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(BEDT-TTF)Cu[N(CN),], (BEDT-TTF: bis(ethylenedithio)tetrathiafulvalene) is a monomer Mott insulator,
in which the BEDT-TTF molecules form a three-dimensional (3D) distorted diamond structure; however, its
physical properties resemble those of a quasi-one-dimensional (Q1D) zigzag BEDT-TTF chain structure. We
investigated the magnetic ground state of this compound using electron spin resonance (ESR) spectroscopy in
the X-band region (9.12 GHz) to confirm the occurrence of a transition to a spin-singlet state. The ESR spectra
showed an asymmetric spectral line comprising two Lorentzian components, suggesting different correlations
of the two independent 1D zigzag chains of the BEDT-TTF molecules. The spin susceptibility derived from the
ESR spectra showed an opening of the spin gap below the transition temperature 7. & 25 K possibly due to
alternating intrachain interactions in both zigzag chains with different spin correlations.

DOLI: 10.1103/PhysRevB.109.125115

I. INTRODUCTION

Organic salts based on bis(ethylenedithio)tetrathiafulval-
ene (BEDT-TTEF, abbreviated as ET hereafter) are recognized
as strongly correlated i -electron systems with flexible molec-
ular arrangements, resulting in diverse physical properties [1].
Previously reported organic conductors based on ET salts,
such as the k-(ET),X series, have a two-dimensional (2D)
conduction layer of ET molecules with a 2:1 ratio of donor
ET and anion X molecules, where X = Cu[N(CN),]Y with
Y = Br, Cl, Cuy(CN)s, etc. These 2:1 ratio series of organic
salts exhibit strong dimerization of the two ET molecules,
changing from the quarter-filling band of ET molecules to
an effective half-filling band of the dimers. Therefore, the
bare Coulomb interaction U between the electrons in an ET
molecule becomes an effective Coulomb interaction Up in the
dimer, often resulting in a dimer-Mott insulator [2]. To date,
various studies have been conducted on dimer-Mott organic
salts; however, ET organic salts with a 1:1 ratio between
ET-to-anion molecules are rarely explored. Unlike the for-
mer ratio, the 1:1 ratio series or (ET)X salts have a formal
charge of +1 from one site of the ET molecule, exhibiting
a half-filled band. Therefore, (ET)X can generate a genuine
Mott-insulating state with on-site Coulomb U values from the
ET monomer site. To date, only a few (ET)X organic salts
have been studied, including ¢-(ET)PF¢ [3], 3-(ET)TaFg [4],
(ET)Ag,(CN)s [5,6], and (ET)Cu[N(CN), 1, [7], all of which
are Mott insulators with specific ET arrangements.

Our focus has been on the recently studied
(ET)Cu[N(CN),]», which contains a 1:1 ratio of donor
ET*! (hole carrier) and anion Cu[N(CN), 15 ' molecules.
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Figure 1(a) shows the crystal structure in the (ac) plane,
where the long axis of the ET molecules is tilted by
approximately 20° with respect to the «* axis. The title
compound has a distinct ET arrangement compared with
the other (ET)X series. The ET molecules are diagonally
connected via intermolecular S-S contact with a transfer
integral ¢ to the nearest-neighbor molecules along the ¢ axis
and second-nearest-neighbor transfer integral ¢’ to the other
molecules, as shown in Fig. 1(b). These transfer integrals
create one-dimensional (1D) ET chains and three-dimensional
(3D) connections between the chains, which contain a
columnar cavity occupied by polymeric anions. Therefore, as
shown in Figs. 1(c) and 1(d), the ET molecules are located at
the vertices of a distorted tetrahedron and its center, creating
a distorted diamond structure.

