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Spin fluctuations play pivotal roles in condensed matter physics. Motivated by the discovery of valence bond
order (VBO) -based fluctuations in superconductors and spin-liquid candidates, we investigated VBO within
a molecule-based triangular lattice exhibiting antiferromagnetic order (AFO) in β ′-EtMe3As[Pd(dmit)2]2 using
vibrational spectroscopy. The two triangular lattice layers of dimer ([Pd(dmit)2]−2 ) units in the unit cell, separated
by cationic EtMe3As+ layers, are crystallographically independent below the cation ordering temperature Tcat =
230 K. Below Tcat , part of the triangular lattice in both layers exhibits VBO fluctuations with inhomogeneous
charges. At approximately 50 K, between Tcat and the antiferromagnetic transition temperature TAF = 23 K, the
VBO fluctuations in one layer freeze and coexist with frustrating 1/2 spins in the dimers. Conversely, the VBO
fluctuations in the other layer cease simultaneously with the antiferromagnetic transition. In both layers, the
frozen VBO (nonmagnetic tetramers) and spin-1/2 dimers coexist below TAF. The results of this study reveal
that hidden VBOs coexist in the AFO state.

DOI: 10.1103/PhysRevB.110.205126

I. INTRODUCTION

Antiferromagnetic (AF) fluctuations have attracted
significant attention as potential drivers of unconventional
superconductivity in two-dimensional (2D) inorganic and
molecular conductors [1–5]. However, the concurrent
presence of charge and lattice fluctuations observed in
both p- and n-type cuprates [6–18], as well as in certain
molecular superconductors [19–26], suggests the existence
of a resonating valence bond. Similar fluctuations have
been observed in spin-liquid (SL) candidates characterized
by a triangular lattice, such as β ′-EtMe3Sb[Pd(dmit)2]2
(Et=Ethyl, Me=Methyl, dmit=1,3-dithiol-2-thione-4,5-
dithiolate, and the symbol β ′ represents the arrangement
type of [Pd(dmit)2]2 units) and κ-(ET)2Cu2CN3

[ET=bis(ethylenedithio)tetrathiafulvalene] [27,28]. There-
fore, to better understand quantum criticality, the
antiferromagnetic order (AFO) and valence bond order
(VBO) boundaries must be explored [15,29,30]. The
AFO-VBO boundary has been investigated theoretically
in honeycomb [31–34], square [35,36], and anisotropic
triangular lattices [37–39]. In previous experimental
investigations on molecule-based conductors, the VBO
was substituted with AFO using external magnetic fields

*Contact author: yamataka@ehime-u.ac.jp

[40–43]. However, the results obtained through magnetic
field manipulation may differ from those obtained without a
magnetic field [9,44]. In this study, we present compelling
evidence that the VBO and AFO can be concurrently
established within a molecule-based triangular lattice.

A series of anion radical salts derived from the Pd-
dithiolene complex molecule, EtxMe4−xZ[Pd(dmit)2]2 [Z =
N, P, As, and Sb], has garnered attention due to the obser-
vation of SL, AFO, VBO, and superconducting (SC) states
achieved by tuning intermolecular interactions through pres-
sure application or the selection of x and Z [45,46]. The
molecular and crystal structures are shown in Fig. 1. The unit
cell contained two anion layers (1 and 2) where the dimeric
[Pd(dmit)2]2 units formed a triangular lattice. The dimer pos-
sessed one valence electron and a half-filled conduction band.
The ground states of EtxMe4−xZ[Pd(dmit)2]2 can be classified
based on the ratios of the interdimer transfer integrals cor-
responding to the three sides of the triangular lattice: tS, tT,
and tD [46,47]. Utilizing the simplified classification param-
eter tAV = (tS + tT)/2, the AFO system satisfies tAV > 1.1 tD,
the SL candidate emerges when tAV ≈ 1.1 tD, and a nonmag-
netic and charge-ordered (NMCO) state arises when tAV ≈
tD [46,47]. Investigations of monoclinic-EtMe3P[Pd(dmit)2]2
and β ′-Et2Me2Sb[Pd(dmit)2]2 have unveiled the nonunifor-
mity of tS and the intradimer transfer integral in the NMCO
state due to the formation of VBO [48–50]. These findings
indicate the need to reevaluate the SL and AFO states within
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FIG. 1. (a) Structural formula of Pd(dmit)2. (b) Crystal struc-
ture of β ′-EtMe3As[Pd(dmit)2]2 viewed along the a-axis at 5 K.
Monomers Pd(dmit)2 form dimer [Pd(dmit)2]2 in the conducting
layers. The two conducting layers 1 and 2 are independent below
the cation ordering transition temperature (Tcat = 230 K) because
of the orientational disorder in the EtMe3As+ ions. (c) Projection
and schematic of layers 1 and 2 viewed along the long axis of
Pd(dmit)2. Open circles and ellipses denote the dimer and monomer,
respectively.

