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Electric dipole induced bulk
ferromagnetism in dimer Mott
molecular compounds

Ryo Yoshimoto?, Satoshi Yamashita?, Hiroki Akutsu?, Yasuhiro Nakazawa'*,
Tetsuro Kusamoto?, Yugo Oshima3, Takehito Nakano*, Hiroshi M. Yamamoto® & Reizo Kato?

Magnetic properties of Mott-Hubbard systems are generally dominated by strong antiferromagnetic
interactions produced by the Coulomb repulsion of electrons. Although theoretical possibility of a
ferromagnetic ground state has been suggested by Nagaoka and Penn as single-hole doping in a Mott
insulator, experimental realization has not been reported more than half century. We report the first
experimental possibility of such ferromagnetism in a molecular Mott insulator with an extremely
light and homogeneous hole-doping in t-electron layers induced by net polarization of counterions.
A series of Ni(dmit), anion radical salts with organic cations, where dmit is 1,3-dithiole-2-thione-4, 5-
dithiolate can form bi-layer structure with polarized cation layers. Heat capacity, magnetization,
and ESR measurements substantiated the formation of a bulk ferromagnetic state around 1.0 K

with quite soft magnetization versus magnetic field (M-H) characteristics in (Et-4BrT)[Ni(dmit),],
where Et-4BrT is ethyl-4-bromothiazolium. The variation of the magnitude of net polarizations by
using the difference of counter cations revealed the systematic change of the ground state from
antiferromagnetic one to ferromagnetic one. We also report emergence of metallic states through
further doping and applying external pressures for this doping induced ferromagnetic state. The
realization of ferromagnetic state in Nagaoka—Penn mechanism can paves a way for designing new
molecules-based ferromagnets in future.

The role of ferromagnets becomes more and more important as the electronics/spintronics and motorization
technologies are advanced. Although microscopic mechanisms for ferromagnetic interaction are limited to
several types so far'™, theoretical proposals for different types of ferromagnets have been made analytically in
Hubbard Hamiltonian. Nagaoka proposed ferromagnetism in a quite lightly doped Mott insulator in 1966, where
only one hole is added to a Mott-insulator’. Similar result was reported by Penn almost the same time®. Tasaki
proposed another type of ferromagnetism in Hubbard system by taking a next-nearest-hopping into account’.
In the Mott insulating systems, relatively strong magnetic interactions with J/kz=-10%"* K originating from
the on-site and the inter-site Coulomb correlations are playing substantial roles'®!!. The hole/electron carriers
introduced by elemental substitutions, intercalations of anion/cation species between the two dimensional (2D)
layers, or the gate-bias in field-effect-transistor (FET) structures can make carrier doped situations and induce
anomalous electronic states'>!. Since the strong antiferromagnetic interaction is certainly essential in the doped
Mott physics, ferromagnetic features reported so far occur only collaterally as a spin canting through Dzyaloshin-
sky-Moriya (DM) interactions or double exchange mechanism in manganese oxides>'. The realization of the
bulk ferromagnetism predicted by the theoretical models in Refs.”~? has not been succeeded up to now. By using
effects of the electrostatic potential due to net polarization P of counter-ion layers in molecular charge transfer
complexes, carrier control in extremely small amounts to change the electronic states of n-electrons can be pos-
sible as is reported several charge transfer complexes. It may give an appropriate stage for investigating doping
ferromagnetism in Mott-Hubbard systems.

The materials we focus on in this work are bi-layer type dimer-Mott insulators with chemical formula of
X[Ni(dmit),], (dmit=1,3-dithiole-2-thione-4,5-dithiolate). These compounds are consisting of the acceptor
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Figure 1. The crystal structure and the electronic band structure of bi-layer compound of (Et-4BrT)
[Ni(dmit),]. (a) The crystal structure and the counter cations alignment. The polarized cations are aligned in a
direction shown by black arrows to make different dimer stacking in the layer A and the layer B. (b) Molecular
arrangement of the Ni(dmit), molecules and the band structures of the two types of layers in (Et-4BrT)
[Ni(dmit),],. The values of overlap integral (x 10-) of each layer is a=—17.1, b=0.15, p=—0.05, ¢=0.41, r=1.88
for the layer A and a=10.6, b=3.96, p=—5.50, ¢=0.46, r=—2.63 for the layer B. The degree of dimerization is
rigid in the Layer A, while that of Layer B is rather moderate. The molecular packing and band dispersion in
each layer are adapted with permission from (Ref."’, T. Kusamoto et al. Inorg. Chem. 51, 11645-11654 (2013)).
Copyright (2013) American Chemical Society.

