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The spin dynamics in a molecular spin system on a two-dimensional(2D) distorted triangular lattice,
b8-sCH3d4PfPdsdmitd2g2 (dmit=1,3-dithiol-2-thione-4,5-dithiolate, C3S5), has been investigated by virtue of
muon spin relaxationsmSRd. The muon spin relaxation rate increased with decreasing temperature within a
narrow temperature ranges,0.8 Kd near the antiferromagnetic(AFM) transition temperature,TN=39.3 K.
Muon spin precession signals appeared abruptly at this temperature. The AFM contribution to themSR signal
continuously increased just belowTN as temperature decreased. These peculiar features are discussed in terms
of the crossovers specific to this frustrated system.
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The physical properties of the frustrated antiferromagnetic
on a two-dimensional(2D) triangular lattice have been a sub-
ject of active research. In the case of the spin-1/2 Heisen-
berg system, in particular, whether quantum spin fluctuation
destroys the long-range magnetic ordering to form the reso-
nating valence bond(RVB) state1 has been under debate.2

Furthermore, the effects of the spin frustration in 2D organic
molecular conductors with an approximately triangular lat-
tice structure have been pointed out from a theoretical point
of view.3–8 On the other hand, experimental information on
such frustrated 2D antiferromagnetic(AFM) systems, par-
ticularly as regards the finite temperature behavior, is still
limited, since the existing substances are quite few.9–11

A series of organic compoundsb8-XfPdsdmitd2g2, where
X is the counter cation, such as Me4P, Me4Sb, Et2Me2P, and
Et2Me2Sb sMe=CH3,Et=C2H5d, are formed of 2D layers of
the fPdsdmitd2g molecules, which are separated from each
other by the layers of the cationsX+.12–15 All of these salts
are Mott insulators under ambient pressure. ThefPdsdmitd2g
molecules are strongly dimerized to form spin-1/2 units
fPdsdmitd2g2

−. The dimers form an approximately triangular
lattice arrangement with AFM interactions between the
dimers. The salts show some deviation from the regular tri-
angular lattice due to the spatially anisotropic molecular
packing. The paramagnetic susceptibilitiesxp of these salts
exhibit a temperature dependence characteristic of the 2D
spin-1/2 Heisenberg triangular-lattice antiferromagnet.16

These salts are classified into three types(A, B, and C) by
their physical properties, depending systematically on the
cations:16,17 (A) the Me4P and Me4As salts, withTN,35 K,
(B) the Et2Me2P and Me4Sb salts, withTN,18 K, and(C)
the Et2Me2Sb salt, which has been reported to show no long-
range ordering down to 4.3 K.

It has been pointed out that the deviation from a regular
triangular lattice within the layers is the most significant fac-
tor for the appearance of the long-range ordering,15–18unlike
other quasi-2D systems, where the transition temperature
may be related to the interlayer couplings. In other words,
the spatial anisotropy seems to enhanceTN, by releasing the
frustration. If this is the case, type A is the most anisotropic

with the highestTN. We have carried out a muon spin relax-
ation smSRd study on the spin dynamics, such as the dimen-
sional crossover from 2D to three-dimensional(3D) accom-
panying the long-range ordering in this peculiar system.
Muon is a microscopic probe that is highly sensitive to mag-
netic fields. Therefore, themSR method is useful to detect
weak internal magnetic fields and the spin dynamics of or-
ganic materials, even in the absence of external fields.19,20

In this Rapid Communication, we report themSR result of
a type-A compound,b8-sCH3d4PfPdsdmitd2g2, above and
near TN. The muon spin relaxation was enhanced within
0.8 K just aboveTN, indicating a very sharp AFM transition.
Muon spin precession signals appeared at and belowTN,
which evidenced the occurrence of the AFM phase. Their
amplitudes gradually increased showing coherent spin pre-
cessions.

250 mg of polycrystalline sample of b8-
sCH3d4PfPdsdmitd2g2 was prepared by the air oxidation of a
solution containingsMe4Pd2fPdsdmitd2g and acetic acid in
acetone at 10 °C. The sample was wrapped with silver foil to
be a plate shape of 2032031 mm3, and fixed onto the
sample holder. A4He minicryostat was used for a measure-
ment with a wide temperature range. Another4He cryostat,
designed by Oxford Instruments, was used for measurements
nearTN, in order to achieve better stability and accuracy of
temperature. In this cryostat, the sample packed in the silver
foil is cooled by exchange gas, and good homogeneity of
temperature is guaranteed.

The experiment was carried out at Port-2 of the RIKEN-
RAL Muon Facility in the United Kingdom. A pulsed surface
muonsm+d beam with a momentum of 27 MeV/c was used.
The muon spin is completely polarized along the direction of
the momentum. Decay positrons, which are preferentially
emitted fromm+ along the muon spin direction, were de-
tected by counters placed forward and backward of the
sample position for the initial muon spin polarization. The
asymmetry is described asAstd=fNFstd−aNBstdg / fNFstd
+aNBstdg, whereNF and NB are the numbers of the decay
positrons counted by the forward and backward counters,
respectively, anda is a geometrical factor. The environmen-
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tal field was compensated within 30 mG during the measure-
ment.

