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Highly variable carbon environment in the k-(BEDT-TTF),Cu,(CN)j; salt probed by carbon K-edge
x-ray absorption and resonant inelastic x-ray scattering spectroscopy
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Using near-edge x-ray absorption fine structure (NEXAFS) and resonant inelastic x-ray scattering (RIXS)
at the C K-edge, we have studied the carbon environment and dynamics in k-(BEDT-TTF),Cu,(CN); and
supplemented them by density functional theory calculations. The maximum in the NEXAFS pre-edge is
identified to originate mainly from nonequivalent carbon sites of the BEDT-TTF molecule, whereas the anionic
carbons contribute to the intensity at higher energy. RIXS spectra show resonant reinforcement of the interorbital
excitations, but without a clear set of vibrational harmonics, previously detected in our N K-edge RIXS study.
This finding points to the strong multimode vibrational excitation of all carbon sites in both (BEDT-TTF),*
molecular and Cu,(CN);~ anionic subsystems, thus demonstrating a strongly disordered environment which
might have important implications for the electronic state of the k-(BEDT-TTF),Cu,(CN);.
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I. INTRODUCTION

The quasi-two-dimensional organic charge-transfer salts
belong to a vast class of strongly correlated materi-
als which exhibit some of the most intriguing phenom-
ena in condensed matter physics [1]. Among them, «-
(BEDT-TTF),X, where BEDT-TTF (shortly, ET) is bis(ethyl
enedithio) tetrathiafulvalene (Fig. 1) and X is a mono-
valent counterion, have attracted much attention for their
variety of electronic states due to the interplay of reduced
dimensionality, strongly correlated electrons, spin-charge in-
teractions, and ordering phenomena. Most prominent is
k-(BEDT-TTF),Cu,(CN)j; (shortly, £-Cu), which has gained
wide attention in the solid-state community since it was
synthesized in 1991 [2]. It possesses a rich phase diagram
under pressure, featuring a Mott metal-insulator transition,
unconventional superconductivity, and non-Fermi-liquid be-
havior [3-5]. Furthermore, it is extensively discussed as a
prime candidate for hosting a quantum spin liquid (QSL)
consisting of entangled spin singlets with exotic low-energy
excitations [6,7].
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The k-Cu structure is composed of conducting layers of
organic ET molecules, which are separated by nonconduct-
ing anion planes parallel to the (b,c) crystallographic plane
(Fig. 2). The anion layer consists of an essentially planar
polymeric network of triangularly coordinated copper (I) ions
interconnected by cyanide (CN) groups [2]. The connection
of the molecular and the anion layers is realized via hydrogen
H bonds between molecular-layer ending ethylene groups and
anion-layer CN groups. There is a charge transfer of about one
electron per dimer, from the ET molecular layer (donor) to the
anion plane (acceptor). The sites of the triangular lattice of ET
dimers are accommodated by approximately one hole carry-
ing a spin-1/2. Commonly, anions were considered to serve
as the spacer and charge reservoir, until the important role
of ET molecule-anion interaction in stabilization of diverse
electronic phases was emphasized [8].

At ambient pressure, k-Cu is a Mott insulator with correla-
tion strength U/W = 1 (U is the on-site Coulomb repulsion
and W is the bandwidth), implying that it lies close to the
metal-to-insulator transition. At high temperatures, DC elec-
trical transport takes place by the nearest-neighbor hopping
of holes within molecular planes, whereas below 130 K,
DC conduction crosses over to the variable-range hop-
ping [9]. These DC electrical transport properties indicate the

©2025 American Physical Society


https://orcid.org/0009-0000-4030-922X
https://orcid.org/0000-0002-9437-434X
https://orcid.org/0000-0003-0916-2105
https://orcid.org/0000-0001-7348-5369
https://orcid.org/0009-0009-0037-177X
https://orcid.org/0000-0001-7557-4322
https://orcid.org/0000-0002-1872-6112
https://orcid.org/0000-0003-4841-7713
https://orcid.org/0000-0001-5992-0125
https://orcid.org/0000-0001-9295-6736
https://ror.org/02en5vm52
https://ror.org/01a77tt86
https://ror.org/043htjv09
https://ror.org/02dyaew97
https://ror.org/03xjwb503
https://ror.org/043htjv09
https://ror.org/01ydb3330
https://ror.org/02550n020
https://ror.org/02rx3b187
https://ror.org/04dbzz632
https://ror.org/057zh3y96
https://ror.org/03c59nw07
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.111.125160&domain=pdf&date_stamp=2025-03-27
https://doi.org/10.1103/PhysRevB.111.125160

DJENABOU BAYO et al.