molecule of Ni(dmit), and mono-valent organic counter cation X with polarization. The crystal structure is
shown in Fig. 1. Among numerous anion radical compounds with M(dmit), (M =Ni, Pd, Pt), a peculiar structural
aspect of the present system is the ordered arrangement of asymmetric cations to make their dipole moments
parallel and to produce net polarization (P) between the acceptor layers'*-'’. The electrostatic potential due to
large P affects the Ni(dmit), layers where n-electrons show strong antiferromagnetic correlations. According
to the preceding works by Kusamoto et al., the direction of the cation dipole moments is alternated oppositely
between the cation layers. Consequently two types of Ni(dmit), layers, denoted as A and B in the figure, with
slightly different molecular packings are realized'®!”. The degree of dimerization and the band structure are dif-
ferent between the two layers as is shown in Fig. 1. In contrast with the antiferromagnetic correlation between the
spins in the layer B of (Et-4BrT)[Ni(dmit),],, where Et-4BrT is ethyl-4-bromothiazolium, the spins in the layer A
keep paramagnetic state with ferromagnetic correlation. They reported that long-range magnetic ordering does
not appear down to 2 K'!”. In the inset of Fig. 2a—c, we show the molecular structure of the counter cations of
X =Et-4BrT, ethyl-2-iodo-5-bromopyridinium (Et-2I-5BrP), ethyl-2,5-dibromopyridinium (Et-2,5-DBrP), where
the magnitude of dipole moments are different depending on the molecular structure. The net polarization of the
counter cation layers forms electrostatic potential to the n-electrons layers. The heat capacity, magnetization, and
ESR measurements of (Et-4BrT)[Ni(dmit),], show evidence of a long-range magnetic order with ferromagnetic
character at 1.0 K. We also observed a systematic variation of the ground state from antiferromagnetic one to
ferromagnetic one with the increase of P tunable by using difference of counter cations.

Results

The results of low temperature heat capacity measurements of (Et-4BrT)[Ni(dmit),], of which counter cations
have relatively large dipole moment with 4.80 D are shown in Fig. 2a. The measurements were performed for
several pieces of single crystals with the total weight of 240 pg. A sharp peak in the heat capacity in association
with the magnetic transition was observed at extremely low temperature region around 1 K. Since the nt-electrons
in the acceptor layers are localized over each Ni(dmit), dimer, it is considered as a long-range ordering of
n-electron spins with § = 1/2. The magnetic field dependence shown in the same figure demonstrates that the
magnetic order has a feature of bulk ferromagnetic character, since the application of magnetic field makes the
sharp peak broaden and upward shifts the peak temperature. The appearance of the sharp peak in the heat capac-
ity at H = 0 T and the feature under magnetic fields resemble well with that of the f-phase of p-NPNN (para-
nitrophenylenitronylenitroxide) known as bulk ferromagnet of organic radical spins'®'". The temperature and the
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Figure 2. The temperature and the magnetic field dependences of the heat capacities of the series of bi-layer
compounds. Temperature dependences of heat capacity of three bi-layer compounds of (a) (Et-4BrT)
[Ni(dmit),],, (b) (Et-2I-5BrP)[Ni(dmit),],, and (c) (Et-2,5-DBrP)[Ni(dmit),],. The magnetic heat capacities

are shown in the same plot. The electronic contributions of the specific heat obtained by subtracting the lattice
contributions for (d) (Et-4BrT)[Ni(dmit),],, (e (Et-21-5BrP)[Ni(dmit),],, and (f) (Et-2,5-DBrP)[Ni(dmit),], are
also shown. The colored arrows show the peak position of the magnetic heat capacity and the black arrows show
the tendency of the peak shift with the increase of the magnetic field. The tendency in (Et-4BrT)[Ni(dmit),],
and (Et-21-5BrP)[Ni(dmit),], demonstrates that the ferromagnetic features exist.