In our previous study, a nodal line along the ¢ axis was
found in the band calculation, implying the viability of the
title compound as a Dirac semimetal system [7]. However, the
insulating transport results suggest an opening of the Mott gap
at the nodal line, making the title compound a Mott-insulator
material. As a result, the 3D distorted diamond structure
of this system is transformed into a quasi-one-dimensional
(Q1D) zigzag chain of ET molecules along the ¢ axis with
|t'/t| ~ 0.1. Interestingly, the static susceptibility reported in
our previous study exhibits a sudden decrease below 25 K [7],
which is attributed to the spin-singlet ground state. In con-
trast, (ET)Ag,(CN)s, another organic salt with a diamondlike
structure, exhibits antiferromagnetic (AF) order at a transition
temperature of Ty = 102 K [5,6]. The other 1:1 ratios of
C-(ET)PF¢ and (3-(ET)TaFg exhibit a spin-Peierls transition
Tsp = 40 K and AF order at Ty = 10 K, respectively [3,4].
In another recent report, wire-shaped 1D (ET)Cu[N(CN),]»
exhibited a ferromagnetic transition at 13 K, and metallicity
emerged owing to the strain effect resulting from molecular
contact [8]. The spin-singlet magnetic ground state in the title

©2024 American Physical Society
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FIG. 1. (a) Crystal structure of (ET)Cu[N(CN),], viewed along the b axis. The long molecular axis of the ET molecules is tilted about 20°
from the a* axis, and the polymeric anion chain is oriented along the a + ¢ axes. (b) (101) plane viewed along the anion chains showing the
stacking of 1D ET zigzag chains via the transfer integral # and ¢’. The red solid and blue dotted lines correspond to r = —0.192 eV and t' =
0.023 eV, respectively [7]. (c) 3D arrangement view of the chain of ET molecules; the anions are omitted for simplicity. (d) Diamond lattice

corresponding to the 3D arrangement shown in (c).

compound indicates that the electron pairs have symmetric
orbital (and antisymmetric spin) wave functions, which con-
tradicts the Mott-insulating state arising from the interaction
of strong on-site Coulomb repulsion of one electron per lattice
site. Therefore, despite the conflicting results, the existence
of a variety of magnetic states indicates the importance of
determining the magnetic ground state of (ET)Cu[N(CN);],.

In this study, we thoroughly investigated the magnetic
ground state of (ET)Cu[N(CN),], via X-band electron reso-
nance spin (ESR) spectroscopic measurements with angular
and temperature dependence on a single crystal. Our findings
showed that the magnetic ground state is a spin-singlet state
with a transition temperature of 25 K. The possible mech-
anism for the spin-gap energy existing below the transition
is analyzed using a 1D alternating Heisenberg spin chain,
which has the two independent zigzag chains of ET molecules
indicated by the appearance of isotropic g-value enhancement
and linewidth broadening in ESR spectra. These two chains
exhibit different spin correlations that are attributed to the
change in ESR spectra from symmetric to asymmetric at
75 K, which is higher than the transition temperature of the
spin-singlet state. Moreover, these two chains exhibit uniform
exchange coupling in high-temperature regions.

II. EXPERIMENTAL METHOD

Needlelike single crystals of (ET)Cu[N(CN),], were
grown using the conventional electrochemical method re-
ported by Wang et al. [9]. As previously reported [7], we

confirmed the C2/c space group and lattice parameters in
a single crystal using x-ray structural analysis. Furthermore,
there was almost no indication of a structural transition from
296 to 100 K.

ESR measurements were performed using a conventional
X-band ESR spectrometer (JEOL JES-RE3X) with a mag-
netic field range of 319 to 326 mT equipped with a helium
flow cryostat (Oxford Instruments). A single crystal with
dimensions 0.05x0.05x1.3 mm?® was mounted on a quartz
rod. The angular dependence was determined by rotating the
quartz rod relative to the crystal planes (a*b), (a*c), and (bc)
at 300 K to determine the principal axes of the g-value. Tem-
perature dependence was measured on the principal axis of the
g-value, which was relatively close to the a axis. Because the
X-band ESR spectrometer uses the magnetic field modulation
technique, the ESR spectrum appears as the first derivative of
the ESR absorption, which provides three parameters from the
line shape: peak-to-peak intensity Ipp, peak-to-peak linewidth
AHpp, and resonance field Hy.

