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The Et2Me2Sb[Pd(dmit)2]2 salt is a Mott insulator at room temperature with layers of equivalent
dimers [Pd(dmit)s]2 forming a 2D triangular lattice. Although spin liquid behavior has been reported
in other systems with a quasi-triangular lattice, Et2Me2Sb[Pd(dmit)2]2 shows no spin liquid behavior
irrespective of the expected high spin frustration due to its almost perfect equilateral triangular
structure. Here, we report a high resolution structural analysis that reveals the existence of an
intermediate incommensurate phase between the highly frustrated room temperature phase and the
charge separated phase characterized by differently charged dimers coupled to different intradimer
Pd-Pd distances. The structure of the incommensurate phase exhibits no modulation of the Pd-Pd
distance but a large steric effect between the cation and the terminal sulfur atom of the Pd(dmit)s
molecules. In addition to this steric frustration, the interdimer transfer integrals coupled to the arch-
distortion in the dimer are also modulated suggesting that the spin state in the incommensurate
phase is ascribed to an incommensurate modulation of the transfer integral. We demonstrate that
the presence of the incommensurate phase originates from different frustrated competitive forces
and discuss its magnetic and optical properties.

I. INTRODUCTION

The charge transfer complexes consisting of a
Pd(dmit)s (dmit = 1,3-dithiole-2-thione-4,5-dithiolate)
anion, Z[Pd(dmit)s]s (Z = monovalent cation), exhibit
diverse phases such as metal, dimer Mott insulator,
charge separation (CS), valence bond liquid, and valence
bond solid [1-3]. These phases arise from the competi-
tion of interactions among charges and spins in a two-
dimensional triangular lattice that can lead to frustra-
tion [4-9]. Geometrical frustration results in a highly
degenerate ground state, where numerous spin arrange-
ments are energetically equivalent. This can give rise to a
range of interesting phenomena, including the emergence
of exotic phases and excitations, appearance of incom-
mensurate phases, as well as a suppression of long-range
orders [10, 11]. The discovery of quantum spin liquids
(QSLs) has brought attention to quasi-two-dimensional
molecular crystals as they form highly frustrated trian-
gular arrangements of dimers occupied by a single charge
with spin 1/2 [6, 12-14].

The compound EtasMeySb[Pd(dmit)s]s, shown in
Fig. 1(a), belongs to such a strongly correlated two-
dimensional system [1, 2, 15]. The crystal structure of
Et2MeoSb[Pd(dmit)s]s consists of alternately stacked an-
ion layers composed of Pd(dmit), and insulating cation
layers [Fig. 1(b)]. At room temperature, it crystallizes
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in the monoclinic C2/c space group (a = 14.62 A, b =
6.40 A, c = 37.51 A, B = 97.72 ° at 250 K). The unit cell
contains two conduction layers related to each other by
the c-glide symmetry. Each layer lies parallel to the (a,
b) plane and is composed of crystallographic equivalent
Pd(dmit)s molecules stacking along the a+b or a-b di-
rection. Due to the strong dimerization of the Pd(dmit)s
molecules, the dimer has been considered as an effec-
tive unit. At room temperature, EtoMeySb[Pd(dmit)s]s
is a dimer Mott insulator, with a uniform charge of -
1 (monovalent) on each [Pd(dmit)s]s dimers. The for-
mal charge of the Pd(dmit)s molecule in these salts is
-0.5, and the system has a half-filled character owing to
the tight dimerization [16, 17], as shown in Fig. 1(c).
This (a, b) anion layer can be described as an equilat-
eral triangular lattice with an anisotropy parameter J,./.J
= 1 [15], where J, and J represent interdimer HOMO-
HOMO transfer integrals [Fig. 1(c)]. Around 70 K,
EtoMesSb[Pd(dmit)s]2 undergoes a phase transition, as
indicated by the temperature dependence of the magnetic
susceptibility in Fig. 1(d). The space group changes to
monoclinic P2; /c (a’ = 14.50 A, b’ = 12.65 A, ¢’ = 37.18
A, B =98.09 ° at 25 K). The low temperature structure
consists of dimers with distinct valence states arranged
alternatively along the b direction. This indicates that
the phase transition is associated with CS, where loose
divalent and tight neutral dimers are ordered [Fig. 1(c)].