magnetic field dependences of the heat capacities of two other compounds with less asymmetric cations X = Et-
21-5BrP and Et-2,5-DBrP are compared in Fig. 2b,c. (Et-21-5BrP)[Ni(dmit),], shows an increase of C, below
2 K and (Et-2,5-DBrP)[Ni(dmit),]* shows a peak at 0 T. The lattice heat capacity of these magnetic compounds
are evaluated based on the data of similar bi-layer compound (Me-3,5-DIP)[Ni(dmit),],, where Me-3,5-DIP is
methyl-3,5-diiodopyridinium, which have non-magnetic and the metallic character in this temperature region.
The details are given in supplementary information. The magnetic heat capacities obtained by subtracting the
lattice contributions for (Et-4BrT)[Ni(dmit),],, (Et-2I-5BrP)[Ni(dmit),],, (Et-2,5-DBrP)[Ni(dmit),], are also
shown in Fig. 2d, e, and f, respectively. We could not observe a peak structure in the experimental region down
to 0.7 K for X = Et-21-5BrP as is shown in Fig. 2e but the magnetic field dependence distinctly suggests that the
transition should exist at lower temperatures. The emergence of the broadened peaks under magnetic fields above
1 T for (Et-21-5BrP)[Ni(dmit),], reflects the entropy shift to the higher temperature side by applying magnetic
fields just as the case for (Et-4BrT)[Ni(dmit),],. This result implies that the ground state of this compound is
also ferromagnetic state. On the other hand, (Et-2,5-DBrP)[Ni(dmit),], shows a complicated magnetic field
dependence. The change of peak shape of C, by applying magnetic field reveals that the magnetic transition is
an antiferromagnetic one, since the peak shape keeps sharp and shifts to lower temperature in the higher mag-
netic field region above 3 T. However, data at the lower fields show complicated behavior demonstrating that the
ferromagnetic and the antiferromagnetic components compete each other in the compound. The difference of
the magnitude of dipole moments of counter cations and possible electrostatic energy induced in the acceptor
layers are shown in Fig. 3a.

The peak shape of the magnetic heat capacity, C,at 0.1 T, 0.5 T, 1.0 T and 2.0 T obtained by subtracting the
lattice part shown in Fig. 2d are compared with the Schottky peaks in the same magnetic fields in Fig. 3b. The
broadened peak shape of the present compound under magnetic fields is different from the typical Schottky
anomalies. In Fig. 3¢, we also show the magnetic field dependence of the peak temperature, T, of heat capac-
ity divided by temperature of (Et-4BrT)[Ni(dmit),],. The shift of the peak is larger than that expected for the
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Figure 3. Molecular structures of counter cations of the series of bi-layer compounds and magnetic and
thermal properties of (Et-4BrT)[Ni(dmit),], (a) The schematic view of the molecular structure of polarized
cations. The red arrows indicate the direction of the dipole moments, and the calculated electrostatic potential
values in the layer A produced by the aligned cations are given in the figure. (b) The electronic heat capacity
under magnetic field of 0.1 T, 0.5 T, 1.0 T and 2. 0 T (filled circles), compared with the simulated Schottky heat
capacity under the same magnetic fields (0.5 T, 1.0 T, and 2.0 T) (solid lines). (c) Magnetic-field dependence
of the heat capacity peak (T,) compared with the paramagnetic case represented by Schottky heat capacity
(black line). The inset shows the magnetization curves between -100 Oe and 100 Oe at 0.5 K, 1.6 K, and

2.0 K. (d) Temperature dependence of magnetic entropy of (Et-4BrT)[Ni(dmit),], derived from the magnetic
heat capacity. The inset shows the magnetization curve at 0.5 K which shows ferromagnetic saturation of the
magnetization. The black solid curve in the inset is the Brillouin function expected for the case of paramagnetic
case. (e) Temperature dependence of magnetic susceptibility of (Et-4BrT)[Ni(dmit),],.The inset shows the
temperature dependence of magnetization. The external fields are 10 Oe, 100 Oe, and 1 kOe.
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Figure 4. The angular dependence of the g-value. The g-value anisotropies of (Et-4BrT)[Ni(dmit),], in the layer
(a) be-plane and (b) a*c-plane measured from the angular dependence of ESR at 4 K. The a*-axis is the axis
perpendicular to the bc-plane. The insets show the relations between the observed principal axes of the g-tensor
and the molecular arrangements of the dimer in layer A and B. The principal axes (g0 gmid and gmin) coincide
with the short, long and vertical axes of the dimer in layer A, respectively.

Schottky heat capacity expected for the Zeeman splitting of S=1/2 paramagnetic spins. These results also sup-
port the ferromagnetic ground state of this compound. The temperature dependence of the magnetic entropy
evaluated by subtracting lattice heat capacity is shown in Fig. 3d. Although the absence of data at the lowest
temperature region below 0.6