PHYSICAL REVIEW B 111, 125160 (2025)

s17 z s16

FIG. 1. Geometry of an isolated BEDT-TTF (ET) molecule. It is
optimized in the D, point group, where it has three twofold axes,
X, Y, z, indicated by green arrows, and three nonequivalent carbon
sites, C1 (central), C3 (side), and C7 (terminal ethylene), indicated
by red circles.

inherent heterogeneity present in the system such that the sys-
tem should be more properly described as a Mott-Anderson
insulator [10]. Similarly, the relaxorlike dielectric response
in the insulating state below 60 K, controversially discussed
for years [9,11], most likely results from inhomogeneities
since no clear experimental evidence of electric dipoles was
found [12]. Namely, common refinement of the structure
of «-Cu is usually performed in the monoclinic and cen-
trosymmetric P2;/c space group [2,13-19], thus excluding
the presence of electric dipoles at all temperatures. However,
recent structural results by Foury et al. [20], collected between
300 and 3 K, evidence a symmetry breaking, revealing that
the structure is triclinic. The space group is lowered to P1 or
even Pl, meaning that there are at least two nonequivalent
dimers in the unit cell. However, analysis of structural refine-
ments performed at 300 and 100 K with the help of density
functional theory calculations finds only a tiny interdimer
charge imbalance of 0.06e, which is close to the resolution
limit. Unfortunately, due to technical difficulties, the low-
temperature structure (below 100 K) could not be refined.
Importantly, a recent Raman study by Liebman er al. [21]
shows that no phase transition occurs down to 6 K, while
a negligibly small, fluctuating, charge imbalance of 0.05e
(assumed to be intradimer) develops below 60 K. We point
out that the assumption of infradimer charge imbalance could

FIG. 2. Side view of the k-(BEDT-TTF),Cu,(CN); (x-Cu) struc-
ture, showing layers of BEDT-TTF (ET) molecules separated by
anion planes. Carbons are black, sulfurs are yellow, nitrogens are
gray, coppers are green, and hydrogens are rose color.

only be possible if the space group is P1. But that possibility
remains unproven since the x-ray measurements are not able
to discriminate between the P1 and P1 space groups. Last
but not least, inferdimer charge imbalance, in line with the
results in Foury et al. [20], was recently suggested to also
be relevant in another x-(BEDT-TTF),X system based on the
Raman spectra calculations and analysis [22].

The «-Cu molecular dimers, each hosting S = 1/2 spin,
form a relatively highly frustrated triangular lattice with large
exchange coupling of J = 250 K, but without any magnetic
ordering [6]. Initially, the suppression of the magnetic state
was primarily attributed to frustration. Indeed, if x-Cu had
Ising spins with antiferromagnetic coupling on a perfectly
equilateral two-dimensional (2D) triangular lattice, the spins
would be entirely frustrated without the possibility of any
order in the ground state. But k-Cu is a Heisenberg antifer-
romagnet, where spins can rotate in the (b,c) plane. Such a
triangular lattice, when perfectly equilateral, can host a spin
120° order, which is not observed [23]. In addition, in «-Cu,
there is a slight anisotropy of transfer integrals [13,24], in-
dicating that the triangular lattice is not perfectly equilateral.
Thus growing evidence indicates that the degree of frustra-
tion in x-Cu might not be enough to host a QSL [1,25],
and that disorder or randomness may play an equally im-
portant role [8,26]. Recently, however, an opening of a spin
gap was evidenced, pointing to a nonmagnetic ground state,
described as a singlet valence-bond state [27-29]. While this
finding rules out a gapless scenario with mobile spinons, it
still leaves open the possibility of a gapped QSL phase. Most
importantly, it highlights that the nature of the ground state
is strongly affected by disorder, as also suggested from the
conductivity and the dielectric properties’ behavior at higher
temperatures [9,10].

Already the coupling of organic molecules to the anion lay-
ers via the ethylene groups imposes disorder. Indeed, in all ET
compounds, side ethylene groups, pointing to the anion layer,
can take different conformations relative to the plane defined
by the rest of the molecule. The disorder of ethylene groups
is likely dynamical at high temperature, while progressively
quenching at low temperature. Anion planes offer an addi-
tional type of disorder, as the bridging cyanide groups can take
two orientations relative to the Cu atoms. Both subsystems
thus contribute to the inherent disorder of the compound. This
can be viewed as large-scale charge inhomogeneities onto
the BEDT-TTF layer, as has been demonstrated by combined
numerical and spectroscopic studies which clearly uncover the
importance of the Cu, (CN)3; anion network coupled to the ET
molecules [30].