The origins of QSL have been a subject of de-
bate and the contradiction that a candidate of QSL
does not necessarily have an equilateral triangular lat-
tice has remained unclear. EtaMeySb[Pd(dmit)sz]s and
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FIG. 1. (a) The complex molecule Pd(dmit), and the
Et2Me2Sb cation. (b) Schematic representation of the (a,c)
plane showing cation layers and anion layers perpendicular to
the ¢ axis. (c) Schematic representation of the (a,b) show-
ing the anion layer (in green) in the high temperature (HT)
and low temperature (LT) phases. The anion layer in the HT
phase forms a triangular lattice of monovalent dimers. The
unit cell (hashed area) axis are along a+b and b direction. J,
and J are the interdimer transfer integrals. Tight neutral and
loose divalent dimers are formed in the LT phase. (d) Tem-
perature dependence of the magnetic susceptibility (red solid
line) in EtaMezSb[Pd(dmit)z]2 and a candidate of quantum
spin liquids EtMe3zSb[Pd(dmit)2]2 as a reference compound
(blue dotted line).

EtMe3Sb[Pd(dmit)s]o present a very similar structure
but behave much differently, with the latter being in
a QSL state at low temperature [12]. The quasi-two-
dimensional molecular crystal EtoMepSb[Pd(dmit)s]s
forms highly frustrated triangular arrangements of
dimers, which closely resemble an equilateral triangu-
lar lattice. This motivates a detailed analysis in order
to understand the different competitive forces associated
with the frustration in a triangular lattice. In this pa-
per, we focus on the temperature range between 105 and
65 K where the magnetic susceptibility exhibits an unex-
plained behavior [Fig. 1(d)]. Furthermore, diffuse satel-
lite reflections were previously reported at 90 K [2] and
we demonstrate that they are linked to the emergence of
an incommensurate phase. We collected high resolution
X-ray diffraction data at various temperatures and we
employed the superspace formalism to characterize this
phase and solved the structure in the superspace. The
structure of the incommensurate phase and its infrared
vibrational spectrum can be interpreted in terms of the
competition between different steric, electronic and mag-
netic interactions.

II. EXPERIMENTAL SECTION

Single crystals of EtoMeoSb[Pd(dmit)s]2 were pre-
pared by the air oxidation method [15]. Their structural

analysis was done by X-ray diffraction experiments per-
formed on single crystals. The diffraction experiments
were carried out on a Xcalibur3 four-circle diffractometer
(Oxford Diffraction) equipped with a 2D sapphire3 CCD
detector and Mo-Ka radiation. High resolution diffrac-
tion experiments were also performed using monochro-
mated Cu-Ka radiation from a rotating anode source and
a high resolution mar345dtb imaging plate (Marresearch
GmbH), which was placed as far as 400 mm from the
crystal to spatially resolve the Bragg peaks. Crysalis
Pro software from Oxford Diffraction [18] was used to
reduce the data. The low temperature X-ray diffraction
experiments were performed with a constant gas flow he-
lium cryostat. The periodic structures at 250 and 25
K were solved by direct methods using SHELXT [19].
Here data were refined by full-matrix least squares on F2
using SHELXL [19, 20], All non-hydrogen atoms were
refined anisotropically and H-atoms were constrained by
geometry. CCDC-2269860 and CCDC-2269862 contain
the supplementary crystallographic data for 250 and 25
K respectively [21].

