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We performed 13C NMR measurements on the single-component molecular material Pd(tmdt)2 to reveal the
nature of the electronic phase. For the conducting state above 200 K, the analyses using the paramagnetic shift
and the nuclear spin-lattice relaxation rate find large values of the Korringa ratio indicative of highly enhanced
antiferromagnetic fluctuations. A clear NMR line broadening, indicative of an antiferromagnetic order, occurs
at approximately 80 K with a traceable broadening extending up to 140 K, which possibly signifies a minor
fraction of a higher-temperature magnetic phase in conjunction with a change in the NMR relaxation curve below
140 K. Comparing the observed spectral profile at 5 K and simulations, the magnetic moment is estimated to be
∼0.18μB/tmdt. The present results show that Pd(tmdt)2 is a Mott insulator situated near the Mott transition
and hosts strong exchange interactions that give an antiferromagnetic order at an extremely high transition
temperature among molecular materials.
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I. INTRODUCTION

Strongly correlated electron systems exhibit a variety
of fascinating phenomena [1,2] such as metal-insulator
Mott transitions, charge ordering, and quantum spin liq-
uids. M(tmdt)2 is a planar molecule with a metal ion
M coordinated by ligands of tmdt (trimethylenetetrathiaful-
valenedithiolate) from both sides [Fig. 1(a)] and constructs
single-component molecular conductors without counteran-
ions or cations [Figs. 1(b) and 1(c)], in contrast to most
molecular conductors, which are composed of various kinds
of molecules [3–8]. The electronically active orbitals in
M(tmdt)2 are the d pσ orbital located centered at the M ion
and the pπ orbitals extended over the tmdt ligands. The inter-
play between these orbitals with different characters generates
a variety of electronic states; in particular, different kinds
of correlated electron phases were predicted to emerge by
replacing M [9,10] and indeed were found experimentally
[8,11–14]. For M = Cu, the energy level of the d pσ orbital
is close to that of the pπ orbitals, leading to a multiorbital
Mott insulator, in which an antiferromagnetic (AF) order of
the d pσ spins coexists with spin singlets of the pπ spins
[7,11,12]. For M = Ni, Pt, and Pd, only the pπ orbitals
contribute to the overlapping conduction and valence bands
because the energy level of the d pσ orbital is separated
above from that of the pπ orbitals located at the Fermi level
[6,8,15] [Fig. 1(d)]. Among the three members, Ni(tmdt)2

and Pt(tmdt)2 are moderately correlated paramagnetic metals
[3,6,16]. However, Pd(tmdt)2 shows different transport and
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magnetic properties; the resistivity is almost flat in tempera-
tures of 150–300 K and increases upon cooling below 150 K,
with an extremely small activation energy of 3–9 meV [8].
Concerning magnetism, the electron spin resonance signal
intensity drops [8], and the 1H nuclear magnetic resonance
(NMR) spectrum is broadened below 100 K [14], indicating
an AF spin order. The insulating behavior and AF order at low
temperatures suggest that Pd(tmdt)2 is an AF Mott insulator.

A remarkable feature of Pd(tmdt)2 is that it has one elec-
tron per tmdt ligand, unlike the representative organic Mott in-
sulator, κ-(BEDT-TTF)2Cu[N(CN)2]Cl (hereafter κ-Cl) with
one hole per dimer of bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) molecules [17]. Thus, Pd(tmdt)2 is expected
to have a stronger magnetic exchange interaction than κ-Cl
because the exchange interaction in Pd(tmdt)2 is determined
by the transfer integral t between tmdt, whereas the exchange
interaction in dimer Mott insulators such as κ-Cl is deter-
mined by the interdimer transfer integral, which is roughly
half of t .