III. RESULTS AND DISCUSSION

A. Angular dependence of g-value

Figure 2 shows the angular dependence of the g-value in
the three crystallographic planes at room temperature. The
g-value can be obtained using the relation g = hv/(upHp),
where &, v, and up represent the Planck’s constant, frequency,
and Bohr magneton, respectively. A magnetic field was
applied with respect to the orthogonal axes a*, b, and ¢, which
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FIG. 2. Magnetic-field-direction dependence of g-value at 300 K in three different planes: (a) (a*b), (b) (a*c), and (c) (bc). The black lines
represent the fitting function of Eq. (1). Inset: Orthogonal axes a*, b, and ¢, assigned to the morphology of the needlelike crystal with rotational

angles 0,+p, O+, and 6.

were assigned to the morphology of the needlelike crystals.
The rotation axes were a* to b (6,+), a* to ¢ (0,+.), and b to ¢
(Ope), as illustrated in the inset in Fig. 2. The g-values of the
measured data were fitted using the following equation [10]:

g= Y

i,j,k=a*b,c

gij&jklil;, (D

where g and [ are the g-value and cosine direction from
the measured plane, respectively, according to the previously
mentioned set of orthogonal axes. From the fitting results,
the principal axes of the g-value with unit directional vec-
tor ¥ were gmax = 2.0144 with v = (0.99, 0.004, —0.0171),
&min = 2.0044 with v = (—0.004, 0.99, —0.0170), and gmia =
2.0086 with v = (0.0216, 0.0226,0.99). In addition, these
values also contain information on the relationship between
the morphology and the slight misalignment of the monoclinic
crystals on the quartz rod.

The obtained g-value system was comparable to other ET-
based organic salts. Sugano et al. previously determined the
g-value of an ET molecule using ESR spectroscopy in f3-
(ET),X (X = I3 and IBr,) [11]. According to their findings,
the g-values follow the ET molecular symmetry, where gmax
is along the long axis of the molecule, gnin is perpendicular
to the plane of the molecule, and gniq is along the short axis
of the molecule. Another study on k-(ET),X showed similar
g-value assignments interpreted from the molecular stacking
geometry of the ET radical cation [12]. The assigned g-value
of the title compound follows ET molecule orientation in the
crystal, where the maximum and minimum g-values on the
(a*c) plane are tilted by approximately 20° to the a* axis.
Therefore, the title compound is in good agreement with a pre-
vious study, which indicates that ESR measurements directly
probe the  orbital of the ET molecule.

B. Temperature dependence of the ESR spectra

Figure 3(a) shows the ESR spectra recorded at various
temperatures in H || a. The other directions show similar ESR
spectra characteristics (i.e., isotropic characteristics) on their
respective principal axes (see Supplemental Material [13]).
A typical Lorentzian-type ESR spectrum of the radical ET
molecules was observed at 300 K. As the temperature de-
creased from 300 to 25 K, the resonance field of the ESR
spectra was nearly the same; however, the intensity gradually
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FIG. 3. (a) ESR spectra for H || a from 300 to 3.7 K. (b) Tem-
perature dependence of the A/(A + B) ratio (see inset). (c) Fitting
results of Eq. (2) for the ESR spectrum at 25 K. The black line
represents the experimental data, and the red line shows the sum of

the two components 1 and 2 represented by squares and triangles,
respectively.
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increased and the spectral linewidth narrowed. Furthermore,
the ESR spectrum began to weaken below 18 K, and two tiny
signals with non-Lorentzian shapes were observed at 3.7 K.
Interestingly, the ESR spectra also became asymmetric below
75 K, exhibiting an unusual line shape in which the upper peak
was smaller than the bottom peak, contrary to the Dysonian
line shapes typically found in other organic salts [11].

The spectral symmetry was determined by the ratioA/(A +
B), where A and B are the distances between the top and bot-
tom peaks from the baseline, respectively [inset of Fig. 3(b)],
and the ratio of 0.5 corresponds to a symmetric line shape.
This ratio decreased exponentially from 75 to 25 K and started
to decrease abruptly as a notch structure at approximately
18 K [violet area in Fig. 3(b)]. Below 10 K, the ratio was
difficult to examine due to noise from the weak ESR signals
and the appearance of two non-Lorentzian peaks. Similar
temperature dependence of this behavior was observed in the
other directions (see Supplemental Material [13]). Notably,
the decrease in spectral symmetry begins at approximately
75 K, which is significantly higher than the transition tempera-
ture of 25 K reported in previous studies [7]. Furthermore, this
asymmetric line shape cannot be explained by the skin-depth
effect that typically appears due to the monotonic increase in
conductivity [11].