the context of VBO formation. In our prior investigation
of the SL candidate β ′-EtMe3Sb[Pd(dmit)2]2, we demon-
strated the emergence of dynamic fluctuations that originated
from VBO accompanied by charge order [28]. Notably, the
pnictogen atom Z in β ′-EtMe3As[Pd(dmit)2]2 was only one
period smaller than that in the SL candidate, with the ground
state of β ′-EtMe3As[Pd(dmit)2]2 identified as AFO [51]. We
report compelling evidence of the coexistence of AFO and
VBO within the same 2D layer of β ′-EtMe3As[Pd(dmit)2]2 as
well as the simultaneous freezing of AFO and VBO. Hence-
forth, β ′-EtMe3As[Pd(dmit)2]2 is denoted as β ′-As.

β ′-As functions as a semiconductor under ambient pressure
[51]. The magnetic susceptibility demonstrates an anisotropic
response to external magnetic fields, indicating the onset of
AFO at TAF = 23 K [51]. An SC transition is observed at 4.3
K and 7 kbar [51]. In the 300 K structure (space group C2/c),
layers 1 and 2 possess crystallographic equivalence, wherein
the EtMe3As+ cation on the twofold axis shows orientational
disorder. Layers 1 and 2 become independent in the triclinic
lattice (space group P1̄) below the cation ordering transition
temperature (Tcat = 230 K), with the ethyl group of each
cation facing layer 1 [51]. Based on x-ray structural data at
300 K, the extended Hückel calculations indicate that tS ≈
tT ≈ 1.3 tD, which possibly satisfies the condition of the pseu-
dosquare lattice [46,47]. Although x-ray diffraction is useful
for determining average and uniformly ordered structures,
further analysis is required to detect random inhomogeneities

in the transfer integrals and site charges. Vibrational spec-
troscopy (VS) is an alternative. The C=C stretching modes
of the dimer [Pd(dmit)2]2 exhibit peak splitting, regardless
of whether the fluctuations in the transfer integrals and site
charges are static or dynamic [20,52–56].

II. EXPERIMENT

The C=C stretching modes of β ′-As were investigated
using IR and Raman spectrometers. Polarized IR reflectance
spectra were acquired using a spectrometer and an infrared
microscope. At BL 43 IR in Spring-8, we employed Bruker
Vertex 70 and Hyperion 2000, whereas we utilized a Nicolet
Magna 760 FT-IR spectrometer and a Spectra-Tech IR-Plan
microscope at the Institute of Molecular Science. The IR
spectra were then transformed into conductivity spectra using
the Kramers-Kronig transformation. In this paper, the con-
ductivity spectrum is referred to as the IR spectrum. Raman
spectra were recorded using a RENISHAW inVia Reflex sys-
tem in a backscattering configuration. The laser polarization
direction was parallel to the interplanar direction of the single
crystal. The single crystals were cooled using a helium flow
cryostat at a cooling rate of 1 K/min. The C=C stretching
modes were measured at various temperatures ranging from
300 to 5 K. X-ray structural analysis of the single crystal
was performed at 5 K since no x-ray data below TAF have
been published. The x-ray diffraction data were collected
using a Weisenberg-type imaging plate system (R-AXIS
RAPID/CS, Rigaku Corp.) with monochromated Mo Kα

radiation (UltraX6-E, Rigaku Corp.). The low-temperature
experiments were performed in a closed-cycle helium re-
frigerator (HE05/UV404, ULVAC CRYOGENICS Inc.). The
temperature was controlled by Model 22C Cryogenic Tem-
perature Controller (Cryogenic Control Systems Inc.). All
diffraction data were processed using the CrystalStructure 3.8
crystallographic software package. The structures were solved
using the direct method (SIR92) and refined using the full-
matrix least-squares method (SHELX- 2018/3) [57].