The AF order in Pd(tmdt)2 is also indicated by the 1H
NMR spin-lattice relaxation rate 1/T1, which forms a peak
at ∼50 K [14]. However, the peak temperature is much lower
than the onset temperature of the spectral broadening, and the
observed peak is broad, unlike the divergent behavior seen in
typical AF transitions [18], meaning a distribution of the AF
transition temperature possibly due to disorder in Pd(tmdt)2

[8,14]. The small activation energy of 3–9 meV at low tem-
perature may also be caused by disorder, as the resistivity
in the Mott insulator, κ-Cl, situated near a Mott transition is
considerably reduced by x-ray irradiation, which introduces
disorder to the sample [19]. In the present study, to investigate
in depth the pπ electronic states in Pd(tmdt)2, we observe
the NMR signals at the central double-bonded 13C sites in the
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FIG. 1. (a) Molecular structure of Pd(tmdt)2. The arrows indi-
cate the carbon sites enriched by 13C isotopes to 99 at. %. The
molecular principal axes, which are identical to the principal axes of
the hyperfine coupling tensor at the 13C sites, are represented by x, y,
and z. Crystal structures of Pd(tmdt)2 viewed along (b) the a axis and
(c) the b axis [8]. The double and single lines in (b) and the dotted
line in (c) indicate the nearest-, second-nearest-, and third-nearest-
neighbor tmdt pairs, respectively. The orange (blue) regions depict
the spatial extension of the pπ (d pσ ) orbitals. (d) Energy levels of
molecular orbitals in M(tmdt)2 (M = Ni, Pd, and Pt) obtained by
DFT molecular orbital calculations [6,8,15].

tmdt ligands [Fig. 1(a)] because the 13C NMR is superior to
1H NMR for probing the pπ electronic states in two respects;
one is that the 13C nuclei have stronger hyperfine coupling
with the pπ spins than 1H nuclei because the population of
pπ electrons is concentrated at the central double-bonded
carbon sites on tmdt [8], and the other is that 1H NMR
1/T1 probes not only electron spin fluctuations but, inevitably,
molecular motions of trimethylene on the edge of tmdt, as
demonstrated in Ni(tmdt)2 and Pt(tmdt)2 [16]. Indeed, 1H

NMR 1/T1 forms a moderate peak at ∼200 K in addition to
the broad peak around 50 K associated with the AF order
in Pd(tmdt)2 [14], suggesting that the molecular motions
dominate 1/T1 at high temperatures and mask the electronic
contribution to 1/T1. Thus, in the present work, we performed
the 13C NMR study, which is expected to probe the pre-
cise nature of pπ electrons in Pd(tmdt)2 by resolving the
paramagnetic shift, evaluating the NMR enhancement factor
characterizing the type and strength of spin correlation, and
determining the AF moments.

II. EXPERIMENT

The 13C NMR measurements were performed on fine poly-
crystals of Pd(tmdt)2, in which the outer carbon of the central
double-bonded carbons in tmdt was selectively enriched by
13C isotopes to 99% [Fig. 1(a)]. The NMR spectra were
obtained by the fast Fourier transformation of the spin-echo
signals following the (π/2)x − (π )x pulse sequence. The π/2
pulse width was 1.3–2.0 μs. We used the 13C signal of TMS
(tetramethylsilane) as the shift origin of NMR spectra. In
general, the relaxation of nuclear magnetization is charac-
terized by the single-exponential function, M(∞) − M(t ) ∝
exp[−(t/T1)], where T1 is the nuclear spin-lattice relaxation
time and M(t ) is the nuclear magnetization at a time t after
its saturation caused by the so-called rf comb pulse. In the
case of polycrystalline samples, the T1 values are distributed
in a range due to the different orientation of each crystal
against the field direction, and thus, we determined 1/T1 by
fitting the stretched exponential function, M(∞) − M(t ) ∝
exp[−(t/T1)β], to the relaxation data usually employed, where
the exponent β (0 < β � 1) characterizes the degree of distri-
bution in T1.

III. RESULTS AND DISCUSSION

A. Paramagnetic state at high temperatures

Figure 2(a) shows the 13C NMR spectra of polycrystalline
Pd(tmdt)2 under a magnetic field of 6 T at various tempera-
tures. As seen in the expanded figures [Fig. 2(b)], the spectral
shapes are asymmetric near room temperature, reflecting the
paramagnetic shift tensor with a uniaxial symmetry character-
istic of the pπ orbital in the tmdt ligands. Upon cooling, the
line shape becomes symmetric and is broadened, indicating
that the inhomogeneous local fields are generated at 13C
sites due to the AF order of pπ electrons, as discussed in
Sec. III B.