Finally, the question arises of how the lattice dynamics
couples to charge and spin degrees of freedom; in other words,
to what extent the electron-phonon coupling (EPC) is relevant
in k -Cu. In our previous work [31], we tuned the incident light
energy at the K-edge of nitrogen sites, which enabled us to
study excited phonon modes in the anionic layers. Combining
measured data with numerical calculations permitted us to es-
timate the site-dependent EPC of these modes to contribute at
least 20% to the total ET molecular-layer EPC. The latter was
previously extracted from infrared and Raman data obtained
for B-(ET),I3 by Girlando et al. [32] using the quasiharmonic
lattice dynamics.
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In order to shed more light and deepen the understanding
of the excitation properties in x-Cu, we have conducted C
K-edge near-edge x-ray absorption fine structure (NEXAFS)
and resonant inelastic x-ray scattering (RIXS) measurements
at 300 K and at 15 K. A comparison of these data with our
calculations of the NEXAFS spectra performed on an isolated
BEDT-TTF molecule permits us to identify different carbon
sites contributing to the pre-edge features of the NEXAFS
spectrum. The full «-Cu crystal calculation provides evidence
that the environment of each of these carbon sites is already
strongly disturbed by the static disorder in the structure.
Moreover, RIXS measurements do not show a clear set of
vibrational harmonics, but point toward a complex multimode
vibrational excitation spectra, indicating additional strong dy-
namical disorder in the system. In contrast to previous N
K-edge results, no monomode excitation with resolved har-
monics was detected, thus disabling us from estimating the
molecular plane mode’s contribution to the total EPC of the
k-Cu.

II. EXPERIMENTAL AND CALCULATION DETAILS

A. Experimental details

High-quality single-crystal samples of x-Cu were grown
using the electrocrystallization method [2,33]. C K-edge
NEXAFS data were acquired at the TEMPO beamline [34,35]
of the synchrotron SOLEIL. The room-temperature signal
was collected in the total electron yield (TEY) mode with
the beamline resolution set to 110 meV and with the linear
horizontal light polarization. RIXS measurements were per-
formed at the SEXTANTS beamline [36] of the synchrotron
SOLEIL by means of the AERHA spectrometer [37] with an
overall energy resolution of 120 meV. The scattering angle
was fixed to 85° and the incident light polarization was linear
horizontal. RIXS measurements were performed at 300 and
15 K. In both measurements, data were recorded in grazing
incidence geometry, with the incoming photon polarization
(¢) almost perpendicular to the anion layer Z(e, a*) = 20°,
where a* stays for the reciprocal lattice vector perpendicular
to the (b,c) plane. The orientation of the b and ¢ axes with
respect to the scattering plane was not determined.

B. Calculation details

Calculations performed on the isolated BEDT-TTF
molecule were done using the density functional theory (DFT)
with Becke three-parameter hybrid exchange [38] and the
Lee-Yang-Parr gradient-corrected correlation functional [39]
(B3LYP) implemented in the GAMESS(US) program [40]. The
6-31G* basis set was used [41]. The geometry optimization
was performed for the ground state with different constraints
on the symmetry of the molecule. Transition probabilities
(oscillator strengths) and the relative excited energies were
calculated by the configuration-interaction method (CI) in
the Hartree-Fock approximation. The transition energies to
the first (excited-state) unoccupied orbitals are further set on
their A Kohn-Sham (AKS) value, computed for a triplet final
state. The relativistic correction of 0.2 eV for carbon has been
included [42].
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FIG. 3. NEXAFS spectrum of «-Cu measured at the C K-edge at
room temperature using horizontal light polarization.

Calculations performed on the full k-Cu crystal structure
were done by the finite difference method near-edge structure
(FDMNES) code, which is an all-electron code taking into
account the presence of the core hole. [43—45]. These density
functional theory calculations were performed using atomic
orbitals as a basis set and the Hedin and Von Barth [46]
functional.

III. RESULTS

A. Experimental spectra

A large energy-scale C K-edge NEXAFS spectrum, mea-
sured at 300 K, is presented in Fig. 3. It shows a pre-edge
structure characterized by two sharp features in the photon
energy (hv) range of 284-288 eV, indicated as A and B,
respectively: one strong peak at hvq = 285.1 eV and a smaller
peak at hvg = 286.8 eV. They are followed by a broad struc-
ture above the edge, which extends from 288 to 310 eV. It will
be indicated by G.

Figure 4 shows overall room-temperature RIXS spectra
measured at the C K-edge. They are presented in the emitted
energy scale, where the position of the narrow and strong
elastic peak shifts with the excitation energy. The spectra
are characterized by two broad features centered at constant
emitted energy of about 277 eV («) and 281 eV (B), showing
fluorescent behavior. The intensity of the structure o strongly
increases at the incident photon energy hvs = 285.1 eV,
where the intensity of the elastic peak presents a maximum as
well. The elastic peak has a symmetrical line shape far from
the resonance, at hv = 288.1 eV. But for photon energies close
to hvy,, it shows an asymmetric line shape, with a shoulder on
its low emitted energy side, and following the elastic peak as
the incident photon energy is changed.

In order to unravel excitations contributing to the low
emitted energy shoulder of the elastic peak, we measured
low-temperature (15 K) RIXS spectra close to the C K-pre-
edge maximum, hvy = 285.1 eV. The spectra are presented in
Fig. 5, in the energy loss scale (E;), with the constant elastic
peak position at E;, = 0. They reveal that the structure o is
composed of two features which resonate at hvy = 285.1 eV,
and form two sharp peaks, at E;, = —6.87 eV and —8.51 eV.
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FIG. 4. Room-temperature RIXS (left) and NEXAFS (right)
spectra measured on k-Cu at the C K-edge and with the linear
horizontal light polarization. Incident photon energies of the RIXS
spectra are indicated by lines of the corresponding color in the
NEXAFS spectrum. RIXS spectra are shifted at the intensity scale
for clarity.