III. RESULTS

The results of the x-ray structure analysis performed at 5 K
are summarized in the Supplemental Material [58]. In a previ-
ous study, the x-ray structure analysis was performed at 150 K
[51], and no significant difference was observed between the
150 and 5 K structures. Although the x-ray diffraction method
is useful for determining average, uniformly ordered struc-
tures, it is difficult to detect inhomogeneities in the transfer
integrals and site charges using ordinary x-ray diffraction
measurements. Therefore, the focus shifted to vibrational
spectroscopy.

Figure 2 shows the IR and Raman spectra of β ′-As at
300 K. The four C=C stretching modes in the dimer were
denoted AR

D, BI
D, CI

D, and DR
D. Superscripts I and R indi-

cate the IR- and Raman-active modes, respectively, whereas
subscript D denotes a dimer-specific vibrational mode [53].
These spectra were consistent with the typical spectra of
EtxMe4−xZ[Pd(dmit)2]2 at room temperature. To our knowl-
edge, intradimer interaction is correlated with the behavior
of DR

D, whereas interdimer interaction and dimer charge are

205126-2



CHARGE AND VALENCE BOND ORDERS IN THE … PHYSICAL REVIEW B 110, 205126 (2024)

1200 1250 1300 1350 1400

Wavenumber (cm )-1

Raman shift (cm )-1

1200 1250 1300 1350 1400

S S
S S

S
S
S

S
SPd

S S
S S

S
S
S

S
SPd

S

S

S S
S S

S
S
S

S
SPd

S S
S S

S
S
S

S
SPd

S

S

S S
S S

S
S
S

S
SPd

S S
S S

S
S
S

S
SPd

S

S

S S
S S

S
S
S

S
SPd

S S
S S

S
S
S

S
SPd

S

S

(  
 ) 

(S
 c

m
)

400

200

0

800

600

Raman

IR

AD
RDD

R

BD
I

CD
I

FIG. 2. IR and Raman spectra of β ′-As at 300 K. Note that
conductivity spectra are referred to as IR spectra in this article. The
incident light of the IR spectra is polarized in the (a + 2b)-direction.
The excitation light of the Raman spectra is a 514 nm laser. Four
illustrations refer to vibrational motions of AR

D, BI
D, CI

D, and DR
D,

in which the C=C bonds in dimer [Pd(dmit)2]2 are stretching and
shrinking.

correlated with the behavior of AR
D. Furthermore, the

monomer charge was correlated with the frequency of BI
D. It

is expected that the inter- and intradimer interactions, along
with the dimer and monomer charges at low temperatures, can
be investigated from AR

D, BI
D, and DR

D in the low-temperature
spectra. However, our previous studies revealed that CI

D does
not provide useful information because its frequency and line
shape are affected by all inter- and intradimer interactions,
as well as dimer and monomer charges, making it nearly

impossible to separate these individual effects. Hereafter, we
focus on the behaviors of AR

D, BI
D, and DR

D.
Figure 3 shows the Raman spectra obtained at various

temperatures using the (a) 514 nm, (b) 633 nm, and (c) 785 nm
lasers. AR

D and DR
D showed peak separations at 200–220 K.

The majority of C=C stretching modes observed at 5 K
originated below Tcat. Curve fitting was applied to the 5 K
spectra in the frequency regions containing AR

XD, AR
XT, DR

YD,
and DR

YT. All attempts to fit on the assumption of a split
into two peaks were unsuccessful. The results of the curve
fitting applied to the 5 K spectra are superimposed in Fig. 4.
The peak assignments were based on previous assignments
for other EtxMe4−xZ[Pd(dmit)2]2 compounds, particularly as-
signments in the AFO state of β ′-Et2Me2P[Pd(dmit)2]2 and
the NMCO state of triclinic EtMe3P[Pd(dmit)2]2, as shown
in Fig. S1 in the Supplemental Material [28,50,58–61]. The
subscripts X and Y denote the vibrational modes associated
with layers X and Y, respectively, and subscript T denotes the
tetramer modes. The unassigned peaks, which originated from
CI

