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Quasi-One-Dimensional Spin Dynamics in a Molecular Spin Liquid System
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The molecular triangular lattice system, f'-EtMe;Sb[Pd(dmit),},, is considered as a candidate material
for the quantum spin liquid state, although ongoing debates arise from recent controversial results. Here,
the results of electron spin resonance and muon-spin relaxation measurements on f'-EtMe; Sb[Pd(dmit), ],
are presented. Both results indicate characteristic behaviors related to quasi-one-dimensional spin
dynamics, whereas the direction of anisotropy found in electron spin resonance is in contradiction with
previous theories. We succeed in interpreting the experiments by combining density-functional theory
calculations and analysis of the effective model taking into account the multiorbital nature of the system.
While the quantum-spin-liquid-like origin of f'-EtMe;Sb[Pd(dmit),], was initially attributed to the
magnetic frustration of the triangular lattice, it appears that the primary origin is a 1D spin liquid resulting

from the dimensional reduction effect.
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Ground states of magnetically frustrated triangular lattice
systems, where antiferromagnetically coupled S =1/2
spins are positioned on each lattice site, have posed a
long-standing challenge in condensed matter physics since
Anderson proposed the resonating-valence-bond state for
the S = 1/2 Heisenberg model on a uniform triangular
lattice [1-7]. Although confirmation of the quantum spin
liquid (QSL) state has remained elusive, several molecular
materials with § = 1/2 triangular lattices have garnered
significant attention [8—15]. One notable QSL candidate is
the dimer-Mott insulator f'-EtMe;Sb[Pd(dmit),],, where
dmit, Et, and Me are 1,3-dithiole-2-thione-4,5-dithiolate,
ethyl, and methyl, respectively [13-16].

f/-EtMe;Sb[Pd(dmit),], consists of Pd(dmit), anions
and a monovalent countercation EtMe;Sb™. The anions
form strongly dimerized [Pd(dmit),]5, and an electron is
localized on each dimer. As shown in Fig. 1, the crystal
structure of f'-EtMe;Sb[Pd(dmit),], has two crystallo-
graphically equivalent Pd(dmit), layers with different
dimer stacking direction (layers A and B). Layers A and
B are connected by the glide plane symmetry. The
Pd(dmit), dimers form a § = 1/2 triangular lattice on
each layer, where the transfer integral along the dimer’s
stacking direction is denoted as tp, the side-by-side
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direction as tg, and the diagonal direction as ¢, (Fig. 1).
The calculated transfer integrals between the dimers
suggest a nearly isosceles or scalene triangular arrange-
ment in the magnetic geometry (see Table I) [17-22].
//-EtMe;Sb[Pd(dmit),], shows no magnetic long-range
order down to approximately 40 mK, which is several
orders of magnitude lower than its exchange interaction
[23—-33]. Precise tuning of the transfer integrals using
mixed countercations further reveals the presence of a
QSL “phase” in the system [34].

However, the nature of its QSL-like ground state is so far
controversial. The specific heat and the first report of thermal
conductivity measurements both show linear temperature
dependence, although it is an insulator [24,25]. Such
behavior is considered to be originating from the delocalized
nature of the excitations and it was proposed to be owing to
the existence of spinons with a Fermi surface. However,
theoretical studies for a QSL state with a spinon Fermi
surface find 72/3 scaling rather than linear scaling [35].
Furthermore, in contradiction to the initial study of thermal
conductivity, recent studies performed by three different
groups report the absence of any residual linear term x,/T
[29,30,33], while Yamashita ef al. have reported that the
linear term depends on the sample and in particular the
cooling rate [31,32,36]. No cooling rate dependence is ob-
served in x-ray diffraction, transport, and NMR, though [37].

