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CONDENSED MATTER PHYSICS

Anomalously field-susceptible spin clusters emerging in
the electric-dipole liquid candidate k-(ET),Hg(SCN),Br

Mizuki Urai'¥, Kazuya Miyagawa', Yuta Watanabe’, Elena I. Zhilyaeva?, Svetlana A. Torunova?,
Rimma N. Lyubovskaya?f, Natalia Drichko34, Kazushi Kanoda'*

Mutual interactions in many-body systems bring about various exotic phases, among which liquid-like states
failing to order due to frustration are of keen interest. The organic system with an anisotropic triangular lattice of
molecular dimers, x-(ET),Hg(SCN),Br, has been suggested to host a dipole liquid arising from intradimer charge-
imbalance instability, possibly offering an unprecedented stage for the spin degrees of freedom. Here, we show
that an extraordinary unordered/unfrozen spin state having soft matter—like spatiotemporal characteristics
emerges in this system. "H nuclear magnetic resonance (NMR) spectra and magnetization measurements indi-
cate that gigantic, staggered moments are nonlinearly and inhomogeneously induced by a magnetic field,
whereas the moments vanish in the zero-field limit. The analysis of the NMR relaxation rate signifies that the
moments fluctuate at a characteristic frequency slowing down to below megahertz at low temperatures. The
inhomogeneity, local correlation, and slow dynamics indicative of middle-scale dynamical correlation length
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of several nanometers suggest novel frustration-driven spin clusterization.

INTRODUCTION

Strongly correlated electron systems harbor a rich variety of uncon-
ventional phenomena with the intertwining of interactions and
their quantum nature (I). Among these phenomena is the
quantum spin liquid (QSL), in which spins are highly correlated
with one another but do not order due to strong zero-point fluctu-
ations. The quest for QSLs has been a focus of profound interest in
the physics of interacting many-body quantum systems (2-5). The
layered organic conductors, k-(ET),X, where ET denotes bis(ethy-
lenedithio)tetrathiafulvalene and X is a monovalent anion, have
been studied as model systems exhibiting the Mott metal-insulator
transition and include QSL candidates (6, 7). A key ingredient for
understanding the electronic states in k-(ET),X is the strongly di-
merized ET molecules (8); the ET dimers are arranged to form an-
isotropic triangular lattices (Fig. 1). Given that ET dimers are
regarded as supermolecules occupying lattice sites, the complicated
crystal structure is modeled with an anisotropic triangular lattice
hosting one hole with a spin-1/2 at each lattice site. This simplifica-
tion provides a basis for understanding magnetism in the Mott in-
sulating state of k-(ET),X, including antiferromagnets k-
(ET),Cu[N(CN),]Cl (9-12), deuterated x-(ET),Cu[N(CN),]Br
(13, 14), and the possible QSLs k-(ET),Cu,(CN); (15) and x-(ET),.
Ag,(CN); (16) (hereafter abbreviated as k-Cu-Cl, k-Cu-Br, k-Cu-
CN, and k-Ag-CN, respectively). This simple model of molecular
lattice neglects the internal degrees of freedom within ET dimers;
however, recent theoretical calculations have suggested that the in-
tradimer electronic degrees of freedom can play a vital role in the
emergence of exotic states for the “dimer Mott insulators” (17,
18). For instance, the relaxer-type dielectric anomaly observed for
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k-Cu-CN (19) is argued to be a manifestation of the intradimer
charge imbalance in the QSL state under debate (19-22). More re-
cently, k-(ET),Hg(SCN),Br (k-Hg-Br) (Fig. 1, A and B) has been
suggested to host a quantum dipole liquid in which electric
dipoles presumably created by intradimer charge imbalance
remain fluctuating down to low temperatures (23). This system un-
dergoes a first-order metal-insulator transition at Ty ~ 90 K (24),
and there is no clear evidence of charge order below Ty in the
optical and dielectric measurements (23, 24); this is in contrast to
an isostructural sister compound k-(ET),Hg(SCN),Cl (x-Hg-Cl),
which undergoes a charge-ordering metal-insulator transition at
T ~ 30 K (25, 26). Since the two systems have quite similar transfer
integrals (27), k-Hg-Br is possibly at the phase border between the
Mott insulator and the charge-ordered insulator. As shown by first-
principles band structure calculations (26, 27), the ET dimerization
in k-Hg-Br is so weak among k-(ET),X systems that a gap between
the bonding and antibonding bands of the ET dimers vanishes or is
only marginally open (Fig. 1D), leading to a band profile having
both quarter-filled and half-filled natures; the former favors a
charge-ordered insulator, whereas the latter favors a Mott insulator.
This feature is also reproduced by the extended Hiickel tight-
binding band calculations (Fig. 1E). The spin state in such a mar-
ginal situation can be nontrivial because the spin-exchange interac-
tions are affected by the charge fluctuations; the time scale of charge
fluctuations in k-Hg-Br obtained by motional narrowing analysis of
the Raman spectra is ~1 THz (23), which is on the same order of
magnitude as the typical spin exchange frequency in k-type ET
compounds, on the order of 102 K (10, 11, 14, 15). To date, the mag-
netization has been reported to show nonlinear soft ferromagnetic
(FM)-like behavior (28) with no hysteresis (29). The magnetization,
e.g., at a magnetic field of 1 T, was approximately one order of mag-
nitude larger than that of the well-studied typical dimer Mott insu-
lators k-Cu-Cl (10, 11) and k-Cu-Br (14). More recently, a '*C
nuclear magnetic resonance (NMR) study of k-Hg-Br suggested
that the spin state is highly disordered as a consequence of inhomo-
geneous short-range charge order at low temperatures below Ty
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Fig. 1. Crystal and electronic structure of k-Hg-Br. (A) Crystal structure (67). The conducting ET and blocking Hg(SCN),Br layers alternately stack. There are two kinds of
ET layers (A and B), the top view of which is shown in (B). Each pair of the ET molecules facing each other forms a dimer. The solid lines in (A) and (B) represent a unit cell.
(A) and (B) were drawn using the visualizing software VESTA (71). (C) Structure of ET molecule. Densities of the highest-occupied molecular orbitals (HOMOs), the Mulliken
populations, per atom are displayed. (D) Schematic electronic structure. In x-(ET),X, two ET HOMOs in a dimer form bonding and antibonding orbitals through the intra-
dimer transfer energy t4, and each of them forms a conduction sub-band with the bandwidth, Wyong or Wantibond- IN the case of k-Hg-Br, the bandgap between the
bonding and antibonding bands is narrow or vanishing, as seen in (E). (E) Band structure (left) and Fermi surface (right) of x-Hg-Br based on the reported crystal structure
(61). The range of vertical axis in the left is from —0.7 to 0.7 eV. The Mulliken populations, transfer integrals, and band dispersion were obtained by the extended Hiickel

method and tight-binding calculation, using the program package (37).