The appearance of the non-Lorentzian ESR signals at 3.7 K
suggests that the asymmetric ESR line shape below 75 K can
be attributed to more than one ESR signal. The first deriva-
tive of the ESR signal with a Lorentzian line shape can be
described using the following equation [14]:

ﬂ: 161pp(Hy — H)/(AHpp/2)
dH  [3+{(H — Hy)/(AHpp/2)}* 1>

The integrated intensity of the ESR absorption becomes
2r /\/§)IPPAH§P from Eq. (2), which corresponds to the
spin susceptibility ys. Figure 3(c) shows a typical example of
an asymmetric ESR signal fitted with two ESR components
with Lorentzian line shapes. ESR components 1 and 2 are
represented by the square and triangular symbols, respec-
tively, in Fig. 3(c). The observed asymmetric ESR signal is
clearly well reproduced by the sum of these two ESR com-
ponents [red curve in Fig. 3(c)], where both components have
equal integrated intensities but different linewidths. The field
resonance difference between the two components is small,
which implies that these components originate from the same
spin states. Because the crystal has two zigzag ET chains
[Fig. 1(b)], we conclude that the two Lorentzian components
of the ESR spectra originate from the zigzag ET chains 1 and
2. Therefore, two Lorentzian components were fitted to the
symmetric ESR spectrum with identical parameters to obtain
continuity data from the low- to high-temperature regions.
Although not observed in Fig. 3(a), an additional broad ESR
signal with a large g-shift and broader ESR linewidth (in the
range of 0.5 to 4 mT) appeared with sample-dependent char-
acteristics (see Supplemental Material [13]). This additional
component does not affect the primary ESR spectra and may
originate from anionic magnetic impurities. Therefore, we
focused on the two components that constitute the main ESR
spectrum. Hereafter, the temperature dependence of H || a
is presented because the other principal axes exhibit similar
behaviors (see Supplemental Material [13]).
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FIG. 4. Temperature dependence of the ESR parameters for H ||
a: (a) g-value, (b) AHpp, and (c) Ipp. The square and triangular
symbols represent the ESR parameters of components 1 and 2, re-
spectively. (d) Integrated intensity x, of components 1 and 2 and their
total (circle). The black solid line in (b) corresponds to the 1D spin
diffusion theory, AHpp < xsT. The dashed lines in (d) correspond to
the Curie component, xc = C/T. Inset: Magnified view of g-value
and AHpp below 75 K and integrated intensity s below 30 K.

C. ESR parameters

Figure 4(a) shows that the g-values of components 1 and
2 remained mostly constant in the high-temperature regions.
The g-values started to split and gradually increased, with
minor differences below 75 K, as shown in Fig. 4(a). The
g-values of components 1 and 2 abruptly increased below
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25 K and peaked at 2.0173 and 2.0202 at 13 K, respectively.
The g-value decreased to 10 K and then increased again to
the lowest temperature of 3.7 K. The g-values of components
1 and 2 were 2.0148 and 2.0175 at 3.7 K, respectively. The
appearance of the peak structure may indicate a change in the
local internal field of the system at temperatures below 25 K.
In addition, another signal was only visible at 3.7 K with a
g-value of 2.0120, which may be due to the impurity spin after
the complete disappearance of the internal field.

The g-shift in the 1D chain with the AF-ordered spin sys-
tem occurs owing to the spin correlation of the short-range
order and exhibits the anisotropic behavior of a negative
g-shift only along the linear chain axis [15]. The positive
g-shift was observed along the b axis in several k-(ET),X salt
series, where the other directions show nearly temperature-
independent behavior [12]. Moreover, this g-shift can be
caused by the orientation changes in ET molecules, molecular
orbital symmetry changes via the shortening of S-S contacts,
m-d exchange interactions, and AF instabilities. In contrast,
the title compound shows an isotropic g-shift enhancement
from the magnetically ordered phase below 25 K (see Supple-
mental Material [13]), indicating that the spin moment from
the surroundings of spin correlations equals zero. The g-shift
in the present study may not result from w-d interactions as
the anion molecule has a closed-shell orbital. This means
that the g-shift in components 1 and 2 might indicate the
presence of instabilities from the change in orientation and/or
molecular orbital of the ET molecular chains with different
spin correlations.