We try to fit the asymmetric spectra observed at high tem-
peratures by the spectral function expected for polycrystals
with the paramagnetic shift tensor of a uniaxial symmetry.
It is expressed by the sum of the spectral contributions from
each grain oriented arbitrarily against a magnetic field H0 =
H0(cosφsinθ, sinφsinθ, cosθ ) described in spherical coordi-
nates (θ, φ). The spectral position for each grain is given by
δ(θ, φ) = δxxsin2θcos2φ + δyysin2θsin2φ + δzzcos2θ with the
principal values of the shift tensor (δxx, δyy, δzz), where x, y,
and z are the molecular principal axes as defined in Fig. 1(a).
Assuming that the spectral shape for each grain is described
by the Lorentzian function with the inhomogeneous width 	,
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the spectral function F (ν) is expressed by

F (ν) = p
∫∫

	

(δxxsin2θcos2φ + δyysin2θsin2φ + δzzcos2θ − ν)2 + 	2
sinθdθdφ, (1)

where p is the normalization factor. The shift tensor is composed of the chemical shift and the paramagnetic shift. Both shifts
can be divided into isotropic and anisotropic parts. Thus, the total shift tensor of Pd(tmdt)2 is written as⎛

⎝δxx

δyy

δzz

⎞
⎠ = 126 +

⎛
⎝47

−4.4
−42.8

⎞
⎠ + Kiso(T ) + Kaniso(T )

⎛
⎝−1

−1
2

⎞
⎠. (2)

The first and second terms are the isotropic and anisotropic
components of the chemical shift. For those, we used
the chemical shift tensor of a spin-gapped Mott insula-
tor, Zn(tmdt)2 [13], because the low-temperature shift for
Zn(tmdt)2 is attributed to the chemical shift due to the
nonmagnetic nature of the ground state [5,13]. The third
and fourth terms are the isotropic and anisotropic compo-
nents of the paramagnetic shift to be determined by the
fitting. The anisotropic part of the paramagnetic shift tensor
is assumed to be uniaxial around the z axis because the
carbon-site 2pz orbitals, which constitute the pπ orbitals on
tmdt, are uniaxial around the z axis. The inhomogeneous
width 	 is given by 	 = 	0 + �|Kiso − Kanisosin2θcos2φ −
Kanisosin2θsin2φ + 2Kanisocos2θ |, which consists of the con-
stant term 	0 and the second term proportional to the param-
agnetic shift with the prefactor �. Thus, the fitting parameters
are Kiso, Kaniso, p, 	0, and �.
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FIG. 2. (a) 13C NMR spectra for Pd(tmdt)2. (b) Detailed temper-
ature dependence of the NMR spectra at 100–294 K. The red dashed
lines are fitting curves represented by Eq. (1).

First, we fitted the spectrum for 279 K with the five
parameters and could reproduce the spectral feature well, as
shown in Fig. 2(b). Then, in the spectral fitting for other
temperatures, we fixed Kaniso/Kiso and 	0 to 0.79 and 3.0 ppm,
respectively, which are the values obtained from the fitting for
279 K; these values are expected to be independent of temper-
ature. Thus, the fitting parameters are reduced to Kiso, p, and
�. As shown in Fig. 2(b), the observed spectra above 100 K
are well fitted by Eq. (1), indicating that the shapes of the
spectra are attributed to the uniaxial nature of pπ orbitals.
These spectral fittings yield the temperature dependence of
the fitting parameters; in particular, we show the temperature
profile of Kiso in Fig. 3(a) along with those for M = Ni and Pt
compounds [16]. For reference, we also display, on the right
axis, the scale of the spin susceptibility χ , evaluated through

