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Multiorbital antiferromagnetic metal induced by intramolecular self-doping
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The orbital of electrons in a solid affects their mutual interaction, which is a key to emergent phenomena.
Therefore, control of the interplay between distinct orbitals makes the behavior of solids fertile. Such a case is
substantiated by the aggregation of the molecule, M(tmdt)2, which contains π orbitals extended over the organic
ligand, tmdt, and a level-tunable d orbital centered at the metal ion M. Among them, Au(tmdt)2 exemplifies the
critical π -d mixing, which arguably causes an over-100 K antiferromagnetic metal whose nature remains elusive.
Here, we track the π -d interplay in Au(tmdt)2 with dual orbital-resolved probes, 13C NMR and synchrotron x-ray
diffraction. We find substantial intramolecular (interorbital) redistribution of electrons on cooling, triggering a
commensurate π -d antiferromagnetic metal to emerge, which invokes an orbital-selective doped Mott insulator
caused by intramolecular self-doping. This demonstrates that vital traffic of electrons between distinct orbitals
brings about an unique correlated phase.
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I. INTRODUCTION

The characteristics of orbitals accommodating electrons
are the primary determinant of the physical and chemical
properties of materials, being of particular significance to
strongly interacting electron systems. Materials hosting multi-
ple orbitals that form the bands near the Fermi energy, thanks
to their synergistic interplay, harbor a variety of emergent
phenomena: multiferroics [1,2], exotic superconductivity with
variant pairing symmetries [3] and nematicity [4] in d-orbital
systems, heavy electron behavior [5,6] and quantum criticality
[7,8] in f -orbital systems, and so on. These diverse emergent
phenomena appear in a material-specific manner depending
on what kinds of orbitals are incorporated in what spatial and
energetic configuration. In recent years, an unconventional
class of molecular materials has opened a distinct channel
to the field of multiorbital systems, which we focus on in
this work. Conventional molecular conductors are consti-
tuted by electron donating and accepting molecular species,
either or both of which host partially filled energy bands.
This has long been the only way to generate conducting
electrons in molecular crystals. The successful synthesis of
crystals composed of a single molecular species, M(tmdt)2
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with a transition-metal ion M [9,10], opened a route to
molecule-based electronic conductors in the field of widely
studied metal-complex systems such as (DCNQI)2Cu,
the tetracyanoplatinates, and halogen-bridged complexes
[11–14]. Remarkably, their electronic structure contains sev-
eral frontier molecular orbitals with discrete characters; some
carry the nature of the d orbitals of M, but are strongly hy-
bridized with the surrounding sulfur p orbitals, and the others
are the pπ orbitals mostly originated from the ligands, tmdt’s
[15,16]. They are respectively extended in certain portions of
the molecule and, by replacing M, their linkage is tuned in
a systematic way [16–19]. These materials provide unique
platforms for multiorbital phenomena in a manner distinct
from inorganic crystals.

Planar M(tmdt)2 molecules form face-to-face stacking in
their crystals [Figs. 1(a) and 1(b)]. Electronic structure cal-
culations show that the pπ orbitals reside in the vicinity of
the Fermi energy εF, whereas the dpσ orbital level varies
depending on M, as shown in Fig. 1(c) [16–19]. As shown in
Fig. 1(c), the pπ orbital can be viewed as a molecular orbital
spatially localized on either of the tmdt ligands. Ni(tmdt)2,
which accommodates two electrons in the two pπ orbitals,
is a moderately correlated paramagnetic metal [9,20]. On the
other hand, in Cu(tmdt)2, the dpσ orbital level comes down
close to the two pπ orbitals and all three orbitals accommo-
date three electrons [19]. There, a peculiar type of multiorbital
Mott insulator is realized, with dpσ antiferromagnetic (AF)
and pπ spin-gapped Mott subsystems [21–23]. This indicates
that the pπ orbital also bears strong electron-electron corre-
lations. Located in between these two cases is the subject of
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FIG. 1. Structural and orbital properties of Au(tmdt)2.
(a) Molecular structure of Au(tmdt)2. The outer parts of the
double-bonded carbons at the center of the tmdt ligands are
selectively enriched by 13C isotopes. (b) Crystal structure of
Au(tmdt)2. The pπ orbital is mainly populated in the blue-colored
region in the tmdt ligand and the dpσ orbital is located in the
central AuS4 (pink-colored region). (c) Energy levels of the pπ and
dpσ orbitals in Ni(tmdt)2, Au(tmdt)2, and Cu(tmdt)2 (reproduced
from Ref. [19]). (d) Schematics of the present experiments using
orbital-resolved probes, 13C NMR and synchrotron x-ray diffraction,
to sense the orbital profile of spin density and the molecular structure
reflecting charge distribution in the molecule, respectively.

this paper: Au(tmdt)2, in which the dpσ orbital level situates
above, but near, εF [16–19,24].

