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Frustrated competitive forces in the Et2Me2Sb[Pd(dmit)2]2 molecular conductor
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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)2]2 forming a two-dimensional triangular lattice. Although spin liquid behavior has been reported in
other systems with a quasitriangular 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)2 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 due 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.

DOI: 10.1103/PhysRevB.108.134104

I. INTRODUCTION

The charge transfer complexes consisting of a Pd(dmit)2

(dmit=1,3-dithiole-2-thione-4,5-dithiolate) anion, Z[Pd
(dmit)2]2 (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 competition of interactions among
charges and spins in a two-dimensional (2D) triangular
lattice that can lead to frustration [4–9]. Geometrical
frustration results in a highly degenerate ground state,
where numerous spin arrangements are energetically
equivalent. This can give rise to a range of interesting
phenomena, including the emergence of exotic phases and
excitations, appearance of incommensurate 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 triangular arrangements of dimers occupied
by a single charge with spin 1/2 [6,12–14].

The compound Et2Me2Sb[Pd(dmit)2]2, shown in Fig. 1(a),
belongs to such a strongly correlated two-dimensional sys-
tem [1,2,15]. The crystal structure of Et2Me2Sb[Pd(dmit)2]2

consists of alternately stacked anion layers composed of
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Pd(dmit)2 and insulating cation layers [Fig. 1(b)]. At room
temperature, it crystallizes in the monoclinic C2/c space
group (a = 14.62 Å, b = 6.40 Å, c = 37.51 Å, β = 97.72◦
at 250 K). The unit cell contains two conduction layers re-
lated to each other by the c-glide symmetry. Each layer lies
parallel to the (a, b) plane and is composed of crystallo-
graphic equivalent Pd(dmit)2 molecules stacking along the
a + b or a − b direction. Due to the strong dimerization of
the Pd(dmit)2 molecules, the dimer has been considered as an
effective unit. At room temperature, Et2Me2Sb[Pd(dmit)2]2

is a dimer Mott insulator, with a uniform charge of −1
(monovalent) on each [Pd(dmit)2]2 dimer. The formal charge
of the Pd(dmit)2 molecule in these salts is −0.5, and the
system has a half-filled character owing to the tight dimer-
ization [16,17], as shown in Fig. 1(c). This (a, b) anion layer
can be described as an equilateral triangular lattice with an
anisotropy parameter Jr/J = 1 [15], where Jr and J represent
interdimer HOMO-HOMO transfer integrals (where HOMO
denotes highest occupied molecular orbital) Fig. 1(c). Around
70 K, Et2Me2Sb[Pd(dmit)2]2 undergoes a phase transition,
as indicated by the temperature dependence of the magnetic
susceptibility in Fig. 1(d). The space group changes to mon-
oclinic P21/c (a′ = 14.50 Å, b′ = 12.65 Å, c′ = 37.18 Å,
β ′ = 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)].
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FIG. 1. (a) The complex molecule Pd(dmit)2 and the Et2Me2Sb
cation. (b) Schematic representation of the (a, c) plane show-
ing cation layers and anion layers perpendicular to the c axis.
(c) Schematic representation of the panels (a) and (b) showing the
anion layer (in green) in the high temperature (HT) and low tempera-
ture (LT) phases. The anion layer in the HT phase forms a triangular
lattice of monovalent dimers. The unit cell (hashed area) axes are
along a + b and b directions. Jr and J are the interdimer transfer
integrals. Tight neutral and loose divalent dimers are formed in the
LT phase. (d) Temperature dependence of the magnetic susceptibility
(red solid line) in Et2Me2Sb[Pd(dmit)2]2 and a candidate of quantum
spin liquids EtMe3Sb[Pd(dmit)2]2 as a reference compound (blue
dotted line).