© 2024 American Physical Society


https://orcid.org/0000-0001-9822-8262
https://orcid.org/0000-0001-6520-3894
https://orcid.org/0000-0002-5919-3885
https://orcid.org/0000-0003-4722-8654
https://orcid.org/0000-0003-4907-7255
https://orcid.org/0000-0001-9063-9278
https://orcid.org/0000-0003-3534-4404
https://orcid.org/0000-0002-2606-4657
https://ror.org/01sjwvz98
https://ror.org/020wjcq07
https://ror.org/01t8fg661
https://ror.org/03gq8fr08
https://ror.org/05tqx4s13
https://ror.org/03gv2xk61
https://ror.org/02cgss904
https://ror.org/026v1ze26
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.133.236702&domain=pdf&date_stamp=2024-12-03
https://doi.org/10.1103/PhysRevLett.133.236702
https://doi.org/10.1103/PhysRevLett.133.236702
https://doi.org/10.1103/PhysRevLett.133.236702
https://doi.org/10.1103/PhysRevLett.133.236702

PHYSICAL REVIEW LETTERS 133, 236702 (2024)

Pd(dmit), dimer

Layer B

FIG. 1. Left: crystal structure of '-EtMe;Sb[Pd(dmit),],. Two
crystallographically equivalent Pd(dmit), layers with different
dimer stacking directions exist in the unit cell (layers A and B),
and the Pd(dmit), dimer with § = 1/2 forms a triangular lattice
in each layer. Right: schematic drawings of the triangular lattice
and its transfer integrals for layers A and B. 0 is the angle of the
magnetic field from the a axis used for ESR.

As for alternative ground states, several competing charge-
order states are proposed through vibrational spectros-
copy [28]. A random-singlet state due to random intradimer
charge disproportionation is proposed since a relaxor-type
ferroelectricity was observed [38—40]. Moreover, a recent
ab initio calculation proposed that the QSL state of

TABLE L. Interdimer transfer integrals (in meV) along the three
directions of the triangular lattice of f’-EtMe;Sb[Pd(dmit),],
evaluated by different methods. The low-temperature crystal
structure data has been used for our calculation. FP, TB, and
EHM stand for first-principles calculation, tight-binding, and
extended Hubbard models, respectively. The number of bands
included in the analysis is indicated.

Methods tg tg t, Ref.
Extended Hiickel 34 33 26 [17]
FP + TB (6-band) 54 45 40 [18]
FP + TB (2-band) 49 45 37 [19]
FP + TB (2-band) 55 47 39 [20]
FP + TB (2-band) 57 45 40 [21]
FP + TB (2-band) 57 45 40 [22]

FP+ TB (8-band) + EHM 31 28 36  Present study

//-EtMe;Sb[Pd(dmit),], is essentially a 1D spin liquid,
although it preserves some two-dimensionality [22].

In this Letter, we present a different experimental approach
for studying the ground state of f’-EtMe;Sb[Pd(dmit),],
using electron spin resonance (ESR) and muon-spin rotation
(uSR). Both results exhibit characteristic features of a quasi-
one-dimensional (q1D) spin dynamics, with the fastest
propagation direction for spin dynamics being along ¢,,
which corresponds to the direction of weakest magnetic
coupling, as indicated by previous calculations [17-22]. By
extending the theoretical analysis to include the multiorbital
nature of the system, we show a renewed picture of the
magnetic anisotropy, finding good agreement with the
experimental results. Our finding suggests the QSL ground
state of f'-EtMe;Sb[Pd(dmit),], is another example of
“dimensional reduction” induced by frustration and quan-
tum fluctuations.

Single crystals of f'-EtMe;Sb[Pd(dmit),|, were pre-
pared using the method described in Ref. [30]. ESR
measurements were carried out with a conventional x-band
ESR spectrometer (~9.1 GHz), using a single crystal
(approximately 1 x 1 x 0.05 mm?) mounted on a quartz
rod to allow rotation in the ab plane. The SR experiments
were performed at the RIKEN-RAL muon facility in the
United Kingdom and the SuS facility in Switzerland.
Randomly oriented crystals, with a total weight of
100 mg, were wrapped in a packet of 12.5 pm silver foil
and attached to the sample plate of a helium dilution
refrigerator. Further details of the experimental setups and
theoretical calculations can be found in the Supplemental
Material (SM) [41].