FIG. 3. (a) Temperature dependence of the isotropic part of the
paramagnetic shift Kiso for M = Pd (the present result) and Ni and
Pt (reproduced from Ref. [16]). The right axis denotes the scale of
spin susceptibility χ evaluated through χ = Kiso/aiso, with aiso =
4.5 kOe/(μB tmdt), the average of the aiso values for M = Ni and Pt
[16] (see text). (b) Square root of the second moment of NMR spectra
obtained by the one-pulse (blue open squares) and frequency-sweep
(orange solid diamonds) measurements as a function of temperature
(see text). (c) Temperature dependence of the prefactor � (red solid
circles) deduced in spectral fittings (see text). The square root of the
second moment [blue open squares plotted in (b)] is also shown for
a detailed comparison with �.
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χ = Kiso/aiso, with the value of aiso = 4.5 kOe/(μB tmdt),
which is the average of 3.9 and 5.1 kOe/(μB tmdt) for M =
Ni and Pt, respectively [16]. The χ value for Pd(tmdt)2 is
comparable to those for Ni(tmdt)2 and Pt(tmdt)2 at room
temperature but decreases with temperature more steeply than
the latter two. This material dependence is reminiscent of
the systematic variation of χ for κ-(BEDT-TTF)2X (X =
Cu(NCS)2, Cu[N(CN)2]Br, and Cu[N(CN)2]Cl, hereafter κ-
NCS, κ-Br, and κ-Cl, respectively) situated near the Mott
transition. κ-NCS is a metal located well off the Mott bound-
ary, κ-Br resides more closely to the boundary, and κ-Cl is
marginally in the Mott insulating region [20]. The values
of χ are temperature insensitive and similar in magnitude
for all three salts above 200 K, whereas χ decreases with
temperature below 100 K more steeply in the ascending order
of κ-NCS, κ-Br, and κ-Cl, indicating that χ is suppressed
at low temperatures near the Mott transition. Likewise, the
material dependence of χ in M(tmdt)2 with M = Ni, Pt, and
Pd can be addressed as the behavior near the Mott transition.
The magnitude of χ for M(tmdt)2 is roughly half of that for
κ-(BEDT-TTF)2X , possibly reflecting the difference in the
density of states between the two families; note that Ni(tmdt)2

is a semimetal with the Fermi level located at the valley in the
density-of-states profile [21].

B. Antiferromagnetic state at low temperatures

Figure 3(b) shows the second moment of the spectra shown
in Fig. 2(a), which increases below 140–150 K. We note that
these spectra are obtained from the echo signal acquired with a
single pulse, whose width limits the range of spectral frequen-
cies. The frequency ν profile of the input radio wave pulse
has a maximum intensity at the input radio wave frequency
ν0 and fades away as ν deviates from ν0; for example, with
a pulse width of 2 μs as employed in the present study, the
spectral intensity should decay to 67% of the central value
at ν0 ± 240 kHz [22], which corresponds to approximately
±3700 ppm on the horizontal axis in Fig. 2. This value is
comparable to the width of the spectrum observed at low
temperatures [Fig. 2(a)], implying that the observed spectral
width is limited by the experimental pulse width and the
entire spectrum is not properly acquired with the single pulse
at low temperatures. Thus, we measured the NMR signals
with ν0 shifted at intervals of 25–200 kHz in the range of
84.0–87.4 MHz under a magnetic field of 8 T and constructed
the whole profiles of spectra below 100 K by connecting the
spectra obtained at each ν0. In Fig. 3(b), we also plot the
second moments of the thus obtained spectra, which agree
with those obtained by the one-pulse method in 80 < T <

100 K but drastically increase below 80 K. We note that a
moderate line broadening starts at ∼140 K, and as discussed
later, the temporal profile of NMR relaxation changes below
140 K, which can be another signature of a magnetic ordering.
These experimental features suggest an inhomogeneous AF
order, which onsets at approximately 140 K, followed by the
ordering in a major fraction of the sample around 80 K. We
note the contribution of the critical slowing down of the AF
fluctuations to the spectral width in what follows. In Fig. 3(c),
we show the temperature profile of �, which characterizes the
spectral width of electron spin origin in each grain, deduced

from the spectral fittings in Sec. III A. The � value is enhanced
upon cooling from temperatures much higher than 140 K,
which possibly indicates the growth and slowing down of AF
fluctuations toward the AF transition. This behavior is not
clearly visible in the temperature dependence of the second
moment in the same temperature range [Fig. 3(c)] because the
� value is directly related to the spectral width for each grain,
whereas the main contribution to the second moment is the
distribution of the spectral position from grain to grain.

