatures.

with strong Br atomic images and weak N images. For the
BS and BB models, the effects on the Br atomic images are
minimal while the N atomic images are strongly suppressed
and are barely visible above the background noise levels
[Figs. 9(b) and 9(c)]. In particular, in the BS model, the N
atomic images are reduced by 15% when compared to the
pristine model.

These simulations show that the increased static positional
fluctuations introduced by the bond-shift defects in the BS
model, and the dynamic fluctuations due to thermal vibrations
at 100 K can strongly suppress the N atomic images, which
agrees well with the results of the experiment. This suggests
that the defect formation in «-Br follows the double-excitation
process which leads to a bond-shifted structure (the BS model)
as predicted in DFT calculations [7].

It should be noted that while the XFH simulations of the
BS model at 100 K resulted in the suppression of the N
atomic image intensity that is consistent with the experiment,
the amount of suppression is only ~15% from the pristine
model. In the experiment, the N atomic images of the ir-
radiated samples are strongly suppressed and are no longer
visible in the reconstruction. Several scenarios are considered
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FIG. 9. Reconstruction of the anion layer from holograms simulated at 100 K using the MD simulation results for the (a) pristine model,

(b) the bond-shift model and (c) the bond-breaking model.

that may explain the inconsistencies in the N atomic image
suppression between the experiment and the BS model simu-
lations.

First, this is probably due to an underestimation of the
thermal vibration amplitudes in the MD simulations of the
BS model. For the pristine «-Br model, which was based on
experimental diffraction results, the agreement between the
XFH simulations at 100 K and the experiment shows that the
thermal vibration amplitudes obtained in the MD simulations
are close to the actual values. For the irradiated samples, the
suppression of the N atomic images behaves more like the
300-K simulations in Fig. 8(c), suggesting that the thermal
vibrations in the irradiated samples are greater than which is
predicted by the MD simulations. For such a scenario, the Br
atomic images in the irradiated samples should similarly be
affected. This is, however, not the case in the experimental
reconstructions, where the intensity of the Br atomic images
is almost constant even after irradiation. As discussed in the
previous section, this is due to the large displacement of the
Br atoms in the bond-shifted region [Br3 in Fig. 5(c)], where
the there is only a small broadening of the Br distribution in
the non-bond-shifted regions of the irradiated sample. Fur-
thermore, it has been suggested that a glasslike transition
observed in «-Br and x-(BEDT-TTF),Cu[N(CN),]ClI results
in the freezing out of the collective motion of the ethylene
end groups (EEGs) of the BEDT-TTF molecules and the
terminal ligands (Z = Br- or Cl-) below the glass transition
temperature 7, [35]. The strong vdW coupling between the
EEGs and the anion layers are dominated by Z.--H contacts
between the EEGs and the terminal ligands. This results in
the coupling of the EEG rotation with the in-plane motion
of these terminal ligands, both of which freeze out at 7.
The glass transition temperature 7, ~ 70 K has been reported
from various thermodynamic measurements [35-38], and x-
ray diffraction [19,39]. This transition temperature 7, shifts to
higher temperatures with increasing cooling rates [36]. This
may explain why the Br atomic images are not as affected by
the thermal vibrations at 100 K.

Another possible scenario is the randomness of the defects
in the actual irradiated samples. In the formation of the BS
model, 2 N atoms from adjacent DCA molecules are excited
by the x-ray irradiation and leads to C—N bond breaking.
The broken N-C = N and C = N fragments from adjacent
DCA- fragments connect thru thermal motion and form the

bond-shifted DCA molecule. Further reactions proceed from
the remaining DCA- fragments and eventually an alignment
of these bond-shifted DCA molecules along the ¢ direction
is formed. This results in periodic defects. However, in our
simulations, the introduction of random defects results in
the fragmentation of the DCA network upon structural opti-
mizations. To realize such a random distribution of defects,
additional simulations of structures not considered in this
work might be necessary.

While additional experiments can further clarify this situa-
tion, the XFH experiment, the XFH simulations, and the MD
simulations done in this work provide experimental evidence
that the radiation damage in x-Br results in permanent defor-
mation in accordance with the “bond-shift” model. Atomic
reconstructions show a strong suppression of N atomic images
due to increased positional fluctuations of the N atoms after
inducing radiation damage. By including the thermal motion
of atoms in the clusters used in the XFH simulations, the
resulting reconstruction of anion plane that agrees well with
the experimental results. Furthermore, these results show the
successful application of XFH on molecular crystals, opening
up the possibility of future investigations of soft materials
using this element sensitive, atomic resolution technique.

IV. CONCLUSIONS

X-ray fluorescence holography experiments were
performed on pristine and irradiated «-(BEDT-TTF),
Cu[N(CN),]Br crystals to investigate the effects of irradiation
on the local structures around Cu in the anion layer as
the sample goes through a metal-insulator transition. The
atomic reconstruction of the anion layer of the pristine «-Br
crystal clearly shows the nearest neighboring Br and N
atomic images, showing similarities with the reconstructions
obtained from simulated holograms.

After x-ray irradiation, permanent deformation is intro-
duced in «-Br and this was reflected in the suppression
of the N atomic images in the reconstructions. Using the
“bond-shifted” model, and molecular dynamics simulations,
the combined static and dynamic fluctuations in the atomic
positions around Cu in the anion layer were introduced in the
hologram simulations. The reconstructions from the pristine
and BS model at 100 K better reproduces the experimental re-
constructions, showing that the static fluctuations from the BS
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model, and the dynamic (thermal vibrations) fluctuations can
sufficiently suppress the N atomic images, as was observed
experimentally. The results of the XFH experiments provide
experimental evidence that the BS model is a good model
of the permanent deformation induced in «-Br upon x-ray
irradiation. These results provide key structural information
that can help us understand how x-ray irradiation leads to the
metal-insulator transition in this series of strongly correlated
electron systems. Furthermore, the clear atomic reconstruc-
tions obtained from the XFH experiments demonstrates that
XFH can be a powerful tool in examining the local structure
around metals in organic samples, opening up the possibility
of future bio-XFH experiments.
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