They are attributed to the interorbital excitations which are
resonantly reinforced at the NEXAFS pre-edge maximum.
Close to the elastic peak, for E; between —1 and 0 eV (3),
there is an intensity increase, resulting in an asymmetric shape
of the elastic peak. It points to the presence of unresolved
low-energy excitations which are reinforced at the excitation
energy corresponding to the carbon pre-edge peak.

B. NEXAFS pre-edge calculation considering an isolated
BEDT-TTF (ET) molecule

A formula unit of x-Cu has 23 carbon atoms. 20 of
them are in two ET molecules and only three are in the
anion layer. In order to identify contributions of different
carbon sites to the C K-pre-edge NEXAFS, we first present
the calculation performed on an isolated ET molecule. We
chose its D, point-group geometry, already used for the
calculations of charge-sensitive vibrational modes of ET

RIXS
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FIG. 5. RIXS spectra on k-Cu measured across the C K-pre-edge
maximum, at the temperature of 15 K and with the linear horizontal
polarization.
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34

HOMO m

FIG. 6. HOMO and three lowest unoccupied orbitals of the
ground-state ET molecule in the D, point group. Red/blue colors
indicate the positive/negative sign of the molecular orbital wave
function.

neutral, ETT charged molecule, and ET;’ dimer [22,47].
Even if this symmetry does not give the equilibrium geom-
etry of the ET molecule, it is quite close to the geometry
of the more probable conformation of the ET molecule
in the k-(BEDT-TTF),Cu,(CN); crystal. Different geome-
tries of the ET molecule and its conformations in the
k-(BEDT-TTF),Cu,(CN)j; structure, as well as the validation
of the choice of the geometry used for the NEXAFS calcula-
tion, are described in detail in the Supplemental Material [48]
(including Refs. [49,50]).

The ET molecule has 98 occupied orbitals in its ground
state (GS), i.e., the initial state of the absorption process. In
the D, point group, 26 of them are of A symmetry, 23 By, 25
B;, and 24 Bs. The last and highest occupied molecular orbital
(HOMO) is the 24th B; and has 7 character; see Fig. 6. It
is delocalized on the whole molecule, even if its weight on
ethylene groups is quite low. The first and lowest unoccupied
orbital (LUMO) has o character (27 A). Its weight is mostly
localized in the central part of the molecule. LUMO+-1 is the
24th By, has a mixed 7 and o character, and is delocalized
on the moieties of the molecule, but not in the central part.
LUMO+-2 has 7 character (26 B;) and is delocalized on the
whole molecule.

Transition probabilities (oscillator strengths) and relative
energies for the C 1s excitation below the ionization potential
(IP = 291.680 eV) are given in Table I. Note that the order of
the orbitals in the excited state is not the same as in the ground
state. The process of accommodation of a core electron into a
particular valence state can act differently on the stabilization
of different orbitals, i.e., some orbital states can be stabilized
more than others. This is particularly the case of the first C1-
site excited state, which is LUMO+1.
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TABLE I. Calculated ET molecule C 1s excitation energies and
probabilities below the ionization potential (IP).

Final Order Transition Transition
Carbon state rel. energy probability
site orb. sym. to GS (eV) osc. strength
Cl1 24 B, +1 287.392 0.036392
27A LUMO 287.642 0.006004
26 B, +2 288.572 0.044174
28A +3 289.582 0.004758
25 By +5 289.852 0.001060
25 B; +6 290.192 0.000017
27 B, +4 290.712 0.001327
29A +9 291.112 0.005365
26 B, +7 291.452 0.003782
C3 27 A LUMO 287.678 0.021023
24 B, +1 288.268 0.036319
25 B; +6 290.198 0.012427
26 B, +2 290.438 0.006185
28 B, +8 290.648 0.000592
28 A +3 291.048 0.017893
C7 27A LUMO 288.156 0.034763
27 B, +12 290.696 0.006963
26 B, +2 291.096 0.006641
1P 291.680

Figure 7 shows the experimental NEXAFS C K-pre-edge
of k-Cu and compares it to the calculation on an isolated ET
molecule.

The intensity bars, corresponding to the different excita-
tions given in Table I, are convoluted by Lorentzian profiles
whose width, I" = 0.15 [51], includes the C 1s core-hole life-
time, I';; = 0.11 eV [52], and the experimental broadening,
y =0.11eV.