The temperature dependencies of AHpp and Ipp of the
ESR spectra are shown in Figs. 4(b) and 4(c), respectively.
AHpp of both components narrows linearly with decreasing
temperature and starts to differ below 75 K, where component
2 is broader than component 1. After reaching a minimum
at approximately 30 K, the linewidth rapidly increases be-
low 25 K, exhibiting a peak structure with minimum and
maximum values of 0.07 and 0.5 mT for component 1, and
0.09 and 1 mT for component 2. Next, AHpp increases again
below 10 K, where the temperature dependence is similar to
that of the g-value. Ipp, however, behaved differently from
AHpp, as shown in Fig. 4(c). When the linewidth decreased
to 30 K, the intensity showed a large peak structure in the
same temperature region. Ipp of component 2 is approximately
a quarter less than that of component 1 such that the integrated
intensity of (277 /+/3)Ipp AHJ3, is essentially the same as that
of component 1.

The linewidth depended on the type of spin interaction
during the relaxation process. In a study of Mott insulators
in ET organic salts, the narrowing of AHpp indicated a spin
relaxation from the exchange interaction of the localized spin
system [16]. Moreover, this narrowing can be explained by
the theory of 1D spin diffusion via the spin-spin relaxation
mechanism, wherein the spin diffusion at high temperatures
is dominated by slowly decaying spin fluctuations following
the relationship AHpp o xsT [17]. Figure 4(c) shows that the
linewidth follows this relationship above 25 K, but deviates
above 200 K. Such a crossoverlike temperature dependence
at around 200 K was also observed in the transport and static
susceptibility results [7]. These results indicate thermal fluc-
tuations caused by delocalized electrons via the spin-lattice

relaxation process. The spin relaxation process is affected by
magnetic fluctuations from mixing different spin correlations
between isolated electrons from g-values of components 1 and
2 below 25 K, resulting in broadened linewidths below the
transition state.

Figure 4(d) shows the spin susceptibilities x, of compo-
nents 1 and 2 and their totals exhibit similar behaviors.
shows a monotonic decrease obtained by decreasing the tem-
perature followed by a sudden drop at approximately 25 K.
The monotonic decrease from high temperature in x; might
imply a uniform chain condition of the Bonner-Fisher (BF)
model for the 1D Heisenberg AF spin-chain system, in which
the exchange interaction J is approximately 500 K [7]. The
sudden drop at 7. ~ 25 K indicates a transition from a param-
agnetic to a spin-singlet ground state. Moreover, the magnetic
state change was supported by the occurrence of peaks in
the g-value and AHpp below T;, which can be seen in all
directions. This spin-singlet pairing state is also shown in the
other directions in terms of spin and static susceptibilities,
wherein static susceptibilities show a sudden drop below 7.
until 5 T (see Supplemental Material [13]).

The xs value below 10 K increases as the temperature
decreases, as shown in the inset in Fig. 4(d); these increased
values are related to the Curie component xc = C/T derived
from the unpaired spins. The y; total can be compared with
the previously reported static susceptibility [7] to estimate the
percentage of impurity spins, and the xc values for component
1, component 2, and combined components are 0.02%, 0.08%,
and 0.10%, respectively. Evidently, the impurity spin mainly
originates from component 2, indicating that the spin densities
of the two components differ. The next section will further
explain the analysis of the energy gap after subtracting xc
from ;.

D. Spin-gap energy analysis

Figure 5 shows the spin susceptibilities x;* obtained after
subtracting the Curie component from the results described in
the previous section, in which x/ = xs — xc, where xJ, x5,
and . are the component 1, component 2, and combined
components, respectively. The spin-gap energy below T, can
be analyzed using the Arrhenius law, i.e., x5 o< exp(—Ag/T).
The fitting results, shown as dashed curves in Fig. 5, yield a
similar energy gap of Ag ~ 78 K for all three susceptibilities,
and this gap is slightly smaller than previously obtained from
the static susceptibility (A ~ 90 K) [7]. Because s is derived
from the well-aligned single crystal, the Curie contributions
of the slightly different spins can be easily decomposed, and
the corresponding results are more accurate than the static sus-
ceptibility derived from the sum of multiple Curie components
from several single crystals. Therefore, this discrepancy in the
spin gap can be ascribed to the error produced when yxc is
subtracted from the static susceptibility.