Surprisingly enough, Au(tmdt)2 undergoes an AF transi-
tion at an exceptionally high Neel temperature, TN, of 110 K
among molecular materials, while maintaining a metallic state
down to the lowest temperature [25–29]. Indeed, the nature of
the electronic state is still elusive. At the initial stage a pos-
sible spin-density-wave (SDW) formation has been suggested
based on the good nesting of the pπ -orbital Fermi surfaces
[17,24]; however, 1H NMR analysis assuming exclusively the
contributions from the pπ orbital lead to an AF moment of
0.7–1.2 μB/tmdt, an unnaturally large value for a SDW [28].
Another scenario would be the strong correlation effect on
these pπ orbitals consistent with the large moments, but in this
case it should result in a Mott-insulating state, inconsistent
with the transport measurements. An important clue was given
by a powder x-ray diffraction measurement finding a gradual
structural variation on cooling [29], which affected the energy
profile of the orbitals.

Here, we investigate the multiorbital system Au(tmdt)2

through orbital-selective NMR spectroscopy combined with
fine-structure-resolvable synchrotron x-ray diffractometry
[Fig. 1(d)], which reveals the temperature dependence of

spin density in each orbital and unprecedented change of
the molecular structure reflecting charge redistribution in the
molecule, respectively. The combined results indicate that
a pπ -to-dpσ electron transfer (interorbital self-doping) is
anomalously accelerated upon cooling and results in a com-
mensurate pπ -dpσ hybridized AF order.

II. EXPERIMENTAL METHODS

Selectively 13C-enriched Au(tmdt)2 was synthesized in a
way similar to that for normal Au(tmdt)2, which was reported
previously [25]. The 13C-enriched tmdt ligands were synthe-
sized from 13CS2 according to the literature [30,31].

13C NMR measurements were performed for the fine poly-
crystals of 13C-enriched Au(tmdt)2, where the outer parts
of the double-bonded carbons in the center of tmdt were
selectively enriched by 13C isotopes as shown in Figs. 1(a)
and 1(d). We obtained the NMR spectra through the Fourier
transformation of the spin-echo signals and the nuclear spin-
lattice relaxation curves from the recovery of the echo inten-
sity following saturation comb pulses. Below TN, the width
of the spectra was too large to capture the entire spectra
in a measurement with the frequency and magnetic field
fixed; thus, we constructed the spectra by varying the external
magnetic field at a fixed frequency of 139.040 MHz.

Single-crystal synchrotron x-ray diffraction experiments
were performed at the BL02B1 beamline in SPring-8, Japan
[32]. A plate-shaped single crystal of Au(tmdt)2 with dimen-
sions of approximately 15 μm was used. We also acquired
the diffraction data of the isostructural compound, Ni(tmdt)2,
as a reference. Wavelengths of incident x-ray were 0.3865 Å
for Au(tmdt)2 and 0.4131 Å for Ni(tmdt)2. The temperature
of samples was controlled by a He gas-flow low-temperature
device. Integration for Bragg reflections with a resolution of
d > 0.5–0.6 Å was carried out using the software Rigaku
RAPID AUTO. The structural refinements were performed using
SHELX-2013 [33].

III. RESULTS

A. Shift analysis

Figure 2(a) shows the 13C NMR spectra of Au(tmdt)2.
At high temperatures above 130 K, the spectral shape is
anisotropic and well fitted by the powder average of uniaxially
anisotropic Knight shift with the isotropic and anisotropic val-
ues, Kiso and Kaniso, respectively [Fig. 2(a) and Appendix A].
The uniaxial nature is characteristic of the pπ orbital, whose
spin generates a uniaxial dipole field at the 13C sites through
the on-site pz orbital. Kiso potentially has an ambiguity in the
chemical-shift determination, whereas Kaniso is free from this
problem; so, our analysis focuses on Kaniso. Using the known
spin susceptibility per tmdt, χ/2 [26], and the pπ anisotropic
hyperfine coupling constant, Bπ = 3.6 kOe/(μB tmdt) [20],
we also calculated Bπχ/2, which would give Kaniso if the
paramagnetic spins were solely on the pπ orbitals, and plotted
them along with the Kaniso values in Fig. 2(b). We note that
the dpσ anisotropic hyperfine coupling constant, Bd = 0.02 −
0.03 kOe/(μB dpσ ) [23], is negligibly small; therefore, Kaniso