D, are not shown in Fig. 4. Either layer X or Y corresponds
to layer 1, whereas the others correspond to layer 2. Because
the 633 nm laser does not resonate with neutral, monoanionic,
or dianionic dimers [53], the relative intensity obtained using
the 633 nm laser should be proportional to the number of
dimers. As shown in the central spectrum in Fig. 4, the peak
area represented by AR

YD + AR
YT is equal to the sum of the

areas of AR
XD and AR

XT. Similarly, the peak area represented
by DR

YD + DR
YT is equal to the sum of the areas of DR

XD and
DR

XT. The same result was achieved using a 514 nm laser.
We categorized the AR

XD, AR
XT, DR

XD, and DR
XT modes under

layer X, whereas the AR
YD, AR

YT, DR
YD, and DR

YT modes were
attributed to layer Y.

One might speculate that AR
XT and AR

XD are assigned to
charge-rich and charge-poor dimers, similar to the NMCO
state of β ′-Et2Me2Sb[Pd(dmit)2]2 [62]. However, the fre-
quency difference between AR

XT and AR
XD (5 cm−1) was

(a) (b) (c)

FIG. 3. Raman spectra at various temperatures of β ′-As obtained using (a) 514 nm, (b) 633 nm, and (c) 785 nm lasers. Dashed lines are a
guide for the eye.
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FIG. 4. Results of curve fittings applied to the Raman spectra at
5 K obtained using 514, 633, and 785 nm lasers. Dashed lines are a
guide for the eye.

significantly smaller than that in the NMCO state of
β ′-Et2Me2Sb[Pd(dmit)2]2 (36 cm−1) [59]. Furthermore, the
frequency of AR

XD was identical to that of the monova-
lent dimer [Pd(dmit)2]−2 , as well as to those in other
β ′-EtxMe4−xZ[Pd(dmit)2]2 compounds exhibiting the AFO
state [28,53]. These results indicate that there is no charge-
poor dimer in β ′-As, and AR

XT does not correspond to a
charge-rich dimer. Studies on another type of NMCO state in
triclinic EtMe3P[Pd(dmit)2]2 have revealed that the frequency
of the Raman mode corresponding to the AR

XT mode is slightly
higher (approximately 4 cm−1) than that of [Pd(dmit)2]−2 [60].
This phenomenon can be attributed to the appearance of
charge-rich and charge-poor monomers in the dimer due to

tetramerization. The dimer charge in this type of NMCO
state is −1. Table I presents the schematic views of the
tetramers formed by dimer pairing. The similarity with the vi-
brational mode of triclinic EtMe3P[Pd(dmit)2]2 indicates that
two dimers in the tetramer vibrate in-phase in AR

XT of β ′-As.
Conversely, the dimer vibrates independently in AR

XD. This
indicates that layer X comprises both tetramers and dimers.
Observation of the DR

XT and DR
XD modes also indicates the

coexistence of tetramers and dimers within layer X.
Next, we discuss the vibrational modes in layer Y. The

linewidths of the peaks corresponding to AR
YD + AR

YT and
DR

YD + DR
YT in Fig. 4 were 12 and 22 cm−1, respectively.

These values are four times larger than the AR
D and DR

D
linewidths observed in other AF compounds; nonetheless,
they can be compared to those of the corresponding modes
in the SL candidate β ′-EtMe3Sb[Pd(dmit)2]2 [28]. For the
SL candidate, this broad linewidth is attributed to the dy-
namic fluctuation between the dimers and two distinct types
of NMCOs. In the case of β ′-As, the frequency of AR

YD +
AR

YT is higher than the AR
XD frequency but lower than the

AR
XT frequency, leading to the absence of a charge-rich or

charge-poor dimer in layer Y. This indicates that AR
YD + AR

YT
encompasses both the AR

YD and AR
YT modes, as indicated in

Table I, due to spatial and/or dynamic fluctuations between
the tetramers and dimers. Similar to AR

YD + AR
YT, DR

YD + DR
YT

includes both DR
YD and DR

YT modes. The existence of inho-
mogeneous charges attributed to tetramerization should occur
within dimers in layer Y, which will be examined elsewhere.
No assignment was provided for the peaks at 1290 and
1255 cm−1 in Fig. 4 because those originate from the CI

D
mode.