The calculation on an isolated ET molecule quite well
describes the two main features in the pre-edge, A and B,

0.20 A
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FIG. 7. Experimental C K-pre-edge NEXAFS spectrum of «-Cu
(red points) compared to the calculations performed on an isolated
ET molecule (black line). Contributions from C1, C3, and C7 sites
are shown by blue, red, and green lines, respectively. Calculated
spectra are shifted for —3.1 eV in order to match the experiment.

including the low- and high-energy shoulder of the main peak.
It shows that the three ET nonequivalent carbon atoms con-
tribute to the pre-edge, but in different ways. The pre-edge
maximum (A) is described mostly by the side-C3 and the
ethylene-C7 cross sections, while the central-C1 contributes
to its shoulders. The small structure B has mostly C3 con-
tribution. Note that the intensity of the C3 and C7 features
is multiplied by 2, as the number of these sites is twice the
number of CI sites.

We remark that this calculation does not include states
above the ionization potential (IP) as they are considered to
be itinerant. The intensity above the edge, defined as IP, is put
to zero.

C. NEXAFS calculation on the full x-Cu structure

In the following, we wish to analyze how the x-ray absorp-
tion cross section of the three nonequivalent molecular sites
C1, C3, and C7 is modified in the «-Cu crystal environment.
We thus performed the calculation on the full x-Cu structure,
where ET molecules form charged (+1) dimers. In addition,
the structure of k-Cu is known to exhibit disorder in the anion
plane as well as in the ET molecular layer [2,14—17,20]. The
output of structural refinements of this system gives atomic
positions where some sites have partial occupation.

The data from the «-Cu structural refinement by Foury
et al. [20] have been chosen for the full crystal calculation.
This refinement was performed in the triclinic space group P1,
contrary to previous works [2,13—19], which were performed
in the monoclinic and centrosymmetric P2, /c space group.

X-ray scattering factors of C and N being almost identical,
preferential orientation of CN groups bridging the -Cu-CN-
Cu- polymeric chains in the anionic layer could not be
determined by any structural refinement. Thus, bridging C(N)
atoms were considered as having 50:50 C/N partial occupa-
tion. For the disorder in the molecular layer, in the refinement
which we used, the conformation of ET molecules has been
determined to be staggered (S: t,t) with 72% probability and
eclipsed (E: t,t) with 28% probability, which is the proportion
close to the values previously determined previously [13,19].

For the sake of electronic structure calculations, these par-
tial occupations had to be eliminated. In a double «-Cu unit
cell of 240 atoms, an alternation of orientations of bridging
CN groups was applied in the b direction. Further, the more
probable S(t,t) conformation has been chosen for all the ET
molecules. The symmetry was thus lowered to P1 and the unit
cell contained four formula units and thus four dimers.

FDMNES calculations on this P1 x-Cu structure show that
all 92 carbon sites are nonequivalent by symmetry. For the
sake of clearness, the carbon sites are sorted into five groups
and presented by different colors in the figures. For the ET
molecule carbons, the same colors as in the calculation on the
isolated ET molecule (see Fig. 7) are used: blue for 16 central-
C1, red for 32 side-C3, and green for 32 terminal ethylene-C7
carbons. The two groups of carbons in the anion plane, eight
in the chains and four bridging the chains, are indicated by
gray and black lines, respectively.

The experimental NEXAFS spectrum is compared to the
FDMNES calculation in Fig. 8. The first structure of the NEX-
AFS pre-edge, at 285.1 eV, denoted by A, is almost perfectly
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FIG. 8. Experimental C K-pre-edge NEXAFS spectrum of «-Cu
compared to the calculation using the structural refinement by Foury
et al. [20]. The sum of the contributions from the groups of carbon
atoms is indicated blue, red, green, gray, and black lines. The spectral
weight of each nonequivalent carbon site, presented in the same
scale, but multiplied by 4 for clearness, is shown at the bottom of
the figure.

reproduced by the calculation. It has a strong contribution
from the three ET carbons, in particular the side-C3 site,
and the central-C1 site, which dominates at low energy. The
contribution from the ethylene-C7 site is weakened, compared
to the isolated ET calculation, and does not present strong and
sharp features.

The second structure, at 287 eV, denoted by B, is well de-
scribed in the full crystal «-Cu calculation. Its spectral weight
is due to the contribution from the side-C3 site.

At higher energy, the calculation on the «x-Cu structure
predicts a strong feature attributed to the anion plane (bridge
and chain) carbons, which does not match well with the exper-
imental data. Its energy is too high to be related to the second
pre-edge structure at 287 eV. The large feature centered at
297 eV, indicated by G (see Fig. 9) is not very well reproduced
by the calculation. At position G, the calculation predicts an
increased spectral weight of the three ET carbons, in particular
of the central-C1 and the side-C3 sites, but its intensity is
too low.

Note that the high-energy part of the spectra is not included
in the calculation on the isolated ET molecule.

IV. DISCUSSION
A. Discussion: NEXAFS spectrum

As pointed out in Sec. III B for the calculation on the
isolated ET molecule, its three nonequivalent carbon atoms
contribute to the strong peak in the C K-pre-edge. The central-
C1 and the side-C3 carbon contribute to the low-energy
shoulder of the feature A (see Fig. 7), while the intensity
maximum is due to side-C3 and ethylene-C7 carbons. The

NEXAFS
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—@— exp.