(30). The microscopic spin state that gives rise to such extraordinary
magnetic properties has yet to be clarified.

The present work uses "H NMR spectroscopy with the magnetic
field varied over a 20-fold range from 0.30 to 6.00 T, combined with
spectral simulations, to clarify the microscopic local moment con-
figuration and its field and temperature dependence in k-Hg-Br.
There are a total of eight protons in the ET molecule, each of
which belongs to the ethylene groups at the edges of ET, as displayed
in Fig. 1C. At the 'H sites, because of the poor densities of the
highest-occupied molecular orbitals (HOMOs), the hyperfine cou-
pling is much smaller than that at the central double-bonded carbon
sites (denoted by “C" and colored purple in Fig. 1C), which were
13C-enriched in the previous '*C NMR study by Le et al. (30). On
the other hand, "H NMR is superior to '>*C NMR in capturing the
widespread spectra at high fields, since it is difficult to acquire the
entire spectrum with '>*C NMR due to the large hyperfine coupling.
Here, we report that an anomalously field-susceptible unordered/
unfrozen spin state with highly correlated characteristics emerges
in xk-Hg-Br. We confirmed that the fundamental features of 'H
NMR and magnetization presented here were reproduced in differ-
ent crystals (see the Supplementary Materials).

RESULTS

TH NMR spectra

Figure 2 (A to D) displays the '"H NMR spectra of k-Hg-Br acquired
in magnetic fields of 0.30, 1.00, 3.66, and 6.00 T, respectively. At
high temperatures above Ty (~90 K), the spectrum broadens
slightly as the temperature decreases but is rather temperature in-
sensitive. Upon further cooling, the spectrum is symmetrically
broadened in every field. A structureless and broadened line
shape indicates an inhomogeneous distribution of the local fields
in contrast to discrete spectral lines, as observed in the
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commensurate antiferromagnet, k-Cu-Cl (9). Incommensurate
magnetic order is ruled out, as it would give a distinctive spectral
shape with wings on the edges. This low-temperature spectral
broadening reproduces the temperature dependence of the '*C
NMR spectra (30), thereby confirming that the line broadening is
an intrinsic phenomenon. At a temperature of 2 K, and a field of
0.30 T, the spectra are extended to +200 kHz, which exceeds the
spectral width, +100 kHz, observed for k-Cu-Cl with an AF
moment of 0.45 pp per dimer (pp is the Bohr magneton) (7), sug-
gesting that the maximum moment amounts to ~1 ug per dimer or
larger, as discussed in detail later. The spectral broadening is char-
acterized by the square root of the second moment of the spectrum,
(A2, which is a measure of averaged local fields projected along
the field direction, as shown in Fig. 2E. It is clear that (Af*)'/? in-
creases prominently below a certain temperature depending on
the magnetic field. (A% does not show such an abrupt increase
at Tyg on cooling, as in 1*C NMR (30), because the small Fermi
contact interactions for proton nuclei caused by low electron spin
densities (see Fig. 1C) give rise to no appreciable change in "H NMR
spectral shift at the metal-insulator transition.

To gain insight into the configuration of the local moments in-
dicated by the spectral broadening, we simulated the '"H NMR
spectra for several conceivable cases of collinear spin configura-
tions. Because the proton nuclei in ET have negligibly small
Fermi contact interactions, the local fields at the 'H sites are evalu-
ated by adding up the dipolar fields from electronic moments on the
constituent atomic sites. Using the Mulliken populations for the
spin-density distribution in ET (31) and the crystal structure for
the ET arrangement (25), we summed up the dipolar contributions
from the atomic sites within a sphere of radius ~ 100 A (see Mate-
rials and Methods for details). Figure 3A shows the spectra calculat-
ed with a moment of 1 pg on an ET dimer for intradimer spin-
density profiles (Fig. 3B) and interdimer spin configurations
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Fig. 2. TH NMR spectral profiles. (A to D) "H NMR spectra measured in magnetic fields of (A) 0.30, (B) 1.00, (C) 3.66, and (D) 6.00 T. (E) Temperature dependence of the
square root of second moment of "H NMR spectra, (Af2)'/2. The inset shows the same data in the entire temperature range up to 300 K.

(Fig. 3C) where the FM spins are parallel to the applied field and
antiferromagnetic (AFM) spins are directed parallel (AFM I) or per-
pendicular (AFM II) to the field (normal to the layers); for AFM II,
the moment direction is varied in the perpendicular plane. The FM
configuration gives a spectrum shifted to one side, contradicting the
observation; thus, this case is ruled out. Both AFM I and II have
interlayer FM and AFM cases. Although the spectra for AFM 1I
with the moments on the dimers aligned mutually parallel
between the neighboring layers are slightly asymmetric owing to
the glide symmetry of the crystal structure, all of the simulated
spectra for AFM I and II are roughly symmetrical and able to
explain the observation given an inhomogeneous distribution in
the magnitude of the moment.

Staggered and uniform magnetizations

The second moment, (Af?), gives estimates of the averaged magni-
tude of inhomogeneous staggered moments. (Af?) is a sum of the
temperature (T)- and field (H )—insensitive nuclear dipolar contri-
butions, (Af?),,, and the electron moment contribution of interest,
(Af*) . Above Ty, the "H NMR spectra are solely determined by
the nuclear dipolar interactions. A slight increase of (Af?) from
room temperature is ascribable to the slowing down of the vibra-
tional motion of the ethylene groups in ET, as indicated by the
'H nuclear spin-lattice relaxation (described later). For (Af %), we
took the (Af%) wvalue at 100 K (>Tup); namely,
(APm = (A = (AP)n = (A = (Af)100k- Then, the linewidth,
(Af)m'"?, should be proportional to the averaged local moment,
Miocal- The proportional coefficient, a, in (Af?),'? = amygey is de-
termined from the simulated spectra for each spin configuration
and (Af?), depends linearly on m,., as shown in the Supplemen-
tary Materials. For AFM 1, a = 1.7 x 10* kHz/pg per ET dimer, and
for AFM 11, a varies in the range of 1.0 x 10? to 2.5 x 10> kHz/pp per
ET dimer depending on the field direction (Fig. 3D). We also con-
sidered the case with the spin density imbalanced between two ET
molecules in a dimer. The simulated spectra for a disproportiona-
tion ratio of 0.8:0.2, for example, take different shapes from the
0.5:0.5 case discussed above (Fig. 3A). Nevertheless, the two cases
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are nearly indistinguishable in (Af*),,'? and a (Fig. 3D). Thus, it
is concluded that large moments emerge in the applied fields
whether the spin density is imbalanced in a dimer or not. Below,
we assume a to be in a range of 1.0 x 102 to 2.5 x 10% kHz/pg per
ET dimer because the spin orientation angle is not known.