The coexistence of tetramers and dimers in layer X was
supported by other vibrational modes observed in the IR spec-
tra. Figure 5 shows the conductivity spectra obtained from
the 5 K and polarized IR spectra. Hereafter, the conductivity
spectra are referred to as the IR spectra. The results of curve
fitting applied to the (a + 2b)- and c∗-polarized spectra are
superimposed in Fig. 5.

TABLE I. Assignments of the vibrational modes originating from the AR
D, DR

D, and BI
D modes at 5 K. No assignment was provided for DI

XT

or DI
YT due to their overlap with vibrational modes originating from CI

D in Fig. 5. Open and filled ellipses in the tetramer illustrations denote
the charge-poor and charge-rich molecules, respectively.

Layer X Layer Y

Dimer Tetramer Dimer Tetramer

Original
mode of a
dimer Mode ω (cm−1) Mode ω (cm−1) Mode ω (cm−1) Mode ω (cm−1)

AR
D AR

XD 1357 AR
XT 1362 AR

YD 1359 AR
YT 1359

AI
XT 1336 AI

YT 1342

DR
D DR

XD 1268 DR
XT 1280 DR

YD 1275 DR
YT 1275

DI
XT DI

YT

BI
D BI

XD 1328 BR
XT Group B BI

YD 1328 BR
YT Group B

BI
XT 1310 BI

YT 1322
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FIG. 5. Conductivity spectra of β ′-As at 5 K, those which are ob-
tained from the (a + 2b)-, c∗-, and a-polarized IR reflectance spectra.
Note that conductivity spectra are referred to as IR spectra in this
article. Dashed lines are a guide for the eye.

The BI
XD and BI

XT modes originate from BI
D, in which

the frequency of BI
D is proportional to the partial charge of

the monomers in the dimer [53]. The frequency of the peak
represented by BI

XD + BI
YD in the c∗-polarized spectra was

identical to that of [Pd(dmit)2]0.5–, indicating that layer X had
independent dimers. In contrast, the frequency of BI

XT corre-
sponds to charge-poor monomers in the tetramer. By applying
the tentative relationship between frequency (ω) and partial
charge (ρ) (dω/dρ = –70/electron) to the BI

XT frequency
[53,61], the partial charge of the charge-poor monomers in
the tetramer was estimated as −0.24. Consequently, the partial
charge of the charge-rich monomers in the tetramer was esti-
mated as –1 + 0.24 = –0.76. Although the vibrational mode
corresponding to the charge-rich monomer BR

XT was observed
in the region denoted as Group B in Figs. 3(a) and 4, its
exact frequency could not be determined because of its weak
intensity. In the preceding paragraph, AR

XT was identified as
the in-phase vibration of two dimers within a tetramer. Conse-
quently, the out-of-phase vibration AI

XT should manifest in the
IR spectra, and its frequency should experience a redshift in
comparison to AR

XT due to the electron-molecular vibrational
(e-mv) interaction. This corresponding mode, AI

XT, was ob-
served at 1336 cm−1 in Fig. 2(c). These assignments provide
conclusive evidence that layer X comprises both dimers and
tetramers formed by charge-separated dimers.

The existence of inhomogeneous charges attributed to the
tetramerization within layer Y was confirmed by the fact that
the frequency of BI

YT was lower than that of [Pd(dmit)2]0.5–.
Based on the BI

YT frequency, the partial charge of the charge-
poor monomers in layer Y was estimated to be −0.41.
Consequently, the partial charge of the charge-rich monomers
is estimated to be –1 + 0.41 = –0.59. Although the corre-
sponding BR

YT mode was perceptible in the region identified

as Group-B in Figs. 3(a) and 4, its intensity was insufficient
to determine its frequency precisely. The difference in partial
charges in layer Y, �ρ = 0.18, is smaller than that in layer X,
�ρ = 0.32. In addition, the mode represented by BI

XD + BI
YD

in the c*-polarized spectra exhibits a notably higher intensity
than the BI

YT and BI
XT modes. This observation strongly in-

dicates that the mode BI
XD + BI

YD encompasses both the BI
XD

and BI
YD modes.