The spin-gap energy can also be explained by the Bu-
laevskii model [18], which considers a 1D Heisenberg spin
chain with an alternating AF interaction, represented by pa-
rameter y, using the Hamiltonian

H=17Y IS Su1+ySu-Susl. 3)
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component 1 (xJ;), component 2 (x%), and combined components
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symbols, respectively. The dashed lines correspond to the fitting
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Bulaevskii model with y = 0.90, 0.92, and 0.91 for xJj, x5, and
Xetoral» TESPECtively.

Here, y is defined by the ratio of the two alternating couplings
Ji and J, (J; > Jy) in the spin chain, y = J,/J;. Further,
y = 0 corresponds to the (strong) dimer model and y = 1
corresponds to a uniform spin chain. The spin susceptibility
in the model can be expressed as

exp[—J'ﬂT(’”)], @)

_at)

Xs T

where o and 8 are functions of y, and the values are adopted
from a previously study [18]. Because . is in arbitrary units,
the previous static susceptibility [7] was used to scale the
obtained .. Then, the scaled data of xJ were divided by the
factor Nag? 13 /kp to make x unitless for the fitting procedure
of Eq. (4), where N and kg are the Avogadro number and
Boltzmann constant, respectively. After that, the interpolation
values @ (y) and B(y) from Bulaevskii’s table [18] were used
to determine J; in the fitting process. The spin gap can be sim-
ply defined as J; B(y ). However, this energy gap can be further
explained using other theories to obtain more information for
this system. Pytte explained the dimerization of uniform spin
chains into alternating chains based on the Peierls instability
theory using the alternation parameter §, which can be derived
from spin-phonon coupling [19]; here, the two unequal ex-
change couplings are defined as J; = J[1 + 6(7T")] and J, =
J[1 — 8(T)]. The parameter §(T) = (1 — y)/(1 + y) can be
calculated based on the definition of y, which becomes tem-
perature independent below 7. This implies that the energy
gap between the singlet ground state and the spin-wave ex-
cited state below T; can be considered to be the same as the
conventional Peierls transition gap with 2A(7') [20,21]. Based
on these theories, the spin energy gap may be represented as
A(T) = 6(T)pJ, where p = 1.64 [22].

The fitting results obtained using Eq. (4) are shown as
solid curves in Fig. 5. The exchange couplings and their
parameters for xJi, x5, and xJp..; are shown in Table I. The

TABLE 1. Fitting parameters used in Eq. (4) based on the Bu-
laevskii model.

X y aly)  Bly) JE) LK) LK) AT) K
No.1 09 0076 0.193 471 496 447 41
No.2 092 0.0621 0.1573 561 585 538 38
Total 0.91 0.0692 0.1754 512 536 488 39

averaged energy gap is approximately A(7T) =~ 39 K, where
2A(T) ~ J1B(y) are close to the Arrhenius gap. Moreover,
the exchange coupling J of xJ. ., was comparable to the BF
model of a uniform spin chain above T, as obtained in the
previous static susceptibility analysis. Interestingly, x. and
X3 show different alternation parameters below 7, indicat-
ing differences in their spin correlations. These results imply
that the two independent zigzag chains formed a distorted
diamond structure with uniform exchange coupling in the
high-temperature region, and the couplings become different
when the spin correlation is more dominant below 7.

E. Spin-singlet formation mechanism

The spin-singlet transition at 7. ~ 25 K was confirmed
using ESR measurements. The underlying mechanisms of
spin-singlet formation in the high- and low-temperature
phases are illustrated in Figs. 6(a) and 6(b), respectively.
As mentioned previously, the ET molecules form two Q1D
zigzag chains in the crystal. Figure 6(a) shows that intrachain
exchange coupling is uniform in the high-temperature phase,
resulting in symmetrical ESR spectra. This is supported by
the BF-type spin susceptibility and linewidth narrowing of
the 1D spin system [7,16]. The two chains gradually exhibit
different spin correlations below 75 K, as indicated by the
asymmetric ESR line shape as a precursor phenomenon, and
the correlations become stronger close to 7., as shown in
the ESR parameters and Table I. The spins are dimerized
in Fig. 6(b) due to the possibility of alternating exchange
couplings J; — J, existing along the intrachain, which might
originate from the changes in molecular orbital symmetry via
S-S contacts in the g-value enhancement. The differences in
x4 and x indicate the different spin densities of the chains,
where chain 1 has a nearly complete spin singlet and chain 2
has many impurity spins. This alternating chain can be formed
via instabilities due to the interactions of the spin, charge,
and orbital degrees of freedom [23]. Therefore, there are two
possible scenarios for forming alternating chains in the crystal
of the title compound.