The origins of QSL have been a subject of debate, and the
contradiction that a candidate of QSL does not necessarily
have an equilateral triangular lattice has remained unclear.
Et2Me2Sb[Pd(dmit)2]2 and EtMe3Sb[Pd(dmit)2]2 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 Et2Me2Sb[Pd(dmit)2]2

forms highly frustrated triangular arrangements of dimers,
which closely resemble an equilateral triangular lattice. This
motivates a detailed analysis in order to understand the dif-
ferent competitive forces associated with the frustration in a
triangular lattice. In this paper, we focus on the temperature
range between 105 and 65 K, where the magnetic susceptibil-
ity exhibits an unexplained behavior [Fig. 1(d)]. Furthermore,
diffuse satellite 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 em-
ployed the superspace formalism to characterize this phase
and solved the structure in the superspace. The structure of
the incommensurate phase and its infrared vibrational spec-
trum can be interpreted in terms of the competition between
different steric, electronic, and magnetic interactions.

II. EXPERIMENTAL SECTION

Single crystals of Et2Me2Sb[Pd(dmit)2]2 were prepared
by the air oxidation method [15]. Their structural analysis
was done by x-ray diffraction experiments performed on sin-
gle crystals. The diffraction experiments were carried out on

a Xcalibur3 four-circle diffractometer (Oxford Diffraction)
equipped with a 2D Sapphire3 CCD detector and Mo-Kα

radiation. High resolution diffraction experiments were also
performed using monochromated Cu-Kα radiation from a
rotating anode source and a high resolution mar345dtb imag-
ing 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 helium
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 F 2 using SHELXL [19,20]. All
nonhydrogen atoms were refined anisotropically, and H atoms
were constrained by geometry. Cambridge Crystallographic
Data Centre entries CCDC-2269860 and CCDC-2269862
contain the supplementary crystallographic data for 250 and
25 K respectively [21].

III. THE SEQUENCE OF PHASES OF Et2Me2Sb[Pd(dmit)2]2

Figure 2(a) presents, between 110 and 15 K, several Mo-
Kα diffraction images along the b∗ direction. Three differently
assigned Bragg peaks are observed. Above 105 K, only Bragg
peaks indicating the C2/c space group are observed. Between
70 and 100 K, supplementary satellite Bragg peaks are present
at positions qs = β b∗, with β of the order of 0.45 in b∗ units.
In the low temperature phase, these satellites Bragg peaks
become commensurate and additional superstructure Bragg
peaks appear. In agreement with Ref. [2], the space group of
this low temperature phase is P21/c. Figure 2(b) shows the
temperature dependence of the incommensurate diffraction
Bragg peaks along the b∗ direction as a function of the tem-
perature between 100 and 80 K obtained using high resolution
diffraction. A clear temperature dependence of the misfit pa-
rameter β is shown in Fig. 2(c). The irrational number of the
parameter β 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
observation of the conditions for main and satellites reflec-
tions. In the present case, the mean structure is monoclinic
C2/c and the critical wave vector is qs = β b∗, so the super-
space group is C2/c (0 β 0). For the satellite reflections, an
additional extinction rule for reflections 0k0m with m = 2n +
1 is observed, suggesting the superspace symmetry element
s. The only (3 + 1)-dimensional superspace group in compli-
ance with this condition is C2/c (0 β 0) s0. The superspace
groups of dimension 4 have been systematically discussed in
Refs. [22–25]. According to this work, an alternative setting
of superspace group B2/b (0 0 γ ) s0 corresponding to the
15.1.7.3 space group can be used. In order to conform to the
cell chosen by Nakao et al. [2], the description in C2/c (0 β 0)
s0 is used in this article. The actual sequence of three phases
of Et2Me2Sb[Pd(dmit)2]2 is shown in Fig. 3. Hereafter, we
denote the phase between Ti = 105 K and Tc = 66.5 K as
phase II and the previously reported phases as phases I and
III. The phase transition from the monoclinic high symmetry
phase I C2/c to the incommensurate 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
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FIG. 2. (a) Diffraction imaging obtained from Xcalibur four-circle diffractometer analysis with Mo-Kα radiation of a single crystal of
Et2Me2Sb[Pd(dmit)2]2. The diffraction plane (1, k, l ) is shown at several temperatures. The frames at 110 and 105 K reflect 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
qs = β b∗. The lowest temperature image, at 15 K, shows a cell doubling along b∗ and the appearance of Bragg peaks indicating the loss of
the C centering, in agreement with the three-dimensional space group P21/c. (b) Temperature dependence of incommensurate peaks observed
using high resolution diffraction experiments. (c) Temperature evolution of the positions of the satellite Bragg peaks qs = β b∗.