Figure 4A displays the temperature dependence of (Af?),,"
2= ((Af) — (Af),)Y? determined from the experimental spectra.
(Af)m'/? prominently increases below 15, 25, 30 to 40, and 40 to
50 K in fields of 0.30, 1.00, 3.66, and 6.00 T, respectively. The tem-
perature dependence of (Af?),,"/? is similar to that of the magneti-
zation, M (Fig. 4B), indicating that local moments develop along
with uniform magnetization. Figure 4 (C and D) displays (Af?),,,"/
%/uoH and M/H, where y, denotes the magnetic constant, both of
which are field dependent below ~30 K and follow the Curie-
Weiss law with the apparent Weiss temperature of 20 to 25 K
above 30 K (Fig. 4, E and F). The positive Weiss temperature
derived from M/H (Fig. 4F) is consistent with the previous report
(29). The right axes of Fig. 4A show the scales for #1,,), obtained
using a = 1.0 x 10? and 2.5 x 10? kHz/pg per ET dimer, which give
the maximum and minimum ., values, respectively. ¢, is 10
to 20 times larger than M in magnitude, indicating that the local
moments are primarily staggered and weak FM components
appear. The (Af?),,'/? value of 108 kHz at 1.7 K in a field of 0.30
T corresponds to the moment 1, = 0.4 to 1.0 pp per ET dimer,
which is comparable to or larger than the AFM moments of 0.45 ug
per dimer in k-Cu-Cl (7).

Figure 4G shows the field dependence of (Af?),,'/2. At 30 and 40
K, (Af?),"/? varies linearly with the applied field, whereas, at lower
temperatures, the variations are nonlinear. Except at 2 and 3 K, both
of the values of (Af?),,,'/> and M (Fig. 4H) appear to approach zero in
the zero-field limit, which indicates that the magnetitic moments
vanish in the zero-field limit, that is, the system is paramagnetic.
In addition, a comparison of Fig. 4 (G and H) shows that the stag-
gered moments grow more rapidly with increasing magnetic field
than the weak FM moments. We note that at 2 and 3 K, exception-
ally large local moments are induced by even a low field of 0.3 T,
which is also visible as an additional increase in the T dependence
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Fig. 3. Simulations of "H NMR spectra. (A) Calculated spectra with the moment of 1 g on an ET dimer for the ferromagnetic (FM) configuration [left of (C)] and the
antiferromagnetic (AFM) configurations with staggered moments directed parallel (AFM 1) and perpendicular (AFM 1) to the applied field (normal to the layers) [middle
and right of (C)]. The left and right of (A) show the results for the cases with the intradimer spin-density disproportionation of 0.5:0.5 and 0.8:0.2, depicted in (B), re-
spectively. For AFM I, the moment direction is varied in the perpendicular plane. (D) Angular dependence of the coefficient a, which relates the linewidth (Af?),,'”2 and
the size of the moment Mo, in the form of (Af2),,'/? = amjocai for AFM II. We assumed FM interlayer coupling for the simulations shown here. The values of (Af?),,,'/? for
the cases with AFM interlayer couplings are shown in the Supplementary Materials. The simulation of the spectrum in the case of M, = 0 roughly reproduces the

observed spectra above Ty, (see the Supplementary Materials).

of (Af?),!"? below ~5 K (Fig. 4A). As M vanishes in the zero-field
limit even at these temperatures (Fig. 4H), we consider that the stag-
gered moments also vanish at a zero field but appear immediately
upon applying low fields. We will discuss this low-temperature and
low-field behavior later, taking into account the time scales of
moment fluctuations and NMR observations.

ac susceptibility

Magnetization behavior in the low-field limit was examined by ac
susceptibility (ac-x) measurements. Figure 5A displays the real
part of ac-x (= m'/H,.) with a frequency of 10 Hz and amplitudes,
H,, of 1 and 4 Oe along with dc-x (= M/H) at goH = 1 T. The tem-
perature dependence of m'/H,. reproduces that of M/H well at high
temperatures above 25 K, but it shows an upward deviation from M/
H below that, consistent with the nonlinear magnetization that
starts at approximately the same temperature (Fig. 4D). The low-
temperature enhancement of m'/H,. is more moderate than the
Curie law and has the symptoms of saturation upon further
cooling, as seen in the plot of the inverse of m'/H,. (the inset of
Fig. 5C), which indicates that all spins are interacting without free
or orphan spins. m'/H,. has neither amplitude dependence for
H,. =1 and 4 Oe nor frequency dependence in the studied range
of 1 to 100 Hz. Furthermore, the imaginary part of ac-x, m"/H,,
remains vanishingly small over the entire temperature range. All
of these features demonstrate linear magnetization without jumps
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and hysteresis in the low-field limit, lending strong support to the
absence of magnetic order or glassy spin freezing in k-Hg-Br at least
down to 1.8 K. Nevertheless, magnetic fields on the order of 1 T
nonlinearly induce staggered moments as large as 0.4 to 1.0 pp on
average per ET dimer even at temperatures as high as 20 K. This is a
remarkable and unique feature of x-Hg-Br.

"H nuclear spin-lattice relaxation

Next, we present the nuclear spin-lattice relaxation rate, 1/T}, which
probes the spectral density of spin fluctuations at the NMR frequen-
cy. Ty was determined from the nuclear magnetization recovery over
time, M(t), after saturation, namely, M(0) = 0. M(¢) is a single ex-
ponential function of ¢ at temperatures above 40 K; however, it grad-
ually takes on a nonexponential character at lower temperatures (for
the relaxation curves, see the Supplementary Materials). Thus, we
determined T, by fitting the Kohlrausch function, 1 — M(t)/
M(o0) = exp.[—(t/Tl)ﬁ], to the data of M(t). The exponent P char-
acterizes the degree of inhomogeneity and approaches 1 in the ho-
mogeneous limit. In every measured magnetic field, the values of
stay in the range p 2 0.9 at high temperatures; however, they grad-
ually decrease with temperature below ~30 K, as shown in Fig. 6A,
indicating the evolution of inhomogeneities in spin dynamics at low
temperatures. In magnetic fields of 1.00 to 6.00 T, p reaches a
minimum value at approximately 7 to 10 K and increases upon
further cooling, which seemingly suggests a recovery to
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present work (see the Supplementary Materials for details of the estimation). (C
and D) Temperature dependence of (C) (Af?),,""?/uoH, (D) M/H, and their inverse
[(E) and (F)]. (G and H) Field dependence of (G) the electron moment contribution
to second moment of "H NMR spectra, (Af?),,'/?, and (H) M at various temperatures.

homogeneous relaxation. However, this is presumably not the case
but results from averaging of the inhomogeneous 1/T; by spin-spin
relaxation (T, process), which is particularly effective when T is
long. The absence of an upturn in p in a field of 0.30 T supports
the idea that T, averaging is particularly effective in higher fields,
where T is an order of magnitude longer than in 0.30 T.