III. THE SEQUENCE OF PHASES OF
EthGsz[Pd(dmit)z]z

Figure 2(a) presents, between 110 and 15 K, several
Mo-Ka diffraction images along the b* direction. Three
differently assigned Bragg peaks are observed. Above 105
K, only Bragg peaks signing the C2/c space group are ob-
served. Between 70 and 100 K, supplementary satellites
Bragg peaks are present at a position gs = 8 b*, with g
of the order of 0.45 in b* units. In the low temperature
phase, these satellites Bragg peaks become commensu-
rate and additional superstructure Bragg peaks appears.
In agreement with reference [2], the space group of this
low temperature phase is P2;/c. Figure 2(b) shows the
temperature dependence of the incommensurate diffrac-
tion Bragg peaks along the b* direction as a function of
the temperature between 100 and 80 K obtained using
high resolution diffraction. A clear temperature depen-
dence of the misfit parameter g8 is shown in Fig. 2(c).
The irrational number of the parameter 8 together with
its continuous change as function of temperature is a
characteristic feature of an incommensurate modulated
phase. The superspace group is determined by the obser-
vation of the conditions for main and satellites reflections.
In the present case, the mean structure is monoclinic
C2/c and the critical wave vector is g5 = 8 b*, so the
superspace group is C2/c (080). For the satellite reflec-
tions, an additional extinction rule for reflections OkOm
with m = 2n+41 is observed suggesting the superspace
symmetry element s. The only (3+1)-dimensional super-
space group in compliance with this condition is C2/c (0
B 0) s0. The superspace groups of dimension four have
been systematically discussed in references [22-25]. Ac-
cording to this work, an alternative setting of superspace
group B2/b (0 0 v) sO corresponding to 15.1.7.3 space-
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FIG. 2.
crystal of EtaMe2Sb[Pd(dmit)s]s.

Temperature (K)

(a) Diffraction imaging obtained from Xcalibur four-circle diffractometer analysis with Mo-Ka radiation of a single
The diffraction plane (1, k,

1) is shown at several temperatures. The frames at 110 K and

105 K reflects the C2/c symmetry of the high symmetry phase. The images at 100, 80, and 70 K show a supplementary set of

satellite Bragg peaks at incommensurate positions gs = 8 b*.

The lowest temperature image, at 15 K, shows a cell doubling

along b* and the appearance of Bragg peaks signing the loss of the C-centering in agreement with a three-dimensional space

group P2, /c.

(c) Temperature evolution of the positions of the satellite Bragg peaks gs

group can be used. In order to conform to the cell chosen
by Nakao et al. [2], the description in C2/c (0 5 0) s0 is
used in this article. The actual sequence of three phases
of EtaMesSb[Pd(dmit)s]s is shown in Fig. 3. Hereafter,
we denote the phase between Ti = 105 K and Tc¢ =
66.5 K as phase IT and the previously-reported phases as
phases I and III. The phase transition from the mono-
clinic high symmetry phase I C2/c to the incommensu-
rate one (phase II) is marked by a continuous increase of
the intensity of the satellite Bragg peaks. A modulated
incommensurate crystal can be seen as a perturbation
of a periodic three dimensional lattice by a modulation
whose period is in an incommensurate ratio with the pe-
riodicity of the mean lattice. The amplitude of the modu-
lation is weak and increases continuously by lowering the
temperature leading to a first order lock-in phase transi-
tion at Tc = 66.5 K. This lock-in phase, phase III was
previously reported as the low symmetry phase P2;/c.
The diffraction signature presents two characteristic fea-
tures. First, a jump from incommensurate satellite vec-
tor gs = B b* having an irrational § to commensurate

(b) Temperature dependence of incommensurate peaks observed using high resolution diffraction experiments.

- B b*.

vector gs = 1/2 b*. Second, at this temperature, the
mean structure lowers the symmetry from C2/c to P2, /c
yielding the appearance of Bragg peaks at h+k odd (Fig.
3). The observed sequence of phases corresponds to the
usual sequence of phases in incommensurate modulated
crystals with a jump of the incommensurate vector g5 to
a commensurate one [26, 27]. In this compound, no study
of the incommensurate phase had been done before.