a perturbation of a periodic three-dimensional lattice by a
modulation whose period is in an incommensurate ratio with
the periodicity of the mean lattice. The amplitude of the mod-
ulation is weak and increases continuously by lowering the
temperature leading to a first-order lock-in phase transition at
Tc = 66.5 K. This lock-in phase, phase III, was previously re-
ported as the low symmetry phase P21/c. The diffraction sig-

FIG. 3. Phase diagram of Et2Me2Sb[Pd(dmit)2]2 defined by
temperature evolution of the intensities of satellite Bragg peaks.
Diamonds: intensity of the satellites in the incommensurate phase
C2/c (0 β 0) s0 defining Ti = 105 K. Triangle and circle: Bragg peak
intensities indicating respectively the cell doubling and the loss of
the centering due to the commensurate lock-in phase transition at
Tc = 66.5 K towards the space group P21/c.

nature presents two characteristic features. First, a jump from
incommensurate satellite vector qs = β b∗ having an irrational
β to commensurate vector qs = (1/2)b∗. Second, at this tem-
perature, the mean structure lowers the symmetry from C2/c
to P21/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 crys-
tals with a jump of the incommensurate vector qs to a com-
mensurate one [26,27]. To our knowledge, no study of the in-
commensurate in this compound phase had been done before.

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

CRYSTALLOGRAPHIC SUPERSPACE

The structure of Et2Me2Sb[Pd(dmit)2]2 within its in-
commensurate phase (80 K) was solved and refined in a
(3 + 1)-dimensional superspace using SUPERFLIP and JANA

programs [28]. The basic principle of the crystallographic
superspace of dimension (3 + 1) is illustrated in Fig. 4, con-
sidering the actual parameters encountered in 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(qy) where q = 2π

λ
, λ/b is an irrational number, and A

is the amplitude of the modulation. By introducing a perpen-
dicular direction to the physical space, the incommensurate
modulation function can be represented along the internal
direction of the crystallographic superspace. The wavelength
λ of the incommensurate modulation along b verifies λ = b

β
.
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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 incommensurate
displacement along the axis, and blue and pink circles are respec-
tively the mean and the incommensurate positions. (b) Superspace
representation of dimension 3 + 1. The supercell in green is periodic
and the orange curve represents the atomic modulation function
along the internal dimension t of the superspace. The actual positions
in the physical space of the atoms in pink circles are given by a
horizontal cut.

This defines a superspace cell characterized by the as2, as4

basic vectors. In this description, atomic position is no longer
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 a
function of the period along the fourth dimension, which is
called conventionally the variable t 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/σ > 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 pa-
rameters of all atoms were refined against both the main
and satellite reflections. As only satellites of order 1 were
observed, only one harmonic modulation wave per atom was
necessary. The structure could be refined to weighted R val-
ues of 0.061, 0.046, and 0.135 for all, main, and satellite
reflections, respectively. CCDC-2269861 contains the sup-
plementary crystallographic data for phase II at 80 K [21].
One way to analyze the structure in the superspace is to look
at t plots. A t plot is constructed by looking at structural
parameters such as distances between two atoms as a function
of t . The different relevant parameters dPd-Pd, α, �, and 	Sb
are defined in Fig. 5: dPd-Pd is the distance between the two
palladium atoms within a dimer, α is an intramolecular angle
of the molecule Pd(dmit)2, � is the intramolecular torsion
angle between the two ethyl groups in the Et2Me2Sb cation,
and 	Sb is the displacement of the Sb atom along the c direc-
tion. In phase III, the two different values correspond to the
values measured in two noncrystallographic equivalent dimers
or cations. Table I summarizes the structural parameters in the