Figure 6B shows the temperature dependence of 1/T; in magnet-
ic fields of 0.30, 1.00, 3.66, and 6.00 T. A frequency-dependent peak
structure arises at approximately 200 to 300 K due to the slowing
down of the vibrational motion of ethylene groups located at the
edges of an ET molecule (Fig. 1C), which is commonly observed
for ET compounds (9, 32-34). When cooled down across 85 to 89
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K, 1/T; shows an abrupt increase. This coincides with the jump and
thermal hysteresis in M/H, which is concomitant with the metal-in-
sulator transition, indicating that 1/T} is determined by the electron
moments below Tyg. Upon further cooling, 1/T, gradually increases
and forms a prominent peak at 7 to 9 K depending on the applied
field. A similar peak in 1/T; was observed by *C NMR (30), al-
though the peak structure was broader and the peak temperature
was lower than in 'H NMR, partially because, in *C NMR, 1/T}
must be determined by the relaxation of only the fractional spec-
trum that was covered by the radio-frequency (rf) pulse. The 1/T}
values at low temperatures are strongly suppressed as the magnetic
field is increased from 0.30 to 6.00 T. At first sight, the peak forma-
tion of 1/T; is reminiscent of a magnetic transition; however, the
observed features are very different from the indications of a mag-
netic transition, as follows. In the case of a magnetic transition, a
peak in 1/T; occurs at a temperature, T,, at which spin moments
start to emerge, as is observed for k-Cu-Cl (9). This is because
upon cooling from above T, the spin fluctuations slow to cause a
critical increase in 1/} near T, and upon further cooling below T,
where ordered moments develop, spin-wave excitations responsible
for 1/T, are depressed. In the present results, the local moments
begin to develop at 15, 25, 40, and 60 K in fields of 0.30, 1.00,
3.66, and 6.00 T, respectively (see Fig. 4A), whereas 1/T; forms a
peak at a much lower temperature when the moments are sufficient-
ly developed. This feature is compatible with our view that the
moment generation is not due to spontaneous spin ordering but
is induced by the magnetic field. Another extraordinary feature is
that the peak value of 1/T} at 0.30 T is as large as ~200 1/s, two
orders of magnitude beyond the critically enhanced peak value
for the AFM transition of x-Cu-Cl (9, 35). Furthermore, the 1/T;
peak value decreases by orders of magnitude with increasing the
magnetic field from 0.30 to 6.00 T, which is not expected for a con-
ventional AFM transition; for example, the reduction in the peak
value of 1/T; at the AFM transition in k-Cu-Cl upon increasing
the applied field from 0.58 to 9.3 T was reported to be ~1/5 (35).
These features of 1/T show that the peak formation of 1/T is not
due to a magnetic transition, consistent with the results from ac-x.

Spin correlation time

As seen above, large and extremely field-susceptible fluctuations
free from order prevail in the present spin system. A possible way
to further study these extraordinary features of 1/T is the analysis
based on the Bloembergen-Purcell-Pound (BPP)-type mechanism,
as suggested by Le et al. (30), which describes 1/T in terms of the
temperature-dependent correlation time of fluctuations, t.(T'), as in
(36, 37)

7(T)
L+ (2nf,)7(1)*
with the nuclear gyromagnetic ratio y, mean square of local field
fluctuations, h?, and the nuclear Larmor frequency f,. In general,

the values of 1.(T') increases upon cooling, and when it reaches
the value of (2nf,)™!, 1/T, forms a peak with a value of

/Ty ~ ¥k (1)

VZF(Z’n'fO)_I/Z at a temperature Tpeak. Above Tpear, because ..
(T) << @nf,)"Y, 1/T, ~ y*h?7.(T), which is f, independent,
whereas below Tyear, because T(T) >> @nf)"h UT, ~

v*h22aif, 21.(T), which is inversely proportional to f,2. In the
present results, the low-field 1/T; data for 0.30 T (f, = 12.8 MHz)
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Fig. 5. ac magnetization. Temperature dependence of the real part and imaginary part of ac susceptibility, m'/H,. and m"/H,.. The results plotted in (A) and (B) were
obtained with an ac driving field H,. of 4 Oe in the frequency range of 1 to 100 Hz. The results plotted in (C) and (D) were obtained with H,. of 1 and 4 Oe at a frequency of
10 Hz. The inverse of m'/H,. obtained with H,. of 1 Oe is plotted in the inset of (C).
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and 1.00 T (f, = 42.4 MHz) nearly coincide above T,cq and differ
by a factor of 10 [nearly corresponding to (42.4/12.8)?] below Theak
(Fig. 6B), which supports the validity of the BPP description. When
the magnetic field is increased up to 6 T, 1/T} is depressed in a wide
temperature range around Ty, which suggests that y2h? and/or
1(T) depend on the magnetic field strength. Figure 6C displays

'y\/h__z (inset) and 1/t(T) (main panel) derived in the following

way: First, y\/ h? for each magnetic field was evaluated from the
peak value through 1/ T, = y*h2(2mf,) " /2; then, 1.(T') was calcu-

lated from Eq. 1, using the y\/ﬁ value for each field. The y\/ﬁ
values for the low fields of 0.30 and 1.00 T are ~200 kHz, which
roughly correspond to the local field generated by one pp on an
ET dimer (see the preceding subsection). This means that the

moments fluctuate in all directions. 'y\/ﬁ decreases upon increas-
ing the field to 3.66 and 6.00 T, which is ascribable to the gradual
restriction of orientational fluctuations of spins around the field di-
rection. These features confirm that the spins are in a paramagnet-
ic state.