IV. STRUCTURE OF THE
INCOMMENSURATE PHASE AS DETERMINED
IN A (3+1)-DIMENSIONAL
CRYSTALLOGRAPHIC SUPERSPACE

The structure of EtaMeaSb[Pd(dmit)sz]s within its in-
commensurate phase (80 K) was solved and refined in
a (34+1)-dimensional superspace using SUPERFLIP and
JANA Programs [28]. The basic principle of the crystal-
lographic superspace of dimension (3+1) is illustrated in
Fig. 4 considering the actual parameters encountered in
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FIG. 3. Phase diagram of EtoMesSb[Pd(dmit)2]2 defined

by temperature evolution of the intensities of satellite Bragg
peaks. Diamonds: intensity of the satellites in the incom-
mensurate phase C2/c (080)s0 defining 7% = 105 K. Triangle
and circle: Bragg peak intensities signing respectively the cell
doubling and the loss of the centering due to the commen-
surate lock-in phase transition at Tc = 66.5 K towards the
space group P2;/c.

this study at 80 K. For a sake of simplicity, we consider
a chain of atoms of period b, modulated in position by
a sinusoidal function A sin(q y) where ¢ = 2% | /b is
irrational number and A is the amplitude of the modu-
lation. By introducing a perpendicular direction to the
physical space, the incommensurate modulation function
can be represented along the internal direction of the
crystallographic superspace. The wavelength A of the in-
commensurate modulation along b verifies A\ = £. This
defines a superspace cell characterized by the asz, asq
basic vectors. In this description, atomic position is no
more coordinates but is defined by its atomic modulation
function. The real position of the atoms represented by
pink circles in the physical space is obtained by a one-
dimensional cut of the periodic superspace [Fig. 4(b)]
[29-31]. Solving the structure means determining the
atomic modulation function of all the atoms of the mean
three-dimensional unit cell as function of the period along
the fourth dimension, which is called conventionally the
variable ¢ as defined in Fig. 4(b).

The reflection intensities including satellites were inte-
grated using the program CrysAlis [18]. The structure
model was constructed and refined using the program
Jana2006 [28]. Only peaks with I/o > 6 were used for
this refinement (4296 main reflections and 8495 first order
satellites). A two-step procedure was carried out. First,
the average structure was refined against main reflection
only and with isotropic atomic displacement parameters.
Then the parameters of the average structure were fixed,
and only the modulation parameters of all atoms were
refined against both the main and satellite reflections.
As only satellites of order 1 were observed, only one har-
monic modulation wave per atom was necessary. The
structure could be refined to a weighted R value of 0.061,
0.046, and 0.135 for all, main, and satellites reflections,
respectively. CCDC-2269861 contains the supplementary
crystallographic data for phase IT at 80 K [21]. One way
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FIG. 4. (a) Schematic representation of an incommensurate
phase in the physical space of dimension 3. The orange curve
corresponds to the amplitude of the longitudinal incommen-
surate displacement along the axis, and blue and pink circles
are respectively the mean and the incommensurate positions.
(b) Superspace representation of dimension 3+1. The super-
cell in green is periodic and the orange curve represents the
atomic modulation function along the internal dimension ¢ of
the superspace. The actual positions in the physical space of
the atoms in pink circles are given by a horizontal cut.

to analyze the structure in the superspace is to look at
t-plots. A t-plot is constructed by looking at structural
parameters like distances between two atoms as a func-
tion of ¢t. The different relevant parameters dpg_ pq, o, ¥,
and ASb are defined in Fig. 5: dpg_pq is the distance
between the two palladium atoms within a dimer, « is
an intramolecular angle of the molecule Pd(dmit)s, ¥ is
the intramolecular torsion angle between the two ethyl
groups in the EtoMesSb cation and ASb is the displace-
ment of the Sb atom along the ¢ direction. In phase III,
the two different values correspond to the values mea-
sured in two non-crystallographic equivalent dimers or
cations. Table I summarizes the structural parameters
in the three phases. The parameters in the high sym-
metry phase I (at 250 K) and in the low symmetry one
IIT (at 25 K), are in agreement with the results reported
previously in the literature by Nakao and Kato [2].