FIG. 5. Schematic representation of the structural ordering in the
high symmetry phase C2/c and in the low symmetry phase P21/c.
The symbols α, �, dPd-Pd, and 	Sb correspond to molecular and
dimer structural parameters, which are significantly different in the
high and low temperature phases.

three phases. The parameters in the high symmetry phase I
(at 250 K) and in the low symmetry one III (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 II with
a displacement (	Sb) from one unit cell to another that can
reach up to 0.35 Å. The torsion angle (�) between the two
ethyl groups in the Et2Me2Sb cation also shows a wide range
of modulation.

It is noteworthy from Fig. 6 and Table I that the am-
plitude 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 mod-
ulation wave vector qs = β b∗ to the commensurate one while
retaining most of the structural features of the incommensu-
rate modulation. However, this behavior is surprisingly not

TABLE I. Different characteristic structural parameters in phase
I (250 K), phase III (25 K), and phase II (80 K): the symbols dPd-Pd,
α, �, and 	Sb correspond to intramolecular and dimer structural
parameters defined in Fig. 5. In phase III, the two different values
correspond to the values measured in two noncrystallographic equiv-
alent dimers or cations.

Phase I (250 K) Phase III (25 K) Phase II (80 K)

dPd-Pd 3.13 Å 2.92 Å min 3.14 Å
3.32 Å max 3.15 Å

α 172.5◦ 170.6◦ min 170.8◦

174.4◦ max 174.0◦

� −88.2◦ −142◦ min −130◦

−52◦ max −50◦

	Sb 0 −0.37 Å min −0.30 Å
+0.37 Å max +0.30 Å
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FIG. 6. t plot of different structural parameters obtained at 80 K
in phase II. (a) Positional modulated displacement 	Sb along the c
direction of antinomy atom Sb in the Et2Me2Sb cation. (b) Modu-
lation of the intramolecular torsion angle � between the two ethyl
groups in the Et2Me2Sb cation. (c) Rotational modulation of the
internal angle in the molecule Pd(dmit)2. (d) Distance dPd-Pd between
the two Pd(dmit)2 molecules in the dimer. The dotted lines in red and
blue indicate the corresponding values in the high and low symmetric
periodic phases, respectively.

observed for the intermolecular Pd-Pd distance (dPd-Pd) be-
tween the two Pd(dmit)2 units within the dimer [Fig. 6(d)].
According to [16,17,32,33], the instability toward the charge
separation (CS) state stems from a unique mechanism in-
volving inversion of the HOMO-LUMO energy levels (where
LUMO denotes lowest unoccupied molecular orbital) of the
Pd(dmit)2 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 lev-
els and a loose divalent dimer with six electrons occupying
the two lower bonding levels and one higher antibonding
level. Both dimers exhibit spin singlet 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 (dPd-Pd). Based on this structural analysis, it emerges
that the amplitude of the Pd-Pd distance modulation in the
incommensurate phase is negligible compared to the effective
jump during the lock-in transition, and the Pd-Pd distance is
almost not changed compared to the high symmetry 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 structural
analysis provide an explicit representation of the overall
atomic modulation. However, given this findings, 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 corre-
sponding to eight average unit cells along the b direction. The
cation geometry undergoes a drastic modification with a sig-
nificant modulation of the torsion angle �. Additionally, the
cation moves inside or outside the dimer, causing a bending
of the Pd(dmit)2 molecules, while the distance between the
two molecules around the Pd atoms remains almost constant
in phase II. We can therefore conclude that the frustration

FIG. 7. (a) View of eight adjacent unit cells of the incommensu-
rate phase of Et2Me2Sb[Pd(dmit)2]2 shown in real space. Effective
atomic modulations with a period λ = b/β with β = 0.45 (repre-
sented by the orange sinusoidal curve) show the spatial variation
of the intramolecular and intermolecular parameters, dPd-Pd, α, �,

, and 	Sb. (b) Side view along the incommensurate direction b
showing the superposition of these same eight adjacent unit cells.

leading to incommensurate modulation arises from a very
strong steric effect between the alkyl groups of the Et2Me2Sb
cation and the terminal S atoms of the Pd(dmit)2 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 Fig. 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.