The value of 1/1(T) is ~10'° to 10! 1/s at high temperatures and
rapidly decreases with temperature below ~15 K. The 1/t(T) value
is field dependent below ~15 K, where the local moments and mag-
netization are nonlinearly induced by the magnetic field (see Fig. 4).
Upon application of low magnetic fields of 0.30 and 1.00 T, 1/t(T)
drops to below the megahertz range at low temperatures. This
means that the spectral weight of fluctuations shifts downward
below the MHz range upon cooling, consistent with the increase
in 1/T, of '*C nuclei (30). This explains the apparent freezing of
the moment with low fields of 0.30 and 1.00 T at 2 and 3 K (see
Fig. 4G); when the moment fluctuations are slower than the NMR
observation frequency, NMR sees a snapshot of the local fields even
if the paramagnetic moments fluctuate. This is further supported by
the additional increase in linewidth, (Af?*),,'/%, below ~5 K, where
1/1(T) is well below the NMR observation frequency at 0.30 and
1.00 T (Fig. 4A). Namely, the moments likely remain unfrozen at
least down to 2 K, consistent with the magnetization (Fig. 4H)
and ac-y behavior (Fig. 5). At higher fields, 3.66 and 6.00 T, the
1/t.(T) values are one or two orders of magnitude larger than
those at the lower fields, suggesting that the fluctuations become
stiffer in the strong magnetic fields, which forces the moments to
orient to the field direction. Intriguingly, 1/t.(T") does not show Ar-
rhenius-type behavior but appears to tend toward finite values with
no indications of freezing in any magnetic field, preserving the pos-
sibility of a quantum liquid phase.

Considering the inhomogeneities of local fields, 1/1. should be
described with a statistical distribution. Using the expanded expo-
nential correlation function (Hjoca1(0)Hjpeal(T)) o exp. [—(|t]/1)°]
(38, 39), which is reduced to the BPP formula, Eq. 1, in the case
of a = 1, a direct fit to the low-temperature 1/T, peak in Fig. 6B
with the expression

1/T, = (2)
yields the activation energy E, of 40 to 100 K, depending on the
magnetic field (see also the Supplementary Materials for further
details). Evidently, the obtained E, is more than an order of magni-
tude larger than the Zeeman energy in every magnetic field and
tends to decrease with increasing field strength. This is totally

[+°° (Hiocal (0) Hiocar (1)) cos(27f  7)dT

J —o0
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unexplainable by impurity spins in contrast to the 1/T; behavior
in the charge-ordered insulator k-Hg-Cl, where the peak structure
of 1/T; follows the BPP model with E, equal to the Zeeman energy
(40). We further discuss the irrelevance of quenched disorder to the
behavior of k-Hg-Br in a later section.

Formation of inhomogeneous spin clusters
Upon cooling from well above 20 K, the inhomogeneous local
moments and uniform magnetization that are linearly induced by
the magnetic field increase as if they diverge at 20 to 25 K and
exhibit Curie-Weiss behavior, (myoc.)/H = [(1.7 £ 0.15)ug]?/3kg.
(T — 25) per dimer (Fig. 4E) and M/H = (0.95 pp)?/3ks(T — 20)
per dimer (Fig. 4F), respectively. Upon further cooling, however,
both level off, and a paramagnetic state persists down to well
below these temperatures, which indicates that the spin correlation
length ceases to grow after reaching a certain finite length at 20 to 25
K. At further lower temperatures, local moments are nonlinearly
induced by the magnetic field to afford values as large as ~pp;
however, the induced magnetization is an order of magnitude
smaller. These behaviors require that the local moments should
be in a staggered-like configuration and further suggest that the
spins form clusters, each of which consists of AFM-configured
moments with weak ferromagnetism, but the spin clusters remain
paramagnetic and decelerate their fluctuations to the submegahertz
range with a number of spins in each cluster swaying together.
The behavior is reminiscent of superparamagnetic behavior.
Then, we analyzed the M(T) and M(H) data based on a model
(41, 42) widely applied to superparamagnetic systems (41-47)
with parameters of moment per cluster (), saturation moment
per dimer (M), and mean-field Curie-Weiss temperature (Tj). It
yields good fits to M(T') with T, of 20 to 25 K, which corresponds
well to the Weiss temperatures, under every magnetic field (Fig. 4, E
and F). The fitted p and M; values, however, are strongly field de-
pendent unlike conventional superparamagnetic systems, and the
M value obtained from the low-field data, ~0.02 pg per dimer, is
unphysically smaller than the high-field M values, 0.07 to 0.08 pp
per dimer (Fig. 4H). These results indicate that a description as a
conventional superparamagnetic system is inadequate for k-Hg-
Brand very likely originate from the fact that k-Hg-Br remains para-
magnetic even below T at low fields, whereas a conventional super-
paramagnetic system exhibits a broadened FM transition or spin
freezing at around Ty. Using the M(T') data acquired at magnetic
fields of 3.66 and 6.00 T, at which spins are highly polarized at
low temperatures, yields the values for M, ~0.07 pp per dimer,
and y, ~4 to 5 up, which correspond to a cluster size of n = y/
M =50 to 75 spins per cluster. The fits to M(H ) also yield temper-
ature-dependent M, and p values; however, the fits at low temper-
atures (2 and 3 K), at which magnetization is traced nearly up to
saturation, give consistent values of My ~ 0.07 to 0.08 pp per
dimer and p ~ 4.5 to 6 pp, yielding n = 55 to 85 spins per cluster.
Thus, this conventional analysis estimates the cluster size to be 50 to
100 spins. The Curie constant per dimer, (0.95 pg)? does not con-
tradict the cluster model; given that the cluster moment p is carried
by n spins, (0.95 pg)? is equal to u?/n, the effective moment per spin,
wn, is 0.95 pg/n'’?, which yields ~0.095 to 0.13 pg per dimer for
n =50 to 100 and corresponds well to the saturated magnetization,
0.07 to 0.08 pp per dimer (Fig. 4H), with the factor [S(S + 1)]/?/
§ = 1.73. Assuming a two-dimensional cluster, the cluster radius,
€, is estimated through n = 7€? to be four to six spin sites.
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The spectral shape reflects the distribution profile of the field-
induced staggered moments. The broadened 'H NMR spectra indi-
cate a continuous distribution of the AFM moment on the mole-
cules in clusters. This is consistent with the nearly continuous
distribution of spin density, as signified by the structureless and
broadened '*C NMR spectra seen at high temperatures just below
Ty (30). This spectral feature means that the spin density is imbal-
anced in a dimer and the imbalanced profile differs from dimer to
dimer, resulting in inhomogeneous interactions between spins and
thus causing an inhomogeneous AFM configuration of local
moments in a cluster. In addition, the 'H NMR spectra with no
two-component structure suggest that all spins participate in
forming clusters, unlike clusters emerging in a matrix, so that
spins coupled with rather stronger interactions define the clusters,
which mutually interact through the weakest interactions. To gain
further insight into the spin-density distribution, we calculated the
spectral widths at 6.00 T, defined by the half-widths at 5, 15, 30, and
50% of the maximum value, Afso, Afis0, Afs00, and Afsge, respec-
tively. Figure 7A shows the temperature dependence of these spec-
tral widths, each of which exhibits a distinctive temperature
dependence. On cooling, the value of Afse appreciably increases
from 50 K and saturates below 20 K, while this feature is less clear
for Afise and further so for Af;oe, and Afsgy no longer has the
convex structure at approximately 20 K but conversely accelerates
its increase below 20 K. These features are better characterized by
the relative widths of Af, (x = 5, 15, and 30%) to Afsu.
Afxrel(T) = AfAT)/Afs00(T), which are plotted in Fig. 7B. This il-
lustrates that the spatial nonuniformity of the local moments pro-
gresses upon cooling from 50 K down to 20 K, where the maximum
value (represented by Afso,) increases more rapidly than the average
value (Afsge), suggesting progressive clustering of spins. In the
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Fig. 7. Temperature dependence of the 'TH NMR spectral shape in a field of
6.00 T. (A) NMR linewidths determined by the half-widths at 50, 30, 15, and 5%
of the maximum value, Afsgo,, Af3g0, Afise, and Afsq,. (B) Relative linewidth,
Af® (x = 50, 30, 15, and 5%), normalized at 80 K (see the main text for the
definition).
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temperature range of 20 to 50 K, the spin clusters gradually take
shape with the development of middle-scale staggered spin
configurations.