Two distinct ESR signals are observed when the magnetic
field is rotated within the ab plane of the triangular lattice of
the /'-EtMe; Sb[Pd(dmit), |, salt. The observed ESR spectra
are presented in Fig. S2 [41]. The angular dependence of the
g values, obtained from the ESR signals, shows two almost
identical components of the g tensor with a shift between
them of about 30° [Fig. 2(a)]. This g-tensor shift coincides
with the difference in the stacking direction of the Pd(dmit),
dimers between adjacent layers, as shown in Fig. 1. Hence,
the principal axes of the g tensor are related to the orientation
of the Pd(dmit), dimers (S = 1/2), and the minimum and
the maximum of the g value are observed when the magnetic
field is respectively applied parallel and perpendicular to the
stacking direction of the Pd(dmit), dimers. The per-
pendicular direction is close to the b-axis side-by-side
direction of the dimer arrangement. From the comparison
of the g values with the crystal axes, the two ESR signals can
be assigned to layer A and layer B of the Pd(dmit), layers,
shown as open and solid red circles in Fig. 2(a), respectively.
These results show that the ESR origin is purely from the
spins on the triangular lattice, and extrinsic effects from
impurities are ruled out.

It is well-known that if a finite exchange interaction
exists between two spins with different g tensors, the two
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FIG. 2. The angular dependence of (a) the g value and (b) the
ESR linewidth of f'-EtMe;Sb[Pd(dmit),], at 4.7 K where the
magnetic field is rotated within the ab plane (a axis is at = 0°).
Two ESR signals from layers A and B are presented as red
open and solid circles, respectively. The angular dependence
of the linewidth is fitted with the sum (thick blue curve) of
1+cos? (-6, ) and (3cos? (6 —6,p)—1)* terms, presen-
ted as orange and green solid curves, respectively. €,y is 104°
and 76° for layers A and B, respectively, which is in good
agreement with the angle dependence of the g tensors. 6 p is
found to be 149° and 34° for layers A and B, respectively, which
approximately corresponds to the diagonal direction 7, of the
triangular lattice in each layer.

independent ESR absorption lines merge into a single
absorption line in a process known as exchange narrowing
[48,49]. The exchange interaction J can be roughly
estimated from the relation 2J ~ |Ag|ugB, where Ag is
the difference in the g values when the amalgamation of
ESR lines occurs [48,50]. From Fig. 2(a), we observe that
the amalgamation occurs where Ag = 0.005, leading to an
estimated interlayer exchange interaction of approximately
0.54 mK. This small interlayer interaction suggests that the
magnetic network of f'-EtMe; Sb[Pd(dmit),], is highly 2D,
which is consistent with the absence of long-range mag-
netic order in this system.

The in-plane angular dependence of the ESR linewidth at
4.7 K obtained from ESR of layers A and B are presented,

respectively, as open and solid circles in Fig. 2(b). The
linewidth shows an unconventional angular dependence,
not previously seen in the case of a low-dimensional system
or an inorganic triangular lattice [49,51]. We find that
this unusual angular dependence is well-fitted by a sum of
(1 + cos? @) and (3 cos® @ — 1)? terms, which are presented
respectively as orange and green solid curves in Fig. 2(b).
The former angular dependence is a typical one for angle-
dependent ESR and originates from the contributions of
magnetic anisotropies to the ¢ values and dipolar or
hyperfine interactions. For each layer, the extrema of the
(1 + cos? @) term coincide with those of the g values (¢4
and Ltg, respectively). The (3cos?8—1)? angular term
originates from qlD spin diffusion, which is commonly
observed in ESR studies of low-dimensional spin systems
[49,52-55]. For q1D spin diffusion, the direction showing
the maximum of the linewidth corresponds to the diffusion
direction. Our results show that the diffusive direction is
along the diagonal direction of the triangular lattice (z,) for
both layers A and B. Despite our system consisting of a 2D
triangular magnetic network, the ESR results indicate a
q1D spin dynamics along ¢,.