selectively probes the pπ spins. Kaniso coincides with Bπχ/2
at high temperatures; however, it rapidly deviates downward
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FIG. 2. 13C nuclear magnetic resonance spectra and their analy-
sis for Au(tmdt)2. (a) Temperature variation of the 13C NMR spectra
for Au(tmdt)2. The red lines are fits to the spectra [see the text and
Appendix A]. (b) Temperature dependence of the anisotropic part
of the 13C Knight shift deduced from the spectral fitting and the
calculated values of Bπχ/2 (open triangle). (c) Spin susceptibilities
of the pπ orbital (χπ ) and the dpσ orbital (χd ), which are deduced
by the analysis of the Knight shift. The error bars in panels (b) and
(c) are defined by the inhomogeneous width obtained from the
spectral fitting. The red and blue lines in panel (c) are guides to the
eye.

from Bπχ/2 upon cooling, clearly indicating an accelerated
increase in the dpσ spin contribution to χ . We can estimate the
dpσ spin susceptibility χd [Fig. 2(c)] by the deviation χ − χπ ,
where the pπ contribution is evaluated as χπ = Kaniso/Bπ .
χd is small at high temperatures but progressively increases
upon approaching TN while χπ decreases, demonstrating a
gradual electron transfer from the pπ bands to the dpσ band
very likely because the two energy levels are getting closer.
As temperature is decreased below 130 K, the spectral shape
changes [Fig. 2(a)] due to the short-range spin correlation
developing toward TN. The analysis of the low-temperature
spectra is described later.

B. Relaxation rate

The 13C nuclear spin-lattice relaxation rate divided by
temperature, (T1T )−1, probes the dynamic spin susceptibility.
The recovery curve of nuclear magnetization for powdered
samples with anisotropic hyperfine coupling as in the present
study does not follow a single exponential function of time.
Here, we defined the relaxation time T1 from the initial slope
of the relaxation curve, the inverse of which yields the volume
average of different 1/T1’s in randomly oriented microcrys-
tals against the direction of the applied field. As shown in
Fig. 3(a), (T1T )−1 is nearly constant between 200 and 300 K;
however, it gradually increases with lowering temperature and

FIG. 3. Spin correlations of Au(tmdt)2. (a) Temperature depen-
dence of the 13C nuclear spin-lattice relaxation rate divided by
temperature, (T1T )−1, measured at a magnetic field of 8 T. (b) Tem-
perature dependence of the 13C NMR Korringa ratio K (α). The black
line shows the K (α) values for the pπ -band paramagnetic metal
Ni(tmdt)2 (taken from Ref. [20]) as a reference.

forms a peak around 110 K, reflecting the critical slowing
down of the AF fluctuations. The spin fluctuation in a para-
magnetic metal is characterized by the so-called Korringa
ratio K (α), which is the relaxation enhancement factor in the
Korringa relation. For the powder of a crystal with uniaxial
hyperfine coupling tensors here, K (α) is given as [34]

(T1T )−1 = K (α)
4πkB

h̄

(
γe

γn

)2(
K2

iso + 2K2
aniso

)
. (1)

Using the values of Kiso and Kaniso evaluated above, K (α)
is obtained for T > TN as shown in Fig. 3(b). In weakly
correlated metals, the value of K (α) is around unity and
is temperature independent, whereas it appreciably deviates
from unity in strongly correlated metals [35,36]. For 200 to
300 K, K (α) takes ∼4, a value close to that of the pπ -band
metal Ni(tmdt)2 [20] [Fig. 3(b)]. A divergent enhancement
of K (α) upon approaching TN (=110–120 K) indicates pro-
gressive AF fluctuations, a manifestation of strong electron
correlation in Au(tmdt)2.

C. Synchrotron x-ray diffraction

To track the temperature variation of the electron occu-
pations in the pπ and dpσ orbitals, it is useful to examine
the intramolecular structure, which is sensitive to the charge
distribution profile within the molecule. The tmdt ligand
is a tetrathiafulvalene (TTF) derivative, in which the bond
lengths of C=C and C–S are most susceptible to the electron
density [37,38]; when it is reduced, the bond length of the
bonding (antibonding) orbital on C=C (C–S), dC=C (dC−S),
is elongated (shortened). The amount of electron transfer
is empirically evaluated from the ratio γ = dC=C/dC−S and
the difference δ = dC−S − dC=C [37,38]. According to the
molecular-orbital calculations for M(tmdt)2, the profile of
the pπ orbital and its bonding character are similar to those
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FIG. 4. Unusual structure variation in Au(tmdt)2. Temperature
dependencies of the ratio between the C=C and C–S bond lengths,
γ = dC=C/dC−S (a), their difference, δ = dC−S − dC=C (b), and the
M-S bond length dM−S (c). The red squares are for Au(tmdt)2 and
the green circles are for Ni(tmdt)2. These bond lengths are sensitive
to the profile of charge distribution in the molecule (see text).

of other TTF derivatives; thus, we use γ and δ as indices
characterizing the electron occupation in tmdt.