An important feature of the spin clustering in k-Hg-Br is that the
staggered magnetization is induced by a uniform external field,
which usually does not cause staggered moments in the convention-
al paramagnetic state because the uniform field is not conjugated to
the staggered magnetization. A conceivable origin is the Dzyalosh-
inskii-Moriya (DM) interaction, which induces staggered moments
under a uniform applied field in the paramagnetic state (12) as well
as spin canting in the AFM ordered state (10-12, 14). However, the
DM interaction fails to explain the feature in question because it
necessarily gives uniform susceptibility with the Weiss temperature
of the opposite sign to that of the staggered susceptibility, as we
show with the mean-field calculations of the AFM Heisenberg
model with the DM interactions in the Supplementary Materials.
Furthermore, the spin canting angle, which measures the DM inter-
action relative to the exchange interactions, is only 0.3° for k-Cu-Cl
(10-12) and k-Cu-Br (14) owing to the small spin-orbit interaction;
in the present system, however, the canting angle is estimated to be
~3° from the ratio of the staggered and uniform magnetizations at
low temperatures, which is apparently too large to be explained by
DM interactions. Thus, field-induced staggered and uniform mag-
netizations with similar Weiss temperatures require a different
mechanism that makes AFM and FM correlations grow in parallel,
albeit with different magnitudes, or AFM and FM moments mutu-
ally locked within each cluster and further causes FM interactions
between clusters. Regarding the intercluster interactions, Yamashita
et al. (29) proposed an interesting microscopic mechanism that
causes FM interactions between one-dimensional spin fragments.
The model assumes a stripy charge order hosting one-dimensional
finite-size spin-singlet chains, which are interrupted by defect-like
spins whose locations fluctuate between two ET sites within the
dimer (called dimer spins). Then, the model predicts that the
dimer spins mediate FM coupling between the right- and left-side
adjacent charge-ordered spins and induce spatially varied staggered
moments in the spin singlet chains. This model appears to explain
the key experimental features, such as formation of inhomogeneous
staggered moments and FM coupling between clusters. We note,
however, that the observed field-induced local moments are as
large as the order of ug on average, which necessitates very short
one-dimensional spin fragments divided by dense dimer spins to
be consistent with this model. Such FM centers are expected to
give asymmetric NMR spectra with different shapes from the back-
ground AFM spectrum if their concentration is at the level of ap-
proximately 10% or more. The spectra at low temperatures under
high magnetic fields of 3.66 and 6.00 T bear shoulders on the
higher frequency side (Fig. 2, C and D), which may indicate the
presence of the FM centers. If so, the FM centers should be distrib-
uted even within a cluster because each cluster consists of dozens of
spins. As revealed by the NMR spectra and relaxation, the local
moments are considerably inhomogeneous in magnitude so that
the FM coupling, if any, can be significantly distributed in magni-
tude as well; it is possible that weak couplings give rise to the inter-
cluster FM interactions, whereas stronger couplings are responsible
for ferromagnetism in each cluster, which coherently explains the
present observation. In (28), the emergence of FM polarons is sug-
gested as an origin of FM interaction in the present system. The
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above model may involve a novel type of FM polaron that emerges
from the AFM background.

Effects of structural disorder and impurity

Structural defects or impurities can have nonnegligible effects on
the magnetic properties of frustrated spin systems (48), and recent-
ly, the effect of defects and impurities on the physical properties of
QSL materials has been recognized as an important issue [ for exam-
ples, see (49, 50) and the references therein]. Regarding NMR, it is
known that structural defects and magnetic or nonmagnetic impu-
rities induce staggered responses in frustrated systems, e.g., SrCry,.
Gay-9,010 (51), CuzV,0,(OH),-2H,0 (52), and ZnCuz(OH)sCl,
(53, 54), similar to unfrustrated AFM spin systems (55). We
discuss the present observations from this perspective.

In general, these effects manifest themselves at low temperatures
well below the energy scale of the exchange interaction and, in par-
ticular, are remarkable in the spin-singlet ground state. In this case,
magnetic signatures are observed upon cooling after the majority of
spins fall into the nonmagnetic state. This is well exemplified by the
previous '"H NMR study of the sister compound, k-Hg-Cl;1/T,
which shows a drop suggesting a nonmagnetic transition at 20 K
and then exhibits a broad peak at approximately 5 K, was attributed
to impurity effects (40). The present system, however, shows no in-
dication of a nonmagnetic phase in either the 'H NMR or *C NMR
properties (30) and shows an extremely large peak value of 'H 1/T7,
which is two to three orders of magnitude beyond that observed for
k-Hg-Cl (see the Supplementary Materials). Furthermore, the
sizable field-induced staggered moments on average in k-Hg-Br
(see the right axes of Fig. 4A) are not reconciled with the defect(im-
purity)-induced staggered response of minority spins in a nonmag-
netic state. We also note that the Curie-like magnetization upturn
suggestive of orphan spins is not observed at the lowest tempera-
tures (Fig. 4B).