— calc.

per group
1

— C3
— C7
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— bridge
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280 290 300 310 320 330 340
Photon Energy (eV)

FIG. 9. Experimental C K-edge NEXAFS spectrum of k-Cu (red
points) compared to the calculation (black line) using the structural
refinement by Foury ez al. [20]. Other spectra (colored lines) are
calculated contributions from different specific carbons (see text for
identification).

small structure at higher energy (denoted by B in Fig. 7)
has mostly C3 and C7 contributions. The total intensity is
described by only three spectra, one for each nonequivalent
site, sites C3 and C7 contributing twice as their number in the
molecule is twice the number of C1 sites.

In the P1 space-group full-crystal calculation, each site
has its own spectrum, as all the C sites are nonequivalent by
symmetry. This gives a bunch of spectra for each group of
atoms (C1, C3, C7, chain, bridge); see lower part of Fig. 8
(“per site”). One can still recognize that the pre-edge has
strong contributions from the ET carbons. The calculation
on an isolated ET molecule permits one to identify the sites
which contribute to the pre-edge. It cannot, however, predict
the complexity of these spectra as it does not take into ac-
count the complex environment of each carbon site inside the
crystal.

In order to discuss the details of the calculated NEXAFS
spectra on a clearer basis, we first present the view along the a
axis [Fig. 10(a)] and b axis [Fig. 10(b)] of the P1 space-group
structure, and two nonequivalent dimers D1 [Fig. 10(c)] and
D2 [Fig. 10(d)]. Carbon atoms are labeled solely by their num-
bers, i.e., 11-20 for the dimer D1, 21-30 for the dimer D2,
while other atoms, i.e., sulfur and hydrogen, are not labeled.
Note that the positions of carbons 20 and 30 are split in the
structure, as they can be in the ethylene group which has,
besides the actual staggered, the eclipsed conformation. Par-
ticular carbon sites, which will be discussed in the following,
are indicated by cyan (D1) and orange (D2) colors.

The effect of the environment on the site-projected NEX-
AFS spectra is shown in Fig. 11, where the calculated spectra
of the isolated molecule are compared to these in the full-
crystal structure, for sites (group of sites) C7 [Fig. 11(a)], C3
[Fig. 11(b)], and C1 [Fig. 11(c)]. As explained in Sec. III C,
the inversion symmetry in the P1 space group had to be broken
for the sake of electronic structure calculations. However, in
the bunch of spectra of different sites in the crystal, the carbon
sites which were related by the inversion symmetry in the P1
have almost identical spectra. For the sake of clearness, in

125160-6



HIGHLY VARIABLE CARBON ENVIRONMENT IN THE ...

PHYSICAL REVIEW B 111, 125160 (2025)

D AA A D LA A O AA A
oY oY oY oo
04 o4

FIG. 10. Molecular layer and an anion layer of a P1 space-group
structure, view along its (a) a axis and its (b) b axis, and its two
(strongly) nonequivalent dimers (c) D1 and (d) D2. Particular carbon
sites, with the highest intensity maximum in the NEXAFS calcula-
tion of Fig. 11, are indicated by cyan and orange colors, for D1 and
D2, respectively.

Fig. 11, only one of four of them is shown. Moreover, the
color code of the carbon sites, which will be discussed in the
following, is different in the two dimers (D1, D2), i.e., cyan
for D1 and orange for D2.

Note that in Figs. 11(a)-11(c), different sites of each group
have very different spectra. It is interesting to note that this
diversity is not present only in the ethylene-C7 group, but
as well in the side-C3 and central-C1 groups. We remark
that the terminal ethylene-C7 group is at the frontier of the
two subsystems (ET layer and anion plane). The ethylene-C7
group is also at the source of the disorder in the system,
as the conformation of ET molecules can be staggered or
eclipsed. In addition, some of the ethylene sites are close
to the anion plane C or N bridge, which are orientationally

(@

—— isolated ET
ethylene-C7-site

full structure
C7-sites

Intensity (arb. units)

283 284 285 286 287 288 289
Photon Energy (eV)

(b) :
—— isolated ET
side-C3-site
0
s
E
r-}
=
<
- full structure
-'t'” C3-sites
c 13 23
2 14 24
£ 15 25
16 26
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283 284 285 286 287 288 289

Photon Energy (eV)

(c)

—— isolated ET
central-C1-site

0
‘c
E]
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‘? full structure
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£ 1
12
21
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FIG. 11. Site-dependent calculation on an isolated ET and in the
full crystal: (a) for the ethylene-C7 site, (b) for the side-C3 site,
and (c) for the central-C1 site. The color of the spectra of particular
carbon sites corresponds to those in Fig. 10.

disordered. Thus, for this group of sites, one would expect that
the disordered environment results in a bunch of completely
different spectra, which is effectively the case. But for the
sites C3 and C1, which are inside the molecule, a set of more
similar spectra is expected.