Figures 4(a) and 4(b) show the temperature dependencies
of γ and δ for Au(tmdt)2 and Ni(tmdt)2 deduced from the
synchrotron x-ray diffraction data. Here, we estimated dC=C

and dC−S from the average of C=C and C–S bond lengths in
the tmdt ligands, respectively. For Au(tmdt)2, γ and δ show
clear increases and decreases upon cooling, respectively, both
reaching constant values when TN is approached. These results
suggest that electron occupation in tmdt decreases, meaning
an electron transfer from the pπ orbital to the dpσ orbital.
To check other possible contributions for the temperature
variation of the bond lengths, such as thermal contraction,
we did the same experiment and analysis for Ni(tmdt)2. It
is evident in Figs. 4(a) and 4(b) that changes in γ and δ

for Au(tmdt)2 are 1 order of magnitude larger than those
in Ni(tmdt)2; this phenomenon is specific to Au(tmdt)2. To
confirm the intramolecular electron transfer, we examined
the temperature dependence of the M–S bond length. It is
expected to elongate when the electrons accumulate more in
the dpσ orbital, which is roughly regarded as an antibonding
combination of the metal site dxy orbital and the surrounding
S 3p orbitals [17,18]. Figure 4(c) shows that, upon cool-
ing, this is actually the case. The amount of intramolecular
electron transfer upon cooling is roughly estimated as 0.36–
0.38e/tmdt (0.72–0.76e/dpσ ) from γ and δ (Appendix C), an
extremely large value consistent with the unusual behavior of
the NMR shift. We note that such an intramolecular electron
transfer is associated with a valence change of the Au ion and

FIG. 5. 13C and 1H NMR spectra in the antiferromagnetic state.
(a) Temperature dependence of the 13C NMR spectra of Au(tmdt)2,
constructed by measuring the echo intensity as a function of mag-
netic field under a fixed resonance frequency. (b) 13C NMR spectra of
Au(tmdt)2 at 20 K and the simulated spectra for a powdered sample
with the commensurate AF state (C-AF) and the incommensurate
AF state (IC-AF). Temperature evolution of the order parameter m
is shown in the inset, where the dashed curve corresponds to the
Brillouin function for S = 1/2. (c) The simulated 1H NMR spectrum
for an AF order of the moment of 0.35 μB per tmdt ligand with a
wave vector, q = (π, 0, 0) (black dashed line), and the experimental
1H NMR spectrum at 2.1 K (blue dots) taken from Ref. [28].

thus is possibly related to the multiplicity of the Au oxidation
states, i.e., Au1+ and Au3+.

D. AF order spectra

The behavior of the pπ and dpσ spin susceptibilities
points to the possibility that the AF ordered moments have
a dual nature. Below TN, the NMR spectra steeply become
broadened [Fig. 5(a)] and, at the lowest temperature, spread
symmetrically with clear edges at ±2.1 MHz, superposed
by a sharp central peak. As mentioned above, the hyperfine
coupling constant of the 13C nucleus with the pπ spin is
100-fold larger than that with the dpσ spin [20,23]; thus the
spectral broadening is attributed to the pπ spins. To evaluate
the size of the ordered moment, we simulated 13C NMR
powder spectra, assuming that the AF moments are flopped
to arbitrary directions in the plane normal to the applied field
(see Appendix A). The simulation reproduces the precipitous
edges and a central peak as shown in Fig. 5(b), with a moment
of 0.35 μB per tmdt. (If the spectral broadening were solely
due to the dpσ spins, a totally unphysical value of 10–24 μB

would result.) An incommensurate AF order as in an SDW
state is ruled out, since it would show no edges, as shown in
Fig. 5(b). The temperature evolution of the moment is shown
in the inset, following the mean-field behavior. In the low-
temperature limit, the moment is much larger than 0.08 μB

in a SDW compound, (TMTSF)2PF6 [39], and comparable
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to 0.45 μB in a Mott insulator, κ-(ET)2Cu[N(CN)2]Cl [40],
suggesting that electron correlation drives the AF order in
Au(tmdt)2.