As shown in the 13C NMR study of κ-Cl [23], the
Dzyaloshinskii-Moriya (DM) interactions induce staggered
moments under an applied field; they can cause NMR line
broadening for a polycrystalline sample. In the present sys-
tem, tmdt ligands where spins reside have inversion centers in
the nearest-neighbor pair and in the second-nearest-neighbor
pair [see Fig. 1(b)]. Although the third-nearest neighbor is not
mutually related by inversion, its geometrical asymmetry is
not significant, as seen in Fig. 1(c). Thus, the DM interactions
should not be effective in Pd(tmdt)2.

The spectral profile at low temperatures reflects the local-
field distribution in the AF ordered state. Figure 4(a) shows
the spectrum at 5 K, acquired with the “frequency shift”
under 8 T. To evaluate the size of the AF moments from
the spectral profile, we simulated the spectral shape expected
for polycrystals, in which moments of 1μB/tmdt are ordered,
under the following assumptions: (i) the magnetic moments
are directed in the plane perpendicular to the external mag-
netic field H0 = H0(cosφsinθ, sinφsinθ, cosθ ) due to the spin
flop, and (ii) the magnetic anisotropy is ignored. Thus, the
magnetic moment s is expressed as s/s = (cosφcosθcost −
sinφsint, sinφcosθcost + cosφsint,−sinθcost ), where s is |s|
and t (0 � t < 2π ) characterizes the direction of the moments
in the plane. (iii) In addition, we assumed that the hyperfine
coupling tensor A at the 13C nuclei has uniaxial anisotropy for
the z axis, as mentioned in Sec. III A; namely, A is described
as

A =
⎛
⎝axx

ayy

azz

⎞
⎠ = aiso + aaniso

⎛
⎝−1

−1
2

⎞
⎠,

(3)

and (iv) we used the hyperfine coupling constants,
(aiso, aaniso) = (4.5, 3.55) kOe/(μB tmdt), which are the av-
erages of the values for Ni(tmdt)2 and Pt(tmdt)2 [16]; note
that the ratio aaniso/aiso = 0.79 is in good agreement with
the above-mentioned shift ratio, Kaniso/Kiso = 0.79, for the
present system. The H0-parallel component of the local field
generated by a magnetic moment of 1μB/tmdt, h(θ, φ, t ), is
given by h = H0 · A · s/H0s. For the polycrystalline sample,
we need to sum up the spectral contributions from grain to
grain, in which t is also averaged uniformly in 0 � t < 2π ;
thus, the spectral function F (ν) is described as in the case
with Eq. (1),

F (ν) =
∫∫∫

	

[ν − γ h(θ, φ, t )/2π ]2 + 	2
sinθdθdφdt,

(4)

where γ is the gyromagnetic ratio of 13C nuclei. The simu-
lated spectra for 1μB/tmdt with 	 = 	0 + �γ h(θ, φ, t ) are
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FIG. 4. (a) 13C NMR spectrum of Pd(tmdt)2 at 5 K under a magnetic field of 8 T. The spectrum is constructed by connecting the partial
spectra acquired under the radio wave frequency ν0, which is shifted at intervals of 25–200 kHz in the range of 84.0–87.4 MHz. The black line
is a simulated spectrum based on Eq. (4) with 	0 = 0.004 MHz and � = 0.3 for 0.18μB/tmdt. (b) Spectral simulations based on Eq. (4) with
	0 = 0.004 MHz and � = 0, 0.1, and 0.3 for 1μB/tmdt.

shown in Fig. 4(b). The � value characterizes the degree of
distribution in the magnitude of the magnetic moments. For
� = 0, the simulated spectrum has clear edges at ±6 MHz,
and the edge structures become gentle with increasing �. The
observed spectral shape is well reproduced by the simulation
with � = 0.3 for 0.18μB/tmdt [Fig. 4(a)], suggesting that
the local moments are distributed by ∼30% around the mean
value of 0.18μB/tmdt. The sharp central peak in the spectrum
comes from the spin flop because the powder spectrum in the
nonflopped case is analytically shown to have a rectangular
shape with no anomaly around the origin. [We note that the
central peak in Fig. 4(a) corresponds to the broad line in
Fig. 2(a).] Conceivable origins for the small and distributed
magnetic moments are the following; one is that the localiza-
tion of electrons is weak because Pd(tmdt)2 is situated close
to the Mott transition, as discussed later in detail, and the
other is the effect of disorder, which drives the Mott-localized
electrons into more delocalized states, as suggested in earlier
works [19,24], and makes the exchange interactions weakened
and distributed.