Another possibility involves disruption of long-range magnetic
order caused by quenched disorder. As described in the preceding
sections, our observations strongly rule out spin freezing. Further
support for excluding the spin glass state is lent by the spin glass
behavior of the x-ray—irradiated k-Cu-Cl (56-58). When irradiated
by x-rays, the pristine AFM long-range order in k-Cu-Cl collapses
into a line-broadened inhomogeneous spin frozen state (57, 58) and
eventually evolves into a QSL-like state without line broadening
after further irradiation (56). While the structureless broad features
of the '"H NMR spectra appear to be common to both k-Hg-Br and
the spin-frozen k-Cu-Cl, a comparison of the temperature depen-
dences of 1/T, and (Af*)"/? reveals a significant difference between
the two systems. As discussed in the previous section, one of the
unique characteristics of k-Hg-Br is that the spectra are broadened
at much higher temperatures than the peak temperature in 1/71,
Tpeak- In the x-ray—irradiated k-Cu-Cl, however, the spectral broad-
ening begins at nearly the same temperature as Tpeax, as expected for
spin glass systems in general. Thus, a comparison of the two systems
highlights the peculiar magnetism of k-Hg-Br out of the conven-
tional spin glass framework. In addition, there is no difference
between the field-cooled and zero-field-cooled magnetic suscepti-
bilities, which rules out the spin glass state (see the Supplementary
Materials).

In terms of the crystal structure, several k-type ET compounds
exhibit inevitable disorder of ionic configurations in the insulating
anion layer, such as disorder involving CN or NC in x-Cu-CN (59,

Urai et al., Sci. Adv. 8, eabn1680 (2022) 21 December 2022

60). However, k-Hg-Br has no structural randomness in the
Hg(SCN),Br anion layers (30, 61). Another possible source of struc-
tural disorder is glassy freezing of the ethylene conformations in ET
(Fig. 1C), which has been observed for several ET salts and pro-
posed as the origin of the inhomogeneity in k-Hg-Br by Le et al.
(30). This type of disorder can have a critical influence on the elec-
tronic state in the vicinity of a phase boundary by modulating the
electronic bandwidth and introducing disorder (62). According to
the low energy effective model of charges (29, 63), the first-princi-
ples—based evaluation (27) predicts k-Hg-Br to be situated close to
the boundary between the dimer-Mott and charge-ordered states;
thus, the ethylene disorder, if any, might have a critical influence
on the electronic state. In such cases, a key is the cooling-rate depen-
dence of the physical properties. To the best of our knowledge, there
have been no reports indicating glassy freezing of the ethylene
groups in k-Hg-Br. However, for the sister compound, k-Hg-Cl,
the thermal expansion study revealed that the glass transition of
the ethylene groups could be controlled by the cooling rate (64).
We examined the cooling-rate dependence of the magnetic suscept-
ibility of xk-Hg-Br at 0.2 and 0.02 K/min but found no appreciable
difference in behavior (see the Supplementary Materials). In addi-
tion, we note that clear charge ordering is observed for 8-(ET),.
RbZn(SCN), with disordered ethylene groups (65). Thus, we
suggest that the ethylene disorder is not the primary source of the
observed inhomogeneities and curious magnetic behavior of k-
Hg-Br.

DISCUSSION

To elucidate the microscopic spin state in the dipole liquid candi-
date x-(ET),Hg(SCN),Br, we conducted 'H NMR studies with
magnetic fields varied over a 20-fold range. The field and tempera-
ture dependence of the NMR spectrum indicates that staggered
moments are inhomogeneously and nonlinearly induced by a mag-
netic field and reach the order of ug per ET dimer in a magnetic field
of a few tesla at low temperatures. The temperature dependence of
NMR 1/T; exhibits a pronounced peak at ~7 to 9 K ascribable to
noncritical slowing down of spin fluctuations instead of the critical
enhancement associated with a magnetic transition. The present
analyses of the NMR spectra and 1/T; and the fitting of the conven-
tional model to magnetization behavior lead to the following
picture for the spin state in k-(ET),Hg(SCN),Br: The spins with
short-ranged AFM and FM correlations develop their moments
heterogeneously upon cooling as if both correlations diverge at
~20 to 25 K, shaping inhomogeneous spin clusters. Below ~20 K,
however, the spin clusters remain paramagnetic and their dynamics
gradually slows down to frequencies below the megahertz range
without any indication of spin ordering or freezing down to 1.8
K, as confirmed by ac susceptibility data. Intriguingly, slowing
down of the spin fluctuations is not of the activation type and
tends to cease at low temperatures with the correlation time saturat-
ing to a finite value. These slowly fluctuating spin clusters maintain
liquidity even at low temperatures, and this spin clustering can be a
novel type of spin organization, free from ordering or freezing, that
emerges in a system with both of charge and spin frustrations; in the
case of k-Hg-Br, band filling for the geometrically frustrated trian-
gular lattice is on the verge between quarter- and half-filling (26,
27). The Raman data do not show a clear charge imbalance,
which is suggestive of a Mott-insulator with a half-filled nature
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(23), whereas '*C NMR data indicate charge disproportionation of a
quarter-filled nature below Ty (30). These apparently contradict-
ing features possibly suggest the dual characteristics of x-Hg-Br,
namely, Mottness and charge-imbalanced instability, and may be
attributed to NMR probing the spin degrees of freedom preferen-
tially and Raman scattering probing the charge degrees of
freedom in different manners. It is noted that such a discrepancy
between the charge-density profiles probed by NMR and Raman
scattering was observed for another charge-frustrated system (66—
68). Thus, k-Hg-Br very likely verges on charge instability, and fur-
thermore, the triangular lattice imposes frustration on the interact-
ing spins, as in other k-type ET salts.

Last, the present observations of middle-scale clustering instead
of long-range order, noncritical slowing down of spin fluctuations,
and anomalously field-susceptible magnetic behavior are reminis-
cent of soft matter such as polymers, colloids, and liquid crystals.
They are characterized by constituent elements having many inter-
nal degrees of freedom, and their spatiotemporal characteristics are
middle-scale (on the order of tens to hundreds of nanometers) cor-
relation instead of ordering, slow fluctuations that decelerate toward
lower temperatures, and enhanced responsiveness (deformation) to
external forces (69). The present system can be a spin version of soft
matter and thus provides a way to share a similar concept between
quantum magnetism and soft matter physics.

MATERIALS AND METHODS

Sample preparation

The samples of k-Hg-Br were synthesized by the electrochemi-
cal method.