V. INCOMMENSURATE DEGREE OF SPIN FRUSTRATION
AND ITS MAGNETIC PROPERTIES

The dimer units within the anion layer are networked
to form a quasitriangular lattice [Fig. 1(c)]. The triangular
lattice, resulting from the interdimer interactions, is approx-
imately isosceles, allowing us to estimate the anisotropy of
the triangular using the Jr/J ratio, where Jr and J are the
interdimer transfer integrals as defined in Fig. 1(c). In this
system, these interdimer interactions are related to the degree
of the arch-shaped molecular distortion that is reflected in
the overlap of the two Pd(dmit)2 molecules within the dimer
[15]. The deviation 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 t plot of the torsion
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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. The 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
Jr/J of the triangular lattice in phase II for different values of t .
The inset shows the definitions of the interdimer transfer integrals
Jr and J .

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 Ref. [15], and their
variation follows the variation of the intramolecular angle (α)
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 Jr and J are linearly correlated with 
 [15]. In
the high symmetry phase I, 
 = 2.2◦ and Jr = J = 25 meV,
describing an equilateral triangular lattice with an anisotropy
parameter Jr/J = 1. Based on the work presented in [15], we
can estimate Jr and J for different values of 
 observed in
the incommensurate phase II. At the minimum 
 = 1.2◦, the
estimated values are Jr = 24.1 meV and J = 28.2 meV, and,
at the maximum 
 = 3.8◦, Jr = 27.6 meV and J = 22.0 meV.
In the incommensurate phase II, the anisotropy parameter Jr/J
modulates from approximately 0.86 to 1.25, as illustrated by
the t plot of Jr/J in Fig. 8(b).

Spin frustration occurs in systems where the interactions
between the spins on a lattice cannot be simultaneously sat-
isfied. In an equilateral triangular lattice, it is impossible to
arrange the spins in a way that every pair of neighboring spins
aligns antiparallel, as would be the case in an antiferromag-
netic system. Because the degree of anisotropy of triangular
lattice is modulated in phase II, we can conclude that the

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 cm−1 at 120 K,
respectively. Insets show schematic atomic motions of the B and C
modes of the dimer. (b) Temperature dependence in the energy range
of the C-S stretching mode. A small peak structure appears around
932 cm−1 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.

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 lattice has been established as the most important
parameter for explaining the magnetic properties. In phase I,
the temperature dependence of the magnetic susceptibility can
be described by a model of a spin-1/2 Heisenberg antifer-
romagnet on a triangular lattice with the exchange coupling
Jexch/kB = 240 K. The exchange coupling Jexch appears to
slightly increase with temperature above 100 K [7]. However,
neither a spin-1/2 Heisenberg model nor an exponential drop
due to nonmagnetism can be applied to χ (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 captured
via vibrational spectroscopy [34]. Temperature dependence of
the reflectivity spectra with the polarization 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)2 dimer.
Figure 9(a) shows the temperature dependence of the reflec-
tivity spectra in the C=C stretching mode’s energy range.
When Pd(dmit)2 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)2 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 lowering the
temperature, there is little change of the spectral shape at Ti,
while a large change has been observed at Tc, which is consis-
tent with the reported work [34]. Little change of the spectral