Next, we present our uSR results for
/'-EtMe;Sb[Pd(dmit),],. Neither a spontaneous precession
signal nor a divergence of the muon depolarization rate 4
was observed down to low temperatures under zero-field
conditions [ZF-uSR, Fig. S3(a) in SM] [41]. These results
show that there is no sign of long-range order down to
28 mK, in good agreement with the specific heat and
thermal conductivity measurements [24,25,29-32]. More-
over, no excitation gap is found from the field dependence
of the transverse-field muon-spin rotation measurements
(Fig. S4).

To gain information from the spin dynamics, the field
dependence of A has been studied. Longitudinal fields were
applied along the muon-spin polarization direction and the
field-dependent muon-spin depolarization rate A(B) was
measured at various temperatures [Figs. 3(a)-3(c)]. Each
one shows a B3 dependence over a wide field range of
0.1 < B < 100 mT [red line in Figs. 3(a)-3(c)] at temper-
atures below 2 K. This characteristic behavior reflects a 1D
spin diffusion, which is fully in accordance with the ESR
results. Note that our results cannot be fitted with a 2D
diffusive model (blue dashed lines). From these field
dependences, we could obtain diffusion rates D) using
the expression

A2
AMB) = Z(2D||7/eB)_l/2’ (1)

where A is a scalar hyperfine coupling constant and y, is a
gyromagnetic ratio of electron. Its derivation can be found
in the SM [41]. Our density-functional theory (DFT)
calculations for muon additions to Pd(dmit), using
GAUSSIANI6 [42] show the lowest energy when the muons

236702-3



PHYSICAL REVIEW LETTERS 133, 236702 (2024)

e i 2 4 2 4
0.1 1 10 100 0.1 1 10 100

] 1 1 01 1 |
2 4 2 4 . 2 4 2 4 2
0.1 1 10 100 0.01 0.1 1 10

B (mT) Temperature (K)

FIG. 3. Magnetic field dependence of the relaxation rate 1 of
/-EtMe; Sb[Pd(dmit), ], at (a) 28 mK, (b) 0.85 K, and (c) 2.0 K.
The red solid lines and the blue dashed lines are the best fits from
the qlD model and the 2D diffusive model, respectively.
(d) Temperature dependence of intrachain diffusion rate D).

were added to the end S site of Pd(dmit), molecule, with
the corresponding experimental value of 71 MHz for A
[41]. This value is comparable with the value of 82 MHz
found for muonium addition at the end of the electron
acceptor molecule TCNQ [56]. Using the obtained cou-
pling constant, the diffusion rate D is estimated as being of
the order of 10'> s~!. The temperature dependence of Dy is
shown in Fig. 3(d). We can also evaluate the degree of one-
dimensionality from the data, giving a lower limit estimate
of the ratio of intrachain to interchain diffusion rate as
D /D, > 10* [41]. This implies that the diffusion is highly
1D despite the three transfer integrals around the triangular
unit having rather similar values, according to calculation.

The uSR and ESR results reveals a gapless ground state
with a q1D spin dynamics. This might suggest the QSL-like
ground state of #/-EtMe;Sb[Pd(dmit),], is essentially a 1D
spin liquid. However, the diffusive direction is found to
be along 7,, which is the smallest transfer integral from
previous theoretical estimations as shown in Table I [17-22].

Following these results, we have reanalyzed its elec-
tronic structure (see Ref. [41] for details). Using first-
principles calculations based on the DFT, we derive the
maximally localized Wannier functions (MLWFs) from
eight bands near the Fermi level. Here, following recent
studies [21,58], a plane-wave DFT -calculation within
the generalized gradient approximation [59] was per-
formed with the QUANTUM ESPRESSO code [60] using
norm-conserving pseudopotentials [61,62]. MLWFs were
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FIG. 4. (a) Band structure of f'-EtMe;Sb[Pd(dmit),], (blue
solid curves), and the TB bands based on the MLWFs (red broken
curves). (b) Two independent MLWFs in the Pd(dmit), dimer,
drawn using VESTA [57]. (c) Mean-field energies of different AF
patterns varying the intersite Coulomb energies scaled by V. The
on-site Coulomb repulsion is set to U = 1.0 eV. The AF align-
ments for each stable pattern are shown in the inset.