Figure 1 shows the zero-field(ZF) mSR time spectra of
b8-sCH3d4PfPdsdmitd2g2. Clear muon spin precession signals
were observed below 39.3 K, indicating the appearance of
AFM ordering. TN obtained for ourmSR study is slightly
higher than the results of the susceptibility and electron para-
magnetic resonance(EPR) measurements.16,17The difference
in TN’s observed in these measurements should be caused by
their different time scales. The time spectra for the AFM
phase were fitted with the following function:

Astd = o
i=1

n

Aie
−lit coss2pf itd + Aexe

−lext. s1d

For this system, the spectra contain three distinct oscillation
components; thusn=3. Above 39.3 K, the time spectra were
fitted with

Astd = Ae−sstd2e−lt. s2d

In Eq. (2), the Gaussian part describes the muon spin relax-
ation due to the nuclear dipole field, which is random and
static in the pulsedmSR time window, ands corresponds to
the distribution width of the internal field at the muon site.
The exponential part describes the muon spin relaxation due
to dynamically fluctuating internal fields. The background
had already been subtracted. In the ZF-mSR time spectra, a
small enhancement of the muon spin depolarization due to a
critical slow-down effect was observed in a very narrow tem-
perature ranges39.3–40 Kd, below which the oscillation sig-
nals appeared. The time spectra did not show any remarkable
changes above 40 K. The muon spin relaxation ratel as a
function of T/TN is shown in Fig. 2.l was fitted bylsTd
=CsT−TNd−n+l0, whereC and l0 are constants. Under the
assumption thatl~j (j is the magnetic correlation length),
TN=39.30s6d K was obtained forn=0.5 (mean-field value
for Heisenberg antiferromagnets).21 The obtainedTN is con-
sistent with the temperature at which the oscillation signals

appear. This value does not change remarkably forn varying
from 0.2 to 1. The fitting result is shown with a solid curve in
Fig. 2. The AFM transition of this system observed by the
mSR method is quite sharp. The temperature dependence of
l in this narrow temperature range is also shown in Fig. 3(a)
with the fitting result. l increases very rapidly from
40 to 39.3 K, while it maintains small values even just above
TN.

In this material with a distorted triangular lattice, the
AFM interaction along one direction on the triangle,J, is
weaker than those along the other two directions,J+DJ. Two
kinds of crossover are expected in this situation.18 Above
,100 K, the spin frustration operates on the approximately
triangular lattice with the AFM interactions. The difference
between the stronger and weaker interactions,DJ, becomes
significant as temperature decreases belowDJ/kB. This is
indicated to a rapidly decreasingxp behavior below its broad
maximum at around 100 K. The frustration is thus released;
the system crosses over from the frustrated paramagnet at
high temperatures to a 2D antiferromagnetically correlating
state. Here, we name it a “frustration-release crossover.” Fur-
ther cooling gives rise to the second crossover. This is a
dimensional crossover from 2D to 3D, which is due to weak
interactions between the layers. It is pointed out thatj grows
exponentially, as in the case of the square lattice, which
emerges from the intralayer anisotropyDJ, such that it yields
a 3D ordering in the presence of nonzero, but small, inter-
layer couplings.18 The rapid enhancement ofl in a narrow
temperature range just aboveTN seems to be detecting a
suppression of the spin fluctuation by this crossover. In fact,
the ZF-mSR result for a more spin-frustratedfPdsdmitd2g
salt, b8-Et2Me2PfPdsdmitd2g2, shows a slower increase inl
aboveTN.22 A 2D Heisenberg antiferromagnet with a square
lattice, La2CuO4, which is the parent compound of a famous
high-Tc superconductor, also shows no enhancement of the
muon spin relaxation aboveTN, because the temperature
range of the crossover from 2D to 3D is too narrow to be
observed.23

Three distinct muon spin precessions were observed be-
low TN, which corresponds to the three muon sites, i.e., pre-

FIG. 1. ZF-mSR time spectra ofb8-sCH3d4PfPdsdmitd2g2 near
TN, which is estimated to be around 39.3 K. The solid lines for
temperatures above and belowTN are the best fits to Eqs.(2) and
(1), respectively.

FIG. 2. Muon spin relaxation ratel as a function ofT/TN. The
solid line is the fitting result described in the text. The inset shows
the temperature dependence ofl for a wide temperature range. The
effects of muon hopping are not negligible above,100 K.
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sumably the three chemically distinguishable sulfur atoms of
dmit. The observed frequencyf can be converted to the in-
ternal magnetic field at the muon site,Bm, with f =gmBm,
where gm is the gyromagnetic ratio of the muon
s=13.554 kHz/Gd. The temperature dependence ofBm corre-
sponding to the three observed frequencies is shown in Fig.
3(c). The spectra at 39.2 and 39.3 K cannot be well resolved
because of the ambiguity of the signals. Only two compo-
nents were obtained. Precession suddenly appears below
39.3 K with finite frequencies and very small amplitudes.
The data were fitted with the phenomenological form,
BmsTd=Bms0df1−sT/TN8 dagb, wherea and b are critical ex-
ponents.TN8 indicates theTN value estimated fromBmsTd,
which may differ from that fromlsTd. The solid and dashed
lines in Fig. 3(c) are fits for the data from 5 to 39.3 K.
Bms0d, a, andb were obtained for the three components, as
listed in Table I, whileTN8 was assumed to be common.