In Fig. 11(a), the spectrum of one of the ethylene-C7 sites,
labeled as 28 in Fig. 10, has a strong maximum and com-
pletely differs from the rest of the ethylene-C7 group. Note
that its position, indicated by orange color, is in dimer D2.
Figure 11(b) shows that the side-C3 spectra of D1 are at higher
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photon energy compared to the D2 spectra. This is particularly
clear for the sites 15 (D1) and 24 (D2). The shift between the
D1 and the D2 spectra is even increased in the case of the
central-C1 sites 11 (D1) and 22 (D2).

A very simple explanation of the relative shift of the spectra
is due to the so-called chemical shift, which can be related
to the charge of a particular site: the more the charge of a
site is negative, the more its spectrum is shifted to a higher
photon energy. In this sense, we can identify two ranges
of nonequivalent dimers in terms of charge distribution [see
Fig 10(a)], even if their global charge is not significantly
different, which is in line with the work by Foury [20] and
Girlando [22], who support interdimer charge imbalance. In
addition, it is possible that ET molecules in each dimer have
permanent dipoles, which are oriented in opposite directions.
Let us remind the reader that we calculated NEXAFS spectra
for only one configuration of CN bridge orientation and only
choosing staggered twisting of all the ET molecules. In the
real structure, there is an orientational disorder of bridging CN
groups as well as the possibility of the eclipsed conformation
of the ET molecules, meaning that the distribution of charge
on a particular molecule is altered as a consequence, inducing
an additional disorder.

At 288.4 eV, the calculation on the k-Cu structure predicts
a sharp doublet attributed to the anion plane (bridge and chain)
carbons,; see Fig. 8. Its intensity, however, is too high and does
not match well with the experimental data. Above 290 eV,
there is a broad feature G in the experimental spectra, with a
maximum at about 295 eV (see Fig. 9). The calculated spectral
weight of the three ET carbons, in particular of the C1-central
and the C3-side sites, has an increase at 3 eV higher energy
compared to the maximum of the feature G. But this intensity
increase is not sufficient to describe the whole feature G.

The discrepancies between the experiment and the calcu-
lation above the edge could have either an experimental or
theoretical origin. First, on the black surface of the crystals,
we observed micrograins of white color (see Supplemental
Material, Ref. [48]). These could be due to some residuals of
the solvent used to prepare the crystals. They should contain
amounts of noncrystallized carbon in some form. Such amor-
phous amounts of carbon show up a broad feature above the
C K-edge. Additionally, we detected small radiation damage
effects in resonant RIXS spectra, measured at the incident
energy indicated by A in the NEXAFS spectra. The study of
this beam damage showed that it does not change the general
spectral shape, but has only a minor effect on relative intensi-
ties. We are therefore confident that our results remain valid
and reflect the intrinsic properties of the studied samples. Sec-
ond, for each nonequivalent carbon, the FDMNES calculation
is performed on a cluster of a 7 A radius, which is centered
on this particular carbon site. When the cluster is centered
on anion layer carbons, it does not include all nonequivalent
carbon sites. Ethylene sites are all included, but half of the
side carbons and all central carbons are out of the cluster
range.

B. Discussion: RIXS spectra

As shown in Figs. 4 and 5, the elastic peak presents an
asymmetric line shape resulting from a resonantly enhanced

shoulder on the energy-loss side extending up to about 1 eV.
This feature is a signature of low-energy excitations that are
visible in the RIXS spectra at the excitation energy close to
the maximum of the pre-edge, hvy = 285.1 eV, indicated in
the NEXAFS spectrum as the structure A. NEXAFS calcu-
lations show that this photon energy corresponds mostly to
the excitation of the C3-side sites of the ET molecule in the
k-Cu structure. As the sample is insulating, we do not expect
any contribution arising from delocalized states at this photon
energy. The low-energy excitations close to the elastic peak
are most probably due to phonon excitation.

Recent publications show that resonant x-ray inelas-
tic scattering (RIXS) permits one to directly measure the
electron-phonon coupling (EPC) [31,53-56]. It can be de-
duced from the envelope of the vibrational progression close
to the elastic peak [53]. It has been applied to estimate the
EPC of a localized (Einstein) mode in titanates [55,56] and
in cuprates [57]. RIXS measurements at the N K-edge were
successfully used to estimate the contribution of the anion
plane modes to the «-Cu EPC [31].

But contrary to the N K-edge excitation [31] of the same
system, there are no vibrational harmonics of a particular
mode that can be clearly resolved at the C K-edge. In the case
of the N K-edge, tuning the photon energy at the nitrogen site
of the ordered (chain) cyano group switched five distinct har-
monics of the anion plane CN stretching mode. Conversely,
tuning the excitation energy on the one corresponding to the
disordered (bridging) sites revealed a multimode excitation.
This permitted us to determine the EPC of selected CN modes
and to relate it to the environment and the dynamics of
nonequivalent nitrogen sites.