As shown in Fig. 6, strong modulation of the structure
of the dimer as well as the cation can be observed. The
position of the Sb atom exhibits a strong modulation in
phase IT with a displacement (ASb) from one-unit cell to
another that can reach up to 0.35 A. The torsion angle
() between the two ethyl groups in the EtoMeoSb cation
also shows a wide range of modulation.

It is noteworthy from Fig. 6 and Table I that the ampli-
tude of the incommensurate modulations varies around
the observed values in phase I and nearly reaches the
ordered values of the periodic low symmetry phase III.
This consistency arise from the fact that the locked
low symmetry phase essentially involves to a jump of
the modulation wave vector qs = B b* to the com-
mensurate one while retaining most of the structural
features of the incommensurate modulation. However,
this behavior is surprisingly not observed for the in-
termolecular Pd-Pd distance (dpy—pgq) between the two
Pd(dmit)s units within the dimer [Fig. 6(d)]. Accord-
ing to [16, 17, 32, 33], the instability toward the charge
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FIG. 5. Schematic representation of the structural ordering
in the high symmetry phase C2/c and in the low symmetry
phase P2;/c. The symbols «, ¥, dpa—pa, and ASb corre-
spond to molecular and dimer structural parameters which
are significantly different in the high and in the low temper-
ature phases.

separation (CS) state stems from a unique mechanism
involving inversion of the HOMO-LUMO energy levels of
the Pd(dmit), molecule within the dimer. The charge
transfer between the dimers is accompanied by a lattice
distortion resulting in two types of dimer couples: a tight
neutral dimer with four electrons occupying the two lower
bonding levels and a loose divalent dimer with six elec-
trons occupying the two lower bonding levels and one
higher anti-bonding level. Both dimers exhibit spin sin-
glet pairs which explain the diamagnetic nature of the
CS phase. Consequently, a strong significant structural
signature of the CS state is the Pd-Pd distance (dp4—pg)-
Based on this structural analysis, it emerges that the am-
plitude of the Pd-Pd distance modulation in the incom-
mensurate phase is negligible compared to the effective

TABLE 1. Different characteristic structural parameters in
phase I (250 K), phase III (25 K), and phase II (80 K) : the
symbols dp4—pd, a, ¥, and ASb correspond to intramolecular
and dimer structural parameters defined in Fig. 5. In phase
I11, the two different values correspond to the values measured
in two non-crystallographic equivalent dimers or cations.

Phase I (250 K) Phase III (25 K) Phase II (80 K)
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FIG. 6. t-plot of different structural parameters obtained at
80 K in phase II. (a) Positional modulated displacement ASb
along the c¢ direction of antinomy atom Sb in the EtaMeaSb
cation; (b) Modulation of the intramolecular torsion angle ¥
between the two ethyl groups in the EtaMesSb cation; (c)
Rotational modulation of the internal angle in the molecule
Pd(dmit)s; (d) Distance dpq—pq between the two Pd(dmit)s
molecules in the dimer. The dotted lines in red and blue indi-
cate the corresponding values in the high and low symmetric
periodic phases, respectively.

jump during the lock-in transition and the Pd-Pd dis-
tance is almost not changed compared to the high sym-
metry phase. Therefore, we can conclude that no CS is
observed in the incommensurate phase and the average
charge of the dimer is -1, similar to phase I.

The modulation functions extracted from the struc-
tural analysis provide an explicit representation of the
overall atomic modulation. However, given this find-
ings, it is more informative to visualize the impact of
the modulation on the structure in real space. Figure
7 shows the results of the incommensurate modulation
over an extended distance corresponding to eight aver-
age unit cells along the b direction. The cation geometry
undergoes a drastic modification with a significant mod-
ulation of the torsion angle ¥. Additionally, the cation
moves inside or outside the dimer, causing a bending of
the Pd(dmit)s molecules, while the distance between the
two molecules around the Pd atoms remains almost con-
stant in phase II. We can therefore conclude that the
frustration leading to incommensurate modulation arises
from a very strong steric effect between the alkyl groups
of the EtsMesSb cation and the terminal S atoms of the
Pd(dmit)s molecule competing with the CS state of the
low temperature phase. As temperature decreases, the
amplitude of these modulations increases as illustrated
by the increase of the intensity of the satellites shown in
that temperature range in the figure 3. At Tc = 66.5
K, the system undergoes a lock-in phase transition. This
phase transition is associated with the CS mechanism
accompanied by a large structural change of the dimers.