Assuming the presence of tetramers in layer Y, we expected
to observe not only the AR

YT but also the out-of-phase mode.
Mode AI

YT in Fig. 5 is identified as the out-of-phase mode.
The degree of lattice distortion can be assessed by examin-
ing the frequency difference between the two e-mv modes,
AR

YT and AI
YT. The frequency difference denoted as �A =

ω(AR
YT)–ω(AI

YT) = 17 cm–1 is smaller than the corresponding
values in layer X, �A = ω(AR

XT)–ω(AI
XT) = 26 cm–1. The

values of �A and �ρ in layer Y are smaller than those in
layer X. This observation aligns with our previous finding
that �A is proportional to �ρ [53]. The intensity of AI

YT at
5 K is nearly identical to that of AI

XT; this suggests that the
relative abundance of tetramers to dimers in layer Y at 5 K is
comparable to that in layer X. No assignment was provided
for the DI

XT or DI
YT mode in Table I due to their overlap

with vibrational modes originating from the CI
D mode in the

frequency region between 1250 and 1300 cm−1 in Fig. 5.
Figure 6 shows the IR spectra obtained at various temper-

atures. Figures 6(a) and 6(b) show an increase in the number
of C=C stretching modes at temperatures below 200 K. The
intensities of AI

XT and AI
YT in the 5 K spectra in Fig. 6(b) are

smaller than those in Fig. 6(a), indicating that the tetramer
is not formed in the transverse direction, as shown in Fig. 1.
Tetramers should be formed along the stacking and/or diag-
onal directions, as discussed later. The asterisks in Fig. 6(c)
indicate an increase in the number of vibrational modes orig-
inating from cations below 200 K. The emergence of AI

XT in
the 200 K spectra confirms that the tetramerization in layer X
started below Tcat. The intensity of AI

YT in the spectra at 24 K
is weak. Furthermore, no trace of AI

YT was observed in the 70
or 50 K spectrum; this suggests that the VBO in layer Y begins
to freeze at the same temperature as TAF. However, the charge-
sensitive vibrational mode of BI

YT persists even at 200 K. A
similar precursor behavior originating from the BI

D mode was
observed in the SL candidate β ′-EtMe3Sb[Pd(dmit)2]2 [28].
The difference in the partial charges in layer Y, �ρ = 0.18, is
also comparable to that in the SL candidate, �ρ = 0.14 [28].
These results indicate that the dynamic fluctuation between
the tetramers and dimers in layer Y occurs in the temperature
range between Tcat and TAF. Both tetramers and dimers in layer
Y begin to freeze at TAF.

IV. DISCUSSION

The results demonstrate the coexistence of tetramers, char-
acterized by the formation of the VBO state, and dimers in
both layers X and Y at 5 K. The presence of the VBO sug-
gests anisotropic contraction of the triangular lattice. Using
x-ray structural analysis at 5 K, we estimated the parameters
tS, tT, and tD. As shown in Table II, tS is larger than tT
and tD in both layers 1 and 2 at 5 K, thereby confirming
the anisotropy of both layers and that the electron-phonon
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FIG. 6. Conductivity spectra obtained from the (a) (a + 2b)-, (b) a-, and (c) c∗-polarized IR-reflectance spectra. The spectra at 220, 150,
and 70 K in (a) are offset by 100 S cm–1. The spectra at 220, 150, and 70 K in (b) are offset by 50 S cm–1. Asterisks in (c) indicate the vibrational
modes that originate from cation ordering.

interaction operates along the stacking direction; this is
similar to observations in previous studies on triclinic and
monoclinic EtMe3P[Pd(dmit)2]2, where the instability arising
from the HOMO-LUMO inversion in the tight dimer was
resolved through the formation of a VBO along the stacking
direction [50,60]. We also briefly discuss cation ordering. In
the NMCO state of triclinic EtMe3P[Pd(dmit)2]2, the ethyl
groups also face one of the two independent layers [60]. This
similarity implies that the steric effect of the ethyl groups and
the electron-phonon interactions synergistically contribute to
the formation of an anisotropic triangular lattice.

TABLE II. Interdimer transfer integrals tS, tT, and tD in β ′-As
calculated using the results of the x-ray analyses at 5 and 300 K.