generated using the WANNIER90 package [43,63] by setting
a Wannier center at each dmit ligand. Note that these
MLWFs form not only the highest occupied molecular
orbital (HOMO) but also the lowest unoccupied molecular
orbital (LUMO), and eight bands are formed from them
since there are four Pd(dmit), molecules in the unit cell. In
Fig. 4(a), the DFT band structure is shown together with the
tight-binding (TB) bands based on the MLWFs, whose
spatial forms are shown in Fig. 4(b). The MLWFs are
distributed on either side of the molecule, which show
similarity to the wave functions introduced and called
fragment molecular orbitals in Ref. [44].

Based on the derived TB parameters, we investigate the
electron correlation effect by the extended Hubbard model
and compare the mean-field energies of different antifer-
romagnetic (AF) patterns. Figure 4(c) shows the result for
on-site Coulomb repulsion U = 1.0 eV, and varying the
intersite Coulomb energies scaled by V(. One can see that
AF1 and AF3 states are competing in energy, in which
both patterns are AF along the ¢, direction. This suggests
that this direction indeed shows the strongest magnetic
interaction.

We can evaluate the effective interdimer transfer inte-
grals based on these calculations, following Ref. [44].
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The wave function where § = 1/2 is localized is described
by the linear combination of the fragment molecular orbitals,
and their weights can be adopted from the mean-field
solution, which is about 1 : 3 within the molecule, consistent
with the NMR measurement [64]. Typical parameters result
in the values listed in Table I. Intriguingly, ¢, becomes the
largest. This difference from previous studies comes from
the multiorbital nature; most studies have focused on the
half-filled valence bands based on HOMO. However, the
HOMO-LUMO levels in the isolated Pd(dmit), molecule
are close in energy with a separation of about 0.5 eV, while
the Coulomb energy is of the same order [17,20,22,65]. It is
then natural to consider the multiple orbitals, and we have
shown its significance in this Letter.

The competition and the fluctuation of the AF1 and AF3
states might suggest that the dimensional reduction effect
takes place in the frustrated triangular lattice. In a similar
manner to the triangular lattice system Cs,CuCly, the
magnetic frustration significantly reduces the interchain
correlations in the ground state, and 1D physics similar to
the spin-chain system can appear [3,66—-68]. Therefore, we
conclude that the ground state of #'-EtMe;Sb[Pd(dmit),],
might be a 1D spin liquid rather than a 2D QSL state of the
triangular lattice.

Cs,CuCl, exhibits dimensional reduction within an
isosceles triangular magnetic lattice where J'/J ~ 0.4,
and a small interlayer coupling stabilizes the 3D magnetic
order below Ty =0.6K [3,66-68]. In contrast,
f'-EtMe;Sb[Pd(dmit),], shows dimensional reduction
even with the larger ratio J'/J ~ 0.7 (from the ratio of >
values), without any sign of long-range order. Such
significant dimensional reduction and the lack of long-
range order cannot be explained by a simple S =1/2
Heisenberg model, and other factors, such as charge and
orbital degrees of freedom and the infinitesimal interlayer
interaction, which causes AF instability, should be taken
into account. Let us note that the range of J'/J where
dimensional reduction and gapless excitation are theoreti-
cally observed remains controversial [69-74]. For example,
resonating-valence-bond-type theories suggest 0 < J'/J <
0.25inRef. [69]and 0 < J'/J < 0.65 in Ref. [70]; the latter
may give the upper bound. Further development of such a
theoretical approach might be able to account for the
dimensional reduction we observe at the larger value of
J'/J ~0.7. It is possible that the cation’s orientational
disorder in f#'-EtMe;Sb[Pd(dmit),], also contributes to the
AF instability [16]. However, the cation disorder does not
seem to affect the magnetic network, as the diffusion
anisotropy ratio remains highly 1D (Dy/D, > 10%).
Experimentally, the absence of long-range magnetic order
in this system appears to be primarily determined by the
infinitesimal interlayer interactions.
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