FIG. 7. (a) View of 8 adjacent unit cells of the incommensu-
rate phase of EtoMe2Sb[Pd(dmit)2]2 shown in the real space.
Effective atomic modulations with a period A = b/S with 8
= 0.45 (represented by the orange sinusoidal curve) show the
spatial variation of the intramolecular and intermolecular pa-
rameters, dpq—pa, o, ¥, ® and ASb. (b) Side view along
the incommensurate direction b showing the superposition of
these same 8 adjacent unit cells.

V. INCOMMENSURATE DEGREE OF SPIN
FRUSTRATION AND ITS MAGNETIC
PROPERTIES

The dimer units within the anion layer are networked
to form a quasi-triangular lattice [Fig. 1(c)]. The trian-
gular lattice, resulting from the interdimer interactions,
is approximately isosceles, allowing us to estimate the
anisotropy of the triangular using the J,./J ratio where
Jr and J are the interdimer transfer integrals as defined
in Fig. 1(c). In this system, these interdimer interac-
tions are related to the degree of the arch-shaped molec-
ular distortion that is reflected in the overlap of the two
Pd(dmit)s molecules within the dimer [15]. The devia-
tion from perfect overlap can be estimated by the change
in the S-Pd-Pd-S torsion angle (®) [inset of Fig. 8(a)].
Figure 8(a) represents the ¢-plot of the torsion angle (®)
and Fig. 7(a) illustrates its modulation in real space.
The average value in phase I and the two distinct values
in phase III are similar to those reported in reference [15]
and its variation follows the variation of the intramolec-
ular angle (o) since the modulation of the torsion also
originates from the strong steric effect between the cation
and the terminal S atoms. It has been demonstrated that
the interdimer transfer integrals J,. and J are linearly cor-

0.8

FIG. 8. (a) Modulation in phase II of the torsion angle. Red
dotted lines and blue dotted line are respectively the torsion
angles in phase I and phase III. Inset shows the definition
of the torsion angle S-Pd-Pd-S characterizing the mismatch
of overlap between the two molecules inside the dimer. (b)
Estimated anisotropy parameter J,./J of triangular lattice in
phase II for different value of ¢. Inset shows the definition of
the interdimer transfer integrals J, and J.

related with @ [15]. In the high symmetry phase I, ® =
2.2 °and J, = J = 25 meV, describing an equilateral tri-
angular lattice with an anisotropy parameter J,./J = 1.
Based on the work presented in [15], we can estimate J,.
and J for different values of ® observed in the incommen-
surate phase II. At the minimum ® = 1.2 °, the estimated
values are J, = 24.1 meV and J = 28.2 meV and at the
maximum & = 3.8 °, J,. = 27.6 meV and J = 22.0 meV.
In the incommensurate phase II, the anisotropy parame-
ter J./J modulates from approximately 0.86 to 1.25, as
illustrated by the t-plot of J/J in Fig. 8(b).

Spin frustration occurs in systems where the interac-
tions between the spins on a lattice cannot be simultane-
ously satisfied. In an equilateral triangular lattice, it is
impossible to arrange the spins in a way that every pair
of neighboring spins aligns anti-parallel, as would be the
case in an anti-ferromagnetic system. Because the degree
of anisotropy of triangular lattice is modulated in phase
II, we can conclude that the incommensurate phase is
characterized by an incommensurate modulation of the
degree of spin frustration. This finding is consistent with
the susceptibility curve observed in phase II, as shown in
Fig. 1(d). The degree of anisotropy on the triangular lat-
tice has been established as the most important param-
eter for explaining the magnetic properties. In phase I,
the temperature dependence of the magnetic susceptibil-
ity can be described by a model of a spin-1/2 Heisenberg
antiferromagnet on a triangular lattice with the exchange