One scenario for an alternating chain is the spin-Peierls
transition due to the interaction between spins and dynamical
phonons. In this case, the transition is well described by the
relations of the BCS ratio 2A(0)/7. = 3.53 and the spin-
lattice constant A = 7. /0.8J [22], which are 3.18 and 0.058 in
the present study, respectively. These values are comparable
with those of other spin-Peierls materials [24-28]. This sug-
gested the possibility of a spin-Peierls transition in the title
compound.

Another scenario is the formation of an alternating chain
due to charge disproportionation (CD) on the ET molecule,
resulting in spin density ordering [29], as schematically shown
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FIG. 6. (a) Spin-singlet mechanism based on the (101) plane.
The 3D distorted diamond structure with exchange couplings J and
J' is represented by the red solid and blue dotted lines, respectively.
(b) Spin-singlet formation in the zigzag chains 1 and 2 with alternat-

W@%

ing coupling J; — J, represented by the ovals and dash-dotted line
for J; and J,, respectively. (c) Alternating chain based on the charge
disproportionation scenario. The filled red and hollowed boxes cor-
respond to the charge-rich and charge-poor halves, respectively. The
X symbol represents the inversion center between two molecules.

in Fig. 6(c). When CD occurs, the charge-rich and charge-poor
halves emerge in a molecule with different exchange cou-
plings as represented by the red and hollow boxes in Fig. 6(c).
In this scenario, the appearance of exchange differences can
be understood naturally. However, this situation cannot occur
because there is a twofold rotational axis located at the center
of the ET molecule, which restricts the charge distribution
between both sides. The inversion symmetry between the two
molecules is irrelevant to the CD state. Therefore, breaking the
twofold rotational symmetry allows for the CD state. Twofold
rotational symmetry is easily broken by disorder in the anion
arrangement via hydrogen bonds or the conformational de-
grees of freedom of the ethylene group of the ET molecules
[30]. This situation might occur due to short contact distances

between the sulfur atom of the ET donor molecule and the car-
bon and nitrogen atoms of the anion molecule, which are less
than the van der Waals distance, indicating that unfavorable
strain exists in this compound [31].

Instability based on spin-Peierls and/or charge dispropor-
tionation scenarios can induce alternating chains that lead to
the spin-singlet state. Although both scenarios require struc-
tural symmetry breaking, we did not observe an apparent
change in the structural symmetry even below T; through ten-
tative synchrotron x-ray diffraction measurements conducted
at the Photon Factory (PF), Institute for Materials Structure
Science (IMSS), the High Energy Accelerator Research Orga-
nization (KEK), Tsukuba, Japan [32]. Examining the structure
in detail is necessary to elucidate the spin-singlet state forma-
tion mechanism.

IV. CONCLUSIONS

In this study, the spin-singlet ground state in the monomer
Mott insulator (ET)Cu[N(CN),], with T, ~ 25 K was micro-
scopically confirmed by ESR spectroscopy. The temperature
dependence of the ESR spectra line shape changed from sym-
metric to asymmetric below 75 K. The asymmetric spectrum
consisted of two Lorentzian components originating from the
two independent Q1D ET zigzag chains with different spin
correlations. Although the two spin chains had different ESR
parameters, both of the zigzag chains exhibited a spin-gap
state below 7.. Analysis of the spin gap revealed a change
in the exchange coupling from uniform J into alternating J;
and J,. We discussed two possible scenarios, including the
spin-Peierls transition and charge disproportionation in the
ET monomer, to understand the spin-singlet formation in two
different ET zigzag chains. However, further in-depth crystal
structure analyses below 25 K are necessary to confirm the
origin of the alternating spin-chain structure.
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