b for each component shows a good agreement with the
theoretical value(b,0.38 for a 3D Heisenberg system). It is
difficult to determineTN8 precisely, since theBm values do not
reach zero smoothly in our data. However, it is evident that

the estimatedTN8 values=41.0±0.2 Kd exceeds the value ex-
pected from the time spectra and the temperature dependence
of l. This discrepancy can be related to the presence of the
dimensional crossover within a narrow temperature range be-
tween 39.3 and 41 K. The analysis ofBmsTd, which reflects
the 3D characteristics, indicates that the magnetization ap-
pears belowTN8 . However, the coherent precession signals,
which imply the existence of a unique and static internal
field, are not observed aboveTN. It is expected that the
growth of the unique internal field is overcome by dynamical
fluctuation due to the undergrown 2D short-range correla-
tion.

The fraction of the muon which precesses seeing the
unique internal field increases monotonically with decreasing
temperature. Assuming that all of the muons in the AFM
phase precess, this fact indicates that the AFM volume frac-
tion begins to be observed at 39.3 K and increases in a nar-
row temperature region. In the polycrystalline sample case,
2/3 of the component for muons in a uniform magnetic field
contribute to the oscillation, while the rest contributes to the
longitudinal relaxation. Therefore, we can estimate the AFM
fraction from the amplitudes of the oscillation signals. The
amplitude for the paramagnetic fraction is given by subtract-
ing that for the AFM fraction from the total asymmetry. The
temperature dependence of the amplitudes for these fractions
is shown in Fig. 3(b). The AFM amplitude increases as tem-
perature decreases. The inhomogeneity of temperature can-
not be responsible for this behavior because of the reason
mentioned below. Since magnetization usually appears atTN
and sharply increases, the temperature inhomogeneity should
cause a distribution of the internal field. The distributed field
is evidenced by fast damping of the amplitude for the muon
spin precession with a Gaussian shape. However, the ob-
served damping is quite slow and exponential. We surmise
the following scenario. When the interlayer magnetic inter-
action develops sufficiently, some small AFM fractions ap-
pear at first. This can suppress the fluctuation in the para-
magnetic fractions around themselves so as to increase the
volume of the AFM ones.

A 13C-NMR studys94.743 MHzd reveals that the longitu-
dinal relaxation rateT1

−1 starts to increase below,70 K.24

The increase inT1
−1 is expected to reflect the 2D short-range

ordering due to the frustration-release crossover. The spin
fluctuation in this frequency range is too fast to detect by the
muon. We observed a gently increasingl with decreasing
temperature, as shown in the inset of Fig. 2. Though the slow
increase may be due to some motional contribution, the pos-
sibility that the short-range correlation was detected, as ob-
served in the13C-NMR study, cannot be completely ruled
out. The observed slope is quite different from that just

FIG. 3. Temperature dependences of(a) the relaxation ratel,
(b) the amplitudes for the paramagnetic(“PM” in the figure) and
AFM fractions, and(c) the internal field at the muon siteBm. The
solid and dashed lines in(c) are the best fits to the equation de-
scribed in the text. The data from 5 to 39.3 K are used. The doted
lines indicateTN obtained froml.

TABLE I. Fitting results of thea, b and Bms0d values for the
three oscillation components.

Component a b Bms0d

I 1.37±0.18 0.36±0.02 26.9±0.5

II 1.56±0.12 0.35±0.02 33.1±0.3

III 1.56±0.07 0.35±0.01 78.8±0.3
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aboveTN. In our mSR measurement, the effect of the dimen-
sional crossover was emphasized by taking advantage of its
own time window.

In conclusion, we studied the spin dynamics in a frus-
trated 2D spin system on a distorted triangular lattice,
b8-sCH3d4PfPdsdmitd2g2, by themSR method. A very sharp
AFM transition was observed within a narrow temperature
ranges,0.8 Kd, suggesting the characteristics of growth of
the magnetic correlation, as in 2D square-lattice systems
without any frustration.TN was estimated to be 39.3 K from
the temperature dependence ofl, which reflects the spin dy-
namics associated with the critical slow-down effect. On the
other hand, muon spin precession signals suddenly appeared

at 39.3 K. The obtainedTN8 value s,41 Kd is definitely
higher thanTN obtained fromlsTd. This is evidence for the
existence of a dimensional crossover from 2D to 3D. More-
over, we found that some tiny AFM fractions appeared near
TN, and the volume gradually increased just belowTN. We
surmise that the small AFM fractions appear to suppress the
spin fluctuation in the paramagnetic fractions, and increase
the volume of the AFM ones.
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