Layer tS (meV) tT (meV) tD (meV)

Layer 1 at 5 K 43.3 37.8 25.9
Layer 2 at 5K 45.3 39.4 29.6
Layers 1 and 2 at 300 K [51] 30.5 30.3 23.2

One of the candidates for the 2D structure of each layer
at 5 K is the periodic alignment of tetramers and dimers,
resembling a threefold structure induced by electron-electron
repulsion [63]. However, in practice, electron-phonon in-
teractions should also be considered [64,65]. Furthermore,
in the AFO states of other β ′-EtxMe4−xZ[Pd(dmit)2]2 com-
pounds, the intensity of the peak corresponding to AR

XD
is approximately one order of magnitude larger than that
of the peak corresponding to AR

XT [28], which contradicts
the hypothesis of the threefold periodic alignment. An-
other possible mechanism involves the formation of domains
consisting of dimers and tetramers. However, IR and Ra-
man mapping with a spatial resolution of 10 × 10 µm2 did
not reveal any significant difference in peak intensities be-
tween dimers and tetramers; this suggests the presence of
nanoscale domains or a solid-solution-like state in which
the dimers and tetramers are randomly arranged in the same
2D layer. Further experimental and theoretical investigations
are required to elucidate the detailed structure of the 2D
arrangements.

205126-6



CHARGE AND VALENCE BOND ORDERS IN THE … PHYSICAL REVIEW B 110, 205126 (2024)

We compared the results obtained from the vibrational
spectroscopy with the temperature dependence of the mag-
netic susceptibility χ (T), as presented in the Supplemental
Material of a previous article [51]. The χ (T) data revealed
a small decrease at Tcat, which aligned with the obser-
vation that the VBO state in layer X begins to form at
Tcat. However, χ (T) did not exhibit a steep decrease in the
spin-Peierls transition but roughly followed the behavior ex-
pected from the Heisenberg triangular AF model between
300 and 50 K, similar to the χ (T) data of the SL candidate
β ′-EtMe3Sb[Pd(dmit)2]2 [66,67]. The results of curve fitting
applied to the 514 and 633 nm spectra in Fig. 4 demon-
strated that at least half of all dimers in layer X possessed
localized spins, whereas layer Y exhibited similar frustration
as the SL candidate β ′-EtMe3Sb[Pd(dmit)2]2. Consequently,
at least 3/4 of all dimers had S = 1/2 spins between Tcat

and TAF, which was consistent with the χ (T) behavior be-
tween 300 and 50 K. Anisotropic behavior was observed
for χ (T) below TAF, and the AI

YT mode began to emerge
below TAF. Because the tetramers in layer Y were frozen
below TAF, the dimers were also fixed, indicating that the
localized spins of the dimers in layers Y and X can form
3D magnetic ordering below the temperature of VBO for-
mation in layer Y. β ′-As is the molecule-based triangular
lattice system that exhibits both VBO and AFO without an
external field. Similarly, the IR and Raman spectra in the
AFO states of some β ′-EtxMe4−xZ[Pd(dmit)2]2 compounds
showed vibrational modes that cannot be assigned to those
of the dimers [28]. This indicates the coexistence of AFO and
VBO states. Additional data must be accumulated to conclude
whether these sequential and partial changes are a transition,
crossover, or phase separation. An inhomogeneous electrical
structure was also implied in κ-(ET)2Cu[N(CN)2]Br after

rapid cooling, as well as by the thermal conductivity of
κ-(ET)2Hg(SCN)2Br [68–70]. Related compounds with a
triangular lattice, κ-(ET)2Cu2(CN)3 and κ-(ET)2B(CN)4, ex-
hibit the VBO state, and charge ordering was observed in
κ-(ET)2Hg(SCN)2Cl [27,71–73]. These reports suggest that
the possible presence of the VBO state should be investigated
in the AFO state of all molecular-based triangular-lattice sys-
tems using experimental methods without the application of
a magnetic field. In the present experiment, clear evidence
for the coexistence was obtained through molecular vibration
measurements, a particularly effective method for detecting
mixed ground states. This experiment also demonstrates that
the phenomenon is general, not limited to κ-BEDT-TTF salts.

In conclusion, β ′-As exhibits the coexistence of dimers
and charge-separated tetramers within the same layer. The
freezing of the VBO in one of the two independent layers
occurs below the temperature of cation ordering, Tcat, whereas
in the other layer, freezing of the VBO and AFO occurs
simultaneously at TAF.
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