The AF moment previously deduced from the 1H NMR
spectra assuming solely the pπ spins yields 0.7–1.2 μB/tmdt
[28], a twofold larger value than the present result. This
discrepancy implies an additional contribution from the dpσ
spins to the 1H NMR spectra missed in the previous analysis.
The 1H NMR spectra are shaped by anisotropic dipole fields
from the pπ and dpσ spins flopped perpendicular to the
applied field, where the isotropic hyperfine fields have no im-
pact on the spectra. Using the molecular-orbital calculations
of spin density profile, the dipole fields at six 1H sites in
tmdt are calculated as HBπ = 0.05–0.18 kOe/(μB tmdt-pπ )
and HBd = 0.11–0.19 Oe/(μB dpσ ), meaning that 1H equally
senses the pπ and dpσ spins; note that the nearest dpσ spin is
on the adjacent molecule. The simulation of the 1H spectra is,
however, much more complicated than the 13C case, because
the dipole field at 1H also contains large components from
further neighbor pπ and dpσ orbitals, differently from site to
site among the six 1H’s, so that the summed 1H spectral shape
heavily depends on the AF wave vector. Indeed, our simula-
tions of 1H powder spectra for 14 possible AF configurations
of the pπ spins alone are very sensitive to the AF configu-
ration and importantly none of them reproduces the observed
line shape; neither do the simulations for the dpσ spins [see
Appendix B]. Figure 5(c) illustratively shows a simulation
for a theoretically proposed configuration [16–18,24] for 0.35
μB/tmdt together with the observed spectra at 2.1 K; the
discrepancy implies the subtractive (additive) contributions of
the dpσ moments to the central (outer) parts of the spectrum.
The second moment, a measure of the squared linewidth, is
(182 kHz)2 and (131 kHz)2 for the observed and simulated
spectra, respectively. We can roughly ascribe the extra width,
126[= (1822 − 1312)1/2] kHz, to the dpσ moment, which is
estimated as 0.21 μB referring to the separately examined
linewidth-dpσ moment proportionality, 600 kHz/(μB dpσ ).
The other spin configurations provide similar estimates, so
we can conclude that the dpσ spins also carry sizable AF
moments.

IV. DISCUSSION

The present results provide insight into the electronic
state of Au(tmdt)2 and a promising nature of the enigmatic
AF phase transition. According to the electronic structure
calculations based on the room-temperature crystal structure
[16–19,24], the dpσ orbital level resides above εF, of the order
of 0.1 eV, so that the two tmdt pπ orbitals in a molecule
accommodate three electrons, forming a 3/4-filled pπ band
[Fig. 6(a)]. Indeed, this situation is evidenced by the spin
susceptibility that comes exclusively from the pπ spins at high
temperatures. Upon cooling, our results show that the spin
susceptibility gradually transfers to the dpσ orbital, indicating
an increasing hybridization of the two kinds of orbitals at
εF; this is indeed consistent with the lowering of the dpσ -
orbital level estimated based on the low-temperature structure
[16,29]. Upon approaching TN, this tendency is accelerated
by a rapid evolution of the hybridization, and χπ and χd be-
come comparable in magnitude near TN, indicating substantial

FIG. 6. Schematic electronic density of states for the temperature
evolution of the pπ -dpσ band mixing in Au(tmdt)2. (a) For T �
TN, the one-dimensional dpσ band resides well above the Fermi
energy εF, and the two two-dimensional pπ bands accommodate all
electrons, forming a 3/4-filled pπ band. The dimerization in degen-
erated pπ orbitals is represented by the intermolecular dimerization
splitting 
εdimer, making the antibonding-like and bonding-like pπ
bands. (b) Upon cooling, the dpσ band comes down in energy,
resulting in increasing the hybridization of the dpσ band to the pπ
band at εF for T � TN. (c), (d) As the dpσ band further comes down
in energy, upon further cooling it gets hybridized to the upper-located
antibonding pπ band, which possibly leads to a band splitting due to
enhanced correlation. Two conceivable cases in which the bands have
a gap at εF (c) or not (d) are depicted.

hybridization (and overlapping of the pπ and dpσ bands)
[Fig. 6(b)]. Below TN, large magnetic moments appear in both
pπ and dpσ orbitals and order commensurately, while keeping
the metallic conduction. On the basis of these results, we
discuss the electronic state of Au(tmdt)2 in the following.

It has been shown that one of the intermolecular ligand
pπ -pπ transfer integral in the unit cell is larger than the
others, including the intramolecular one, so that the tmdt’s
connected by this transfer integral can be viewed as dimers.
Their bonding and antibonding orbitals basically constitute
the pπ bands with a dimerization splitting, 
εdimer [16], as
shown in Fig. 6(a). Then, the antibonding bands are effec-
tively half-filled and they are susceptible to the so-called
dimer–Mott-insulating state, as discussed in many organic
conductors [41].