The temperature dependence of the nuclear spin-lattice
relaxation rate 1/T1 has a moderate peak structure around 70–
100 K [Fig. 5(a)], indicative of the critical slowing down of
AF fluctuations, which is in agreement with the AF transition
temperature of 80 K determined by the steep increase of the
total second moment; however, the peak is not as divergent
as expected for the conventional AF transitions [25], possibly
suggesting that the transition temperature is distributed due
to disorder [8,14], which also explains the difference between
the peak temperature of 1/T1, 70–100 K, and the onset of line
broadening, 150 K. The exponent β in the stretched exponen-
tial fitting of the nuclear relaxation curve is also informative
regarding inhomogeneity. The β values are in the range of
0.8–0.9 at 140 < T < 294 K; the small deviation from unity
is very likely due to the distribution of 1/T1 from crystal to
crystal, each of which is oriented randomly against the applied

field in the polycrystalline sample and exhibits orientation-
dependent 1/T1 owing to the anisotropic hyperfine coupling
tensor. The deviation increases at lower temperatures below
140 K [see the inset of Fig. 5(a)], signifying an additional
distribution that starts at 140 K. All these results suggest that
the AF transition onsets at 140 K and proceeds in a major part
of the sample volume at 80 K.

C. Evaluation of electron correlation in the high-temperature
itinerant regime

Above 200 K, the 13C NMR 1/T1 varies superlinearly
with temperature [Fig. 5(a)], in contrast to a peak formation
of 1H NMR 1/T1 around 200 K [14], which arises from
the molecular motion commonly in isostructural Ni(tmdt)2

and Pt(tmdt)2 [16]. Thus, the 13C NMR 1/T1 probes the pπ
electronic state at high temperatures in Pd(tmdt)2. Consid-
ering that the paramagnetic shift decreases with temperature
instead of a constant [Fig. 3(a)], the 1/T1 and shift behaviors
qualitatively comply with Korringa’s law, being consistent
with the weakly metallic behavior in resistivity [8] but in-
compatible with conventional Mott insulators, as discussed
in previous sections. A conceivable picture is that Pd(tmdt)2

is situated near the Mott transition and thus stays in the
metal-insulator crossover region at high temperatures. Indeed,
13C NMR 1/T1 of κ-Cl situated near a Mott localization
shows T -linear behavior at high temperatures and undergoes
an AF transition at 27 K [25]. Furthermore, we note that the
disorder effect discussed above is particularly significant near
the Mott transition, where the Mott localization is weakened
by disorder [19,24], which is consistent with the present NMR
behaviors. A further study under a systematic variation of
disorder may be informative.

As seen in Fig. 5(a), the 1/T1 values for Pd(tmdt)2

are larger than for Ni(tmdt)2 and Pt(tmdt)2 in the high-
temperature itinerant regime even though the paramagnetic
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FIG. 5. (a) Temperature dependence of the 13C NMR relaxation
rate 1/T1 for M = Pd (the present result) and Ni and Pt (reproduced
from Ref. [16]). The inset shows the temperature dependence of the
exponent β in the stretched exponential fitting of relaxation curves.
(b) Temperature dependence of the Korringa ratio K (α) defined
by Eq. (5) for Pd(tmdt)2 (the present result) and Ni(tmdt)2 and
Pt(tmdt)2 (reproduced from Ref. [16]).

shift values for the former are smaller than for the latter
two, suggesting that pπ electrons in Pd(tmdt)2 are more
strongly correlated than in Ni(tmdt)2 and Pt(tmdt)2. In what
follows, we evaluate the electron correlation quantitatively.
For polycrystalline samples, Korringa’s law for itinerant elec-
tron systems is reduced to [25]