134104-6



FRUSTRATED COMPETITIVE FORCES IN THE … PHYSICAL REVIEW B 108, 134104 (2023)

shape at Ti indicates that the charge of the monomer and dimer
remains −0.5 and −1, respectively, and the Pd–Pd distance in
the dimer is unchanged 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 structural
and magnetic studies presented above. However, small signs
of incommensurate modulation have been indeed observed in
an other energy range. In phase I, single peak structure is
located around 920 cm−1 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−1 increases with lowering temperature in the phase II and
disappeared below Tc. The crystal structure of phase II shows
that the intramolecular structural parameters such as the bend-
ing angle (α) 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−1 only in phase II is a sign of such modulation.
Two possible assignments of this mode can be proposed. The
first is the disappearance of the inversion center from the
Pd(dmit)2 dimer, causing the Raman mode to become IR
active. The second one is the change of the spectral weight
of the Et2Me2Sb mode due to the steric interaction between
Et2Me2Sb and Pd(dmit)2. Judging from the weak intensity
of the Et2Me2Sb mode from the calculation, the first one is
a more plausible mechanism. In addition, it should be noted
that Ref. [32] reported a Et2Me2Sb mode around 1405 cm−1

which is observed only below Ti, suggesting the close relation
between the structure of Et2Me2Sb and Pd(dmit)2 in phases
II and III.

VII. DISCUSSIONS

The Cs[Pd(dmit)2] salt presents a phase transition from a
metallic phase to the CS phase [2], without any intermediate
incommensurate phase. This directs our attention 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 Et2Me2Sb salt where the hook shape
of the cation induces a strong steric effect. The high temper-
ature phase in Cs and Et2Me2Sb salts are quite different. In
the high temperature metallic phase in the Cs salt, the spin
fluctuation is suppressed due to itinerant electrons and as a
consequence, the Cs salt does not show any spin frustration
which is a characteristic of the phase I of Et2Me2Sb salt.
Based on these observations and our structural analysis of
the incommensurate phase II, we can conclude that the origin
of the incommensurate phase in Et2Me2Sb 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 stud-
ied 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 se-
quences. 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 distortion induced by the cation.
The lattice distortion plays a key role in the mechanism sta-
bilizing the photoinduced phase as already reported in the
photoinduced metallic phase in (BEDT-TTF)3X2 (X = ReO4

and ClO4) or in (EDOTTF)2X (X = PF6 and SbF6) [39–41].
The lattice distortion is controlled by the shape of the cation
in [Pd(dmit)2] salts. In the case of the Cs[Pd(dmit)2] 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 Et2Me2Sb salt
is due to the steric effect between the hook shape Et2Me2Sb
cations and Pd(dmit)2 anions. To interpret the PIPT, two
highly symmetric phases should be taken into account: the
incommensurate C2/c (0 β 0) s0 phase II and the periodic
C2/c phase I. There is a possibility that the short-time process
corresponds to the formation of the intermediate incommen-
surate phase and the long-time process to the erasing of the
incommensurate modulation. Such a suppression of the in-
commensurate modulation by light was reported previously
by Collet et al. [42] in a spin crossover system.

VIII. CONCLUSION

In a general way, an incommensurate phase arises from
a frustration between competitive forces. In the case of the
two-dimensional triangular lattice of Et2Me2Sb[Pd(dmit)2]2,
the interaction between spin and charges leads to frustration.
The high temperature phase I is characterized by a geometric
frustration due to its 2D equilateral triangular lattice. On the
other hand, the low temperature phase III presents two dif-
ferent dimers with two distinct charges in the CS state. High
resolution x-ray measurements performed on single crystal re-
vealed the presence of an intermediate incommensurate phase
II. The temperature dependent phase diagram was determined
and we characterized the superspace group of the new phase.
The structure was solved and refined using the superspace
formalism 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 degree of spin frustration
are incommensurately modulated. The competition among the
steric effect, the magnetic frustration, and the CS state leads to
the emergence of the incommensurate modulation in phase II.
As a consequence, a highly distinctive order appears, where
the degree of spin frustration must be aperiodically modu-
lated. Further investigation should be carried out to reveal the
spin structure in phase II of Et2Me2Sb[Pd(dmit)2]2.
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