Now, when the dpσ band drops in energy, as revealed by
the present measurements, it hybridizes to the upper-located
antibonding pπ band. We expect that the system becomes
more strongly correlated because the hybridized dpσ orbital
is further spatially confined than the pπ orbital and then
should have larger on-site Coulomb repulsion. The AF order
emerges from the reconstructed bands from the antibonding-
pπ and dpσ bands. A key to the origin of the AF order is its
commensurate nature, which, in conjunction with the large AF
moment, suggests the strong correlation effect as the driving
force of the AF order. Let us discuss possible scenarios based
on the multiband Hubbard model for M(tmdt)2; in fact, mean-
field analysis shows a commensurate AF metal with moments
in both pπ and dpσ orbitals, when the orbital hybridization is
large [16]. There, the pπ orbitals show a dimer–Mott-type AF
order with a large moment that can reach about 0.4 μB. And by
the electron transfer from them, the dpσ orbitals also host spin
ordering. Considering the quantum effect beyond mean-field
approximation, which is indispensable for the understanding
of strongly correlated systems [6,7,42], the Coulomb interac-
tion should enhance the Mottness of the dpσ -hybridized pπ
band and lead to a band splitting. This is supported by the fact
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that all bands made of two pπ orbitals and a dpσ orbital are
Mott insulating in Cu(tmdt)2 [23]. Two cases are conceivable;
the bands have a gap at εF [Fig. 6(c)] or not [Fig. 6(d)]. The
former, however, is inconsistent with the metallic behavior of
Au(tmdt)2, whereas, in the latter case, the lower (so-called
Hubbard) pπ band is hole-doped and achieves metallicity.
The latter case can be considered as an orbital-selective doped
Mott insulator, which we propose to be realized in the low-
temperature state of Au(tmdt)2. Theoretically, the concept of
orbital-selective Mottness has been intensively investigated in
multiorbital materials such as iron-based superconductors and
heavy-fermion systems [42]. We also note that a doped Mott
insulator is predicted to be able to host a commensurate AF or-
der and metallicity simultaneously by a study of the t-J model
[43]. Further study by optical spectroscopy is a promising way
to experimentally identify the effect of electron correlations,
such as the formation of a Mott gap.

V. SUMMARY

In the present work, a prominent feature is that the system
spontaneously provokes a notable amount of intramolecular
electron redistribution, which promotes a vital π -d interplay
bringing forth an emergent correlated phase. This is unique
among π -d electron systems, most of which are constituted
by molecular species separately hosting π and d orbitals
with perturbative π -d hybridization due to separation of
the orbitals in space and energy. An analogous example to
the present case is (DCNQI)2Cu, in which one-dimensional
chains of DCNQI π orbitals are bridged by d orbitals of
Cu ions [11,44]. Physical or chemical pressure causes a
substantial charge transfer between the two orbitals, which

helps to cooperatively stabilize the Peierls instability in the
one-dimensional π orbital and a charge order in the Cu sites
[45,46]. In the present system, Au(tmdt)2, two-dimensional
networks of π orbitals are connected through one-dimensional
chains of d orbitals [Fig. 1(b)] and a Mott phase results.
These two contrasting cases demonstrate that a variety of
phases are induced by the π -d electron redistribution through
self-doping between distinct bands, which unveils emergent
phases underlying but otherwise hidden in condensed matters.
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APPENDIX A: SHIFTS FROM SPECTRAL FITTING

In the paramagnetic state, the shift of the 13C NMR
line under a field described in spherical coordinates, (θ , φ),
is expressed by δ(θ, φ) = δxxsin2 θcos2 φ + δyysin2 θsin2 φ +
δzzcos2 θ , where x and y axes are the long and short axes
in the tmdt plane and the z axis is normal to the plane as
shown in Fig. 1(a) and δii(i = x, y, z) is the i-axis principal
value of the shift tensor. Then, the spectral shape of the
powder pattern convoluted by the Lorentzian function with the
inhomogeneous width 
 is expressed as

F (ν) = Z
∫∫




(δxxsin2 θcos2 φ + δyysin2 θsin2 φ + δzzcos2 θ − ν)2 + 
2
sin θdθdφ, (A1)

where Z is a normalization factor. The shift of the NMR
line consists of the chemical shift and the spin shift; the
former depends on the local chemical structure around the
nuclear site, whereas the latter is related to the local spin
susceptibility. The total shift tensor is described as

⎛
⎝δxx 0 0

0 δyy 0
0 0 δzz

⎞
⎠ = σiso +

⎛
⎝σ1 0 0

0 σ2 0
0 0 −σ1 − σ2

⎞
⎠ + Kiso

+ Kaniso

⎛
⎝−1 0 0

0 −1 0
0 0 2

⎞
⎠. (A2)