"H NMR measurements

We performed "H NMR experiments in magnetic fields of 0.30,
1.00, 3.66, and 6.00 T applied nearly parallel to the a axis of a
single crystal weighing 0.31 mg (#1) and obtained NMR spectra
and nuclear spin-lattice relaxation times, Ty, which probe the
near-static and dynamical spin susceptibility, respectively. The 'H
NMR spectra were acquired by the standard solid echo method
using the pulse sequence t,/,-7;-1,/, with the n/2 pulse width ¢,
and interval time t;. Throughout the measurements, t,, was
within the range of 0.5 to 2.0 ps, and we confirmed that the spec-
trum at the lowest temperature, where it was most broadened, was
nearly reproduced even when the observation frequency was varied
within a range extending +300 kHz from the center of the spectrum,
indicating that the rf pulse covered the entire spectrum. The nuclear
spin-lattice relaxation time, T', was determined by the standard sat-
uration-recovery method.

dc and ac magnetization measurements

We performed dc and ac magnetization measurements within the
temperature range of 1.8 to 300 K using Magnetic Property Mea-
surement Systems (MPMS-5S and MPMS-XL, Quantum Design
Inc.) and the MPMS AC option. The dc magnetization data
shown in Fig. 4 in the text were obtained for an assembly of four
single crystals weighing 2.06 mg in total (#2) in a magnetic field
applied nearly parallel to the a axis. The first-order metal-insulator
transition was signaled by a jump in magnetization at the Ty of
approximately 90 K. The magnetization was proportional to the
magnetic field without a jump in the low-field limit even below

Urai et al., Sci. Adv. 8, eabn1680 (2022) 21 December 2022

T signifying the paramagnetic nature. In all dc magnetization
data, the core diamagnetic contribution of —5.15 x 10™* emu/mol
was subtracted. In the ac susceptibility measurements, we measured
an assembly of several tens of single crystal pieces weighing 12.56
mg in total (#3) using a cage made of Kapton film. The sample de-
pendences of the '"H NMR characteristics and dc magnetization are
discussed in the Supplementary Materials.

Simulation of "TH NMR spectra and estimation of

second moments

To confirm the configuration of local moments and estimate their
average size, we simulated the '"H NMR spectra for several conceiv-
able cases of collinear spin configurations (see also the Supplemen-
tary Materials for the detailed results). Because the proton nuclei in
ET have negligibly small Fermi contact interactions, the local fields
at the 'H sites are calculated by adding up dipolar fields from elec-
tron moments on the constituent atomic sites. We calculated the 'H
NMR spectra, which are to be related to (Af?),,, using the reported
crystal structure of the isostructural k-Hg-Cl at 100 K (25) and con-
sidering the minimal Hamiltonian describing the interactions
between the pair of the 'H nuclear spins with I;; (i = 1, 2) bonded
to the carbon j and the electronic spins in the following

212

i L
j]:Zi(—Vh5H~I-)+r]T

Jitji IﬁIJﬁ) (1

1 _
I;II;Z - Z (ﬁl j14j2

j17j2

(3)

where y and # are the gyromagnetic ratio of 'H nuclei and the
reduced Planck constant, respectively. The first term is the hyper-
fine interaction between each 'H nuclear spin and all electronic
moments; because the magnitude of the hyperfine field, [8Hj, is
much smaller than that of the applied field, the interaction is well
approximated by its z component. The second term comes from the
dipole interactions between a pair of 'H nuclear spins under consid-
eration. The distance between the 'H nuclei and the angle between
the vector connecting the paired 'H nuclei and an applied magnetic
field are denoted as r; and ¢, respectively. In the present case, the
hyperfine field, 8Hj;, mainly comes from the electronic dipolar
fields, Hyp,ji» thus, we approximated it as the sum of the external
field-parallel component of the point-dipolar fields from all off-
site atom positions within a sphere of ~100-A radius

er.. r::
Hyipji = quk{3 (i o Ti )Tk oy }

T’ji,ks Vji,k3

- 3cosz(bj)

(4)

where 7;; i is the vector from the atomic site (k) to the proton site ( ji)
and 7j;, « = |j;x|. The prefactor oy is the Mulliken charge, the pop-
ulation density of the HOMO, at atom k calculated with the extend-
ed Hiickel method (31), and py is the total moment of the ET
molecule to which atom k belongs. In the present simulation, we
ignored the isotropic Fermi contact from the on-site electronic
moment or transferred hyperfine couplings via the o bond to the
neighboring carbon because it is, in general, negligibly small in
the ET compounds due to the small HOMO densities in the ethyl-
ene group that reside at the edges of ET molecules. For a radical ET,
the hyperfine coupling constant at the 'H site is less than 2 x 10" Oe/
up (70). We also ignored the moment-independent chemical shift.
Note that the present simulations do not consider the demagnetiza-
tion effect because the uniform magnetization is much smaller than
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expected from the fully polarized moments and the main contribu-
tion to the local fields is from the staggered-like moments. For ref-
erence, the demagnetization factors estimated by the spheroidal
approximation of the sample dimension, 1 x 0.4 x 0.4 mm?, are
~0.43 (0.14) for applying the magnetic field along the short
(long) axis of the sample; the field direction in the present study
is along one of the short axes.

From Eq. 3, we expect a quartet signal from each pair of protons
bonded to the same carbon

AE,_, =Dy — /D2 + ] —2J; (5)
AEs_y =Dy — /D2 + ] +2J; (6)
AE,_3 = Dji + /Di-? + ] — 2J; (7)
AE, 4 =Dy + /D2 + ] +2J; (8)

with the intensities

I,., =1+ sin2m
I;..4 =1 —sin2m

IIH3 =1- sin2”r|

I,..4, =14 sin2m

where
1 'Yzhz 2
Dj, = 5«/?1(8 G+ 8H}), Jj = Ff(l — 3cos°0)), tan2y; =
||
D,

The total spectrum for an ET molecule consists of 16 lines from
four inequivalent pairs of protons. We assumed the Gaussian shape
g(f) for each of the spectral lines n (n = 1, 2, ..., 16) with the form
I,g(f— fu0), where f, o and I,, are the central position and its intensity
of line n is determined by Egs. 5 to 8 and 9 to 12, respectively. We
performed these calculations for magnetically inequivalent ET mol-
ecules and constructed the numerical spectrum by superposing all
of the lines. Given the pattern for the spin configuration, the simu-
lated (Af?),,'"?, determined by the second moment of the spectrum
after subtraction of that for the spectrum with zero local moments,
is proportional to the size of the local spin moments, jocat; (Af* )
2 = amygeq, with the coefficient a depending on the moment
configuration.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S14

Table S1
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