1
iT1T

= K (α)
4πkB

h̄

(
γn

γe

)2(
K2

iso + 2K2
aniso

)
, (5)

where iT1 is the relaxation time determined from the initial
slope of the relaxation curve of the nuclear magnetization
and K (α) is the so-called Korringa ratio, which characterizes
the type and strength of spin fluctuations. Note that 1/iT1,
which is equal to the volume average of 1/T1, is employed
in Eq. (5) instead of 1/T1 in the stretched exponential fitting.
If K (α) = 1, electron correlations are negligible, whereas
K (α) > 1(< 1) signifies the presence of enhanced antifer-

romagnetic (ferromagnetic) fluctuations. Pd(tmdt)2 shows a
high electrical conductivity of 100 S/cm at room temperature,
and its temperature dependence is almost flat at 150–300 K
[8]. Thus, we apply Eq. (5) to the present system even though
Pd(tmdt)2 is situated near the Mott transition. Figure 5(b)
shows the temperature dependence of K (α) evaluated through
Eq. (5) using the experimental data of iT1, Kiso, and Kaniso for
Pd(tmdt)2. As seen in Fig. 5(b), K (α) is much greater than
unity and exceeds the values for Ni(tmdt)2 and Pt(tmdt)2 [16]
in entire range of temperatures measured, indicating strong
AF spin fluctuations in Pd(tmdt)2. Furthermore, a divergent
increase in K (α) with decreasing temperature suggests the
critical slowing down of the AF fluctuations toward its long-
range order.

We propose two conceivable mechanisms to make a differ-
ence in the ground states, the AF Mott insulator for Pd(tmdt)2

versus the paramagnetic metals for Ni(tmdt)2 and Pt(tmdt)2.
One is that the highest occupied molecular orbital–lowest
unoccupied molecular orbital (HOMO-LUMO) gap in the
Pd(tmdt)2 molecule, 0.268 eV, is smaller than that in the
Ni(tmdt)2 molecule and that in the Pt(tmdt)2 molecule, 0.343
and 0.312 eV, respectively, as shown in Fig. 1(d) [8]. For
M = Ni, Pt, and Pd molecules, HOMO (LUMO) corresponds
to the bonding (antibonding) orbital of intramolecular tmdt
ligands. Thus, the small HOMO-LUMO gap suggests that the
tmdt ligand, rather than the entire Pd(tmdt)2 molecule, can
be viewed as a unit of a molecular orbital composing the
HOMO and LUMO bands. In this case, the effective on-site
Coulomb interaction U is expected to be large due to the
suppression of the spatial extension of the molecular orbital,
so that the electron correlations should be more significant
in Pd(tmdt)2 than in Ni(tmdt)2 and Pt(tmdt)2. The other is
that the nesting between the hole and electron pockets in
Pd(tmdt)2 seems to be better than that in the M = Ni or Pt
compound according to the band structure calculations [8],
possibly assisting the Mott instability and the AF ordering in
Pd(tmdt)2.

IV. CONCLUDING REMARKS

We investigated the pπ electronic states in Pd(tmdt)2 using
the 13C NMR probe. In the itinerant electron regime above
200 K, the NMR spectra of a polycrystalline sample take
asymmetric shapes reflecting the uniaxial hyperfine coupling
tensor characteristic of the p orbital on the carbon site. The
paramagnetic shift, which is deduced from the analysis of
the spectra, and nuclear spin-lattice relaxation rate 1/T1 yield
large Korringa ratios, which exceed the values for the pπ
metallic systems, Ni(tmdt)2 and Pt(tmdt)2, demonstrating
that Pd(tmdt)2 hosts highly correlated electrons among this
family of materials. The observation of spectral broadening
indicates an AF order at 80 K with an inhomogeneous onset
at 140 K, which is extremely high among molecular materials
and carries moments of ∼0.18μB/tmdt at low temperatures.
The spectral shape, its temperature dependence, and the tem-
perature profile of 1/T1 suggest that the AF order is inhomo-
geneous or the transition temperature is distributed very likely
due to crystal imperfection. We note that the peak temperature
of 1H NMR 1/T1 previously measured in different polycrys-
tals is ∼50 K [14], which is lower than that of 13C NMR
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1/T1, ∼80 K; the difference can be ascribed to the sample
dependence of crystalline quality. Considering that even the
present sample hosts the inhomogeneous magnetic state, the
AF transition may exceed 140 K in the clean limit. These
results suggest that Pd(tmdt)2 is a marginal Mott insulator
with strong exchange interactions. It is an intriguing issue to
cause the Mott transition in Pd(tmdt)2 using pressure and see
what kind of electronic phases result there.
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