The first and second (third and fourth) terms are the isotropic
and anisotropic components of the chemical shift (spin shift).
The anisotropic spin shift tensor is assumed to be uniaxial
around the z axis due to uniaxial symmetry of the dipolar
hyperfine tensor stemming from the carbon-site 2pz orbitals,
which constitute the pπ orbitals on tmdt. The inhomogeneous
width 
 is assumed to have a form of 
 = 
0 + �|Kiso −
Kaniso(sin2 θcos2 φ + sin2 θsin2 φ − 2cos2 θ )|, which consists

of the constant term 
0 and the second term proportional to
the Knight shift with prefactor �.

First, we evaluated the chemical shift tensor (σiso, σ1, and
σ2) by fitting the spectrum for 296 K. To reduce the number of
fitting parameters, we determined the total isotropic compo-
nent (=σiso + Kiso) from the center of gravity of the spectrum
and fixed Kaniso/Kiso to 0.8, which was previously determined
for Ni(tmdt)2 at room temperature. An excellent fit with
σiso = 114, σ1 = −55, and σ2 = −9 is seen in Fig. 2(a). Then,
fixing the values of σiso, σ1, and σ2 to those, we proceeded to
fitting for other temperatures with Kiso, Kaniso, 
, and � as
fitting parameters.

In the antiferromagnetic state, spectral simulations were
performed under the assumption that the magnetic mo-
ments are directed in the plane perpendicular to the exter-
nal magnetic field H0 = H0(cosφsinθ, sinφsinθ, cosθ ) due
to the spin flop. Assuming that the spin direction is
arbitrary in the plane, the magnetic moment s is ex-
pressed as s = |s|(cosφcosθcost − sinφsint, sinφcosθcost +
cosφsint,−sinθcost ), where t represents the direction of the
moments in the plane. We employed the hyperfine coupling
tensor A at the 13C nuclei with uniaxial anisotropy for the z
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axis [Fig. 1(a)], which is described as

A = aiso + aaniso

⎛
⎝−1 0 0

0 −1 0
0 0 2

⎞
⎠. (A3)

Here, we used the hyperfine coupling constants (aiso, aaniso)
= (4.3, 3.6) kOe/(μB tmdt) [20]. The H0-parallel compo-
nent of the local field generated by a magnetic moment of
1 μB/tmdt, h(θ, φ, t ), is given by h = H0·A·s/H0|s|. To ob-
tain the spectra for the polycrystalline sample, we summed
up the spectral contributions from grain to grain, in which t
is also averaged uniformly in 0 � t < 2π . Thus, the spectral
function is described as

F (ν) =
∫∫∫




[ν − γ h(θ, φ, t )]2 + 
2
sinθdθdφdt, (A4)

where γ is the gyromagnetic ratio of 13C nuclei and 
 =

0 + �γ h(θ, φ, t ). The � value characterizes the degree
of distribution in the magnitude of the magnetic moment.
As shown in Fig. 5(b), the observed spectral shape is well
reproduced by the simulation with 
0 = 0.015 MHz and
� = 0.02, suggesting that the distribution of the local mo-
ments in magnitude is around 2%. We note that the sharp
central peak, which appears in both the experiments and
the simulations, comes from the spin flop because the pow-
der spectrum in the nonflopped case is analytically shown
to have a rectangular shape with no anomaly around the
origin.

APPENDIX B: SIMULATION of 1H NMR POWDER
SPECTRA FOR THE ANTIFERROMAGNETIC STATE

To examine the possible contribution of the dpσ spins
to the antiferromagnetic (AF) moment in Au(tmdt)2, we
simulated the 1H NMR spectra expected for a polycrystal.
According to the molecular-orbital calculations [17,24], the
spin population on the 1H sites is negligibly small. Thus,
we assume that a local field at a 1H site is mainly gener-
ated by the dipole fields of the electron spins of S = 1/2
populated in the pπ and/or dpσ orbitals. In the present
magnetic field of 3.7 T, the AF moments should flop to a
direction perpendicular to the applied field, and the isotropic
hyperfine coupling, if any, has no contribution to the line
broadening. We consider local fields at the 1H sites from
the pπ or dpσ spins in six neighboring molecules as well
as in the on-site molecule. As in our simulation of 13C
NMR spectra, we assumed that each microcrystal in our
polycrystalline sample is randomly oriented against the field
direction. As the magnetic anisotropy of the AF state is not
known, we assumed that the flopped moments are directed
in an arbitrary direction perpendicular to the external field;
namely, we summed the 1H NMR spectra simulated for spins
directing randomly in the plane. In addition, we considered
the quartet structure of the spectra arising from the nuclear
dipolar coupling between nearest-neighbor 1H sites suffering
from different local fields in the trimethylene group. Since the
distance and direction between the 1H site and the nearest
pπ or dpσ spin differ from site to site among the six 1H’s,
the local field is also different from site to site. Thus, using
the atomic parameters determined by an x-ray diffraction