coupling Jezen/kp = 240 K. The exchange coupling Jozcn
appears to slightly increase with temperature above 100
K [7]. However, neither a spin-1/2 Heisenberg model nor
an exponential drop due to non-magnetism can be ap-
plied to x(T) in phase II. The observed incommensurate
degree of spin frustration observed in phase II is most
likely the origin of this weak anomalous variation of the
magnetic susceptibility.

VI. INFRARED VIBRATIONAL
SPECTROSCOPY IN THE INCOMMENSURATE
PHASE

The charge and the structure information can be cap-
tured via vibrational spectroscopy [34]. Temperature de-
pendence of the reflectivity spectra with the polariza-
tion parallel to the a axis has been measured in the
infrared (IR) region to study the charge and the local
structure of the Pd(dmit), dimer. Figure 9(a) shows the
temperature dependence of the reflectivity spectra in the
C=C stretching mode’s energy range. When Pd(dmit),
molecules form a dimer, four vibrational modes emerge as
a result of an in-phase and an out-of-phase combination
of IR- and Raman-active C=C stretching modes of the
Pd(dmit)s molecules. The so-called B and C modes are
IR-active [34] and observed as double peak structures in
the spectra at 120 K (phase I) in Fig. 9(a). With lower-
ing the temperature, there is little change of the spectral
shape at Ti, while a large change has been observed at
Tc, which is consistent with the reported work [34]. Lit-
tle change of the spectral shape at T indicates that the
charge of the monomer and dimer remains -0.5 and -1,
respectively, and the Pd—Pd distance in the dimer is un-
changed at the phase transition between phases I and
II. The structure and charge of the dimer in phase II
are very similar to phase I in agreement with the struc-
tural and magnetic studies presented above. However,
small signs of incommensurate modulation have been in-
deed observed in an other energy range. In phase I, sin-
gle peak structure is located around 920 cm~! as shown
in Fig. 9(b). This mode can be assigned as the C-S
stretching mode as schematically shown in the inset of
Fig. 9(b), based on the quantum chemical calculation by
Gaussian 16 [35]. This structure shows almost no change
in phase II, but it splits into several peaks in phase III.
The splitting of the peak is expected because there are
at least two kinds of dimers in phase III. It should be
noted that the intensity of a weak IR-active mode at
around 932 cm™! increases with lowering temperature
in the phase II and disappeared below Tc. The crys-
tal structure of phase II shows that the intramolecular
structural parameters such as the bending angle («) are
strongly modulated leading to a positional modulation of
the terminal S atom [Fig. 7(b)] that could affect the IR
spectrum. The appearance of this small peak around 932
cm ™! only in phase II is a sign of such modulation. Two
possible assignments of this mode can be proposed. The
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FIG. 9. Temperature dependence of reflectivity spectra with
the polarization parallel to the a axis. (a) Spectra in the C=C
stretching mode at 120 K (phase I), 80 K (phase II), and 50
K (phase III). The B and C bands are centered around 1332
and 1292 ecm ™! at 120 K, respectively. Insets show schematic
atomic motions of the B and C modes of the dimer. (b) Tem-
perature dependence in the energy range of the C-S stretching
mode. A small peak structure appears around 932 cm™! in
phase II. The horizontal dashed lines are guide to the eyes.
Inset shows schematic atomic motions of the IR-active C—S
stretching mode of the dimer.

first is the disappearance of the inversion center from the
Pd(dmit)s dimer, causing the Raman mode to become
IR active. The second one is the change of the spectral
weight of the EtaMe2Sb mode due to the steric interac-
tion between EtoMesSb and Pd(dmit)s. Judging from
the weak intensity of the EtsMesSb mode from the cal-
culation, the first one is a more plausible mechanism. In
addition, it should be noted that Ref. [32] has reported
a EtoMesSb mode around 1405 cm ™! which is observed
only below T%, suggesting the close relation between the
structure of EtaMeaSb and Pd(dmit), in phases II and
I11.