One should note that contrary to NEXAFS, whose broad-
ening depends on the lifetime of the C K-edge excited state
(I'1s = 0.1 eV [52]), RIXS natural broadening is much smaller
as it depends on the lifetime of a valence-excited state (the
final state of the RIXS process) which is negligible. RIXS
resolution is thus limited by the experimental resolution of
120 meV. We could thus expect to observe vibrational modes
with an energy higher than 120 meV, such as CN stretching
at 250 meV (2100 cm™!) and, in particular, C = C stretch-
ing at about 180 meV (1430 cm™'), as the photon energies
close to hvy = 285.1 eV correspond to the C3-site excitation.
As this is not the case, we conclude that in «-Cu, at the
C K-edge, stretching modes are not solely excited. There is
a strong multimode vibrational excitation likely related to
all the nonequivalent carbon sites in the ET molecule. The
RIXS calculation including multimode vibrational excitation
is a highly complex task, which falls outside the scope of
the present work. However, a tentative calculation of the
quasielastic part of the RIXS spectra is presented in the Sup-
plemental Material [48].

C. Discussion: Disorder

Kawamoto et al. observed a remarkable broadening of
the nuclear magnetic resonance (NMR) line, indicating the
development of inhomogeneities in the charge density upon
cooling [58]. Subsequent NMR confirmed this finding and
showed that the line broadening becomes strongly enhanced
and anomalous at low temperatures (7' < T* ~ 6 K), indi-
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cating spatially nonuniform magnetizations induced in the
frustrated system under magnetic fields [59]. Importantly, in
the former measurements, only a single central carbon of ET
molecule was '3C enriched, while in the latter, '>C was en-
riched for the doubly bonded carbon sites at the center of ET.
In that sense, NEXAFS and RIXS measurements present an
advantage since they allow one to probe the local environment
of all carbons (two central, four side, and four terminal) of the
ET molecule, as well as of carbons in the anionic layers. In
this way, our results shed more light on the origin of disorder
observed experimentally to play a crucial role in the physical
behavior at high as well as low temperatures in x -Cu. Disorder
is also invoked in theoretical models to help promote the
formation of the ground state in x-Cu. Its important role in
the formation of the QSL state has been previously proposed
by Watanabe et al. [26], whereas more recent theoretical con-
sideration by Riedl et al. [28] describes the low-temperature
state of k-Cu as a disorder-induced valence-bond state. Thus,
in both models, disorder together with frustration promote
the formation of the ground state. Remarkably, the complex
interplay between frustration and disorder is observed in a
number of novel quantum spin materials; however, a pending
task remains to separate the frustration effects from those of
disorder [60].

We suggest that the observed effects in '*C NMR and in our
RIXS and NEXAFS measurements, indicating the presence of
inhomogeneities, can be accounted for by defects generated in
interfaces between frustration-limited domains. The creation
of these domains might be triggered by symmetry breaking
evidenced by the structural refinements of Foury et al. [20].
The latter findings support the existence of low-symmetry do-
mains that are consistent with the overall higher symmetry of
the average space group. This is further corroborated by DFT
calculations, which help to explain the relaxor-type dielectric
response and variable-range hopping transport observed in the
insulating state [30]. However, an open question remains re-
garding whether there is an additional structural modification
at 6 K that enhances symmetry breaking and potentially leads
to the formation of a nonmagnetic valence-bond state. No-
tably, a significant change in phonon damping was observed

at 6 K for the breathing mode of BEDT-TTF dimers at 38
cm~! [30,61].

V. CONCLUSION

Here we present C K-edge NEXAFS and RIXS experi-
mental spectra measured on the x-(BEDT-TTF),Cu,(CN);
system. NEXAFS spectra are compared to the DFT calcu-
lations in order to identify the components of the pre-edge
structure. The maximum of the pre-edge is attributed to the
carbon atoms in the BEDT-TTF molecular layer, which are all
nonequivalent in the x-(BEDT-TTF),Cu,(CN); crystal. The
anion plane carbons in the CN groups do not contribute to
the NEXAFS maximum, but only to the high-energy small
feature of the pre-edge. The elastic peak of the RIXS spec-
tra having an asymmetrical form points to the presence of
unresolved multiphonon excitations. Our findings evidence
the presence of both static and dynamic disorder in both
molecular and anionic layers in x-(BEDT-TTF),Cu;,(CN)s,
and suggest its crucial importance for correlated electronic
states, including quantum spin liquid. As previously stated [8],
this work once more emphasizes that the full description of
the electronic properties of molecular conductors necessitates
a complete characterization of the structural coupling and
induced disorder between donor and anion layers via the H-
bond network. Theoretical models thus need to incorporate
the role of disorder at the microscopic level to account for
k-(BEDT-TTF),Cu,(CN); physical properties, whereas a pre-
cise refinement of the structure at low temperatures remains
one of the important experimental tasks which calls for de-
voted endeavors in future.
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