FIG. 7. Simulations of 1H NMR spectra in the antiferromagnetic
state. (a, b) The simulated 1H NMR powder spectra of intramolecular
antiferromagnetic [IAF (a)] and ferromagnetic [IF (b)] states for the
AF moment of 1 μB per tmdt with each wave vector q. (c) The
simulated 1H NMR powder spectra for the AF moment of 1 μB per
dpσ orbital with each wave vector q. The experimental 1H NMR
spectrum at 2.1 K (black dots) taken from Ref. [28] is also plotted.

study and the atomic profile of the Mulliken population, we
calculated the 1H powder spectra for each of the six 1H sites
and summed them up to construct the entire spectra. The
simulations were performed for all possible AF configurations
of the pπ spins (14 cases) or dpσ spins (7 cases) exclusively.
The cases for the pπ spins are divided into two categories;
spins on tmdt’s in a molecule aligned antiparallel or parallel
(7 cases in each), named intramolecular antiferromagnetic
(IAF) and intramolecular ferromagnetic (IF) configurations,
respectively. The IAF state with the AF wave vector of q =
(π, 0, 0) is suggested to occur by the study of the Hubbard
model based on the first-principles band-structure calculations
[16–18,24].

Figures 7(a) and 7(b) display the simulated spectra for the
IAF and IF states with a moment of 1 μB/tmdt, and Fig. 7(c)
shows simulations for the dpσ spins with a moment of 1 μB.
As seen in the figures, 1H powder spectra are sensitive to q,
reflecting the form factor of the proton sites. However, it is
evident that any case does not reproduce the experimentally
observed line shape, even if the magnitude of the moment
is varied; namely, the horizontal axis for the simulations is
rescaled. This suggests that the observed 1H spectrum is not
only contributed to by the pπ moments but also by the dpσ
moments. The second moment of the spectra also supports
that both pπ and dpσ spins have sizable contributions to the
AF moments as discussed in the main text.

APPENDIX C: ESTIMATION OF INTRAMOLECULAR
CHARGE TRANSFER

It is known that the molecular charge of TTF derivatives
such as TMTTF (tetramethyltetrathiafulvalene) and BEDT-
TTF (Bis(ethylenedithio)tetrathiafulvalene) in solids has a
linear relation with the ratio γ = dC=C/dC−S or the difference
δ = dC−S − dC=C [37,38]. Because tmdt has the TTF skeleton,
the linearity between the charge and γ or δ is expected to
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FIG. 8. Estimation of charge transfer from bond length analysis.
The ratio of the C=C bond length to the C-S bond length, γ =
dC=C/dC−S (a), and their difference, δ = dC−S − dC=C (b). The green
lines indicate the levels of γ and δ for Ni(tmdt)2 (averaged over
the whole data) corresponding to (tmdt)−1. The deviations from the
green-line levels are proportional to additional electron occupation
in tmdt.

hold for tmdt as well. Given that the valence of tmdt is −1 for
Ni(tmdt)2 and −1.5 for Au(tmdt)2 at 250 K, the difference in
γ or δ between the two compounds corresponds to the charge

of 0.5e. Thus, the charge transfer from the pπ orbital to the
dpσ orbital, 
Q, upon cooling from 250 K to below TN is
estimated through the following relations:


Q =
(

1 − γNi − γ L
Au

γNi − γ H
Au

)
0.5e, (C1)


Q =
(

1 − δNi − δL
Au

δNi − δH
Au

)
0.5e. (C2)

Here, γNi and δNi are the temperature-insensitive values
for Ni(tmdt)2 indicated by green lines in Fig. 8. γ H

Au and
δH

Au (γ L
Au and δL

Au) are the values of Au(tmdt)2 at T = 250 K
(averaged for T < TN) (see Fig. 8). Equations (C1) and (C2)
yield 
Q of 0.38 and 0.36, respectively, with γNi = 0.785,
γ H

Au = 0.755, γ L
Au = 0.778, δNi = 0.373, δH

Au = 0.428, and
δL

Au = 0.388; they are in excellent agreement with each other.
Such a large amount of intramolecular charge transfer with
temperature variation is extremely unusual but consistent with
the anomalous behavior of the NMR shift.
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