VII. DISCUSSIONS

The Cs[Pd(dmit)s] salt presents a phase transition
from a metallic phase to the CS phase [2], without any
intermediate incommensurate phase. This directs our at-
tention to the origin of the different sequences of phases
in these two salts. The Cs cation is spherical and the
steric effect is either absent or very small compared to
the EtoMesSb salt where the hook shape of the cation in-
duces a strong steric effect. The high temperature phase
in Cs and EtoMesSb salts are quite different. In the high
temperature metallic phase in the Cs salt, the spin fluc-
tuation is suppressed due to itinerant electrons and as a
consequence, the Cs salt does not show any spin frustra-
tion which is a characteristic of the phase I of EtoMesSh
salt. Based on these observations and our structural anal-
ysis of the incommensurate phase II, we can conclude
that the origin of the incommensurate phase in EtoMesSh
salt is therefore the result of the competition between the
steric effect, the magnetic frustration and the CS state.



A photoinduced phase transition (PIPT) has been
studied using the time-resolved IR spectroscopy in this
crystal [36-38]. After the photoexcitation in phase III,
it is found that a high-temperature phase emerges with
a two-step sequences. However it is not clear whether it
is phase I or II. The slow emergence of the photoinduced
state is considered to originate from the lattice distor-
tion induced by the cation. The lattice distortion plays
a key role in the mechanism stabilizing the photoinduced
phase as already reported in the photoinduced metallic
phase in (BEDT-TTF)3X5, (X = ReO4 and ClOy4) or in
(EDOTTF)yX, (X = PFg and SbFg) [39-41]. The lat-
tice distortion is controlled by the shape of the cation in
[Pd(dmit)s] salts. In the case of the Cs[Pd(dmit)s] salt
[38] where the cation Cs is spherical without a hook, the
emergence of the photoinduced high temperature state
is very fast and occurs in a single step. On the other
hand, the two-step photoinduced processes observed in
the EtoMeoSb salt is due to the steric effect between the
hook shape EtoMesSb cations and Pd(dmit)s anions. To
interpret the PIPT, two highly symmetric phases should
be taken into account: the incommensurate C2/c¢(050)s0
phase II and the periodic C2/c phase I. There is a possi-
bility that the short time process corresponds to the for-
mation of the intermediate incommensurate phase, the
longtime process to the erasing of the incommensurate
modulation. Such a suppression of the incommensurate
modulation by light was reported previously by Collet et
al. [42] in a spin cross-over system.

VIII. CONCLUSION

In a general way, an incommensurate phase arises
from a frustration between competitive forces. The

case of the two-dimensional triangular lattice of
EtoMeoSb[Pd(dmit)s]2, charges and spins interact with
one another in a manner that leads to frustration. The
high temperature phase I is characterized by a geomet-
ric frustration due to its 2D equilateral triangular lat-
tice. On the other hand, the low temperature phase 111
presents two different dimers with two distinct charges
in the CS state. High resolution x-ray measurements
performed on single crystal revealed the presence of an
intermediate incommensurate phase II. The temperature
dependent phase diagram was determined and we char-
acterized the superspace group of the new phase. The
structure was solved and refined using the superspace for-
malism and the main features of this phase was confirmed
by the measurement of the IR vibrational spectrum. In
this study, we have identified an intermediate phase, that
does not undergo the CS transition, between previously
characterized phases, phase I and phase III. Within this
phase II, the strong steric interaction as well as the de-
gree of spin frustration are incommensurately modulated.
The competition between the steric effect, the magnetic
frustration and the CS state leads to the emergence of
the incommensurate modulation in phase II. As a conse-
quence, a highly distinctive order appears, where the de-
gree of spin frustration must be aperiodically modulated.
Further investigation should be carried out to reveal the
spin structure in phase II of EtoMesSb[Pd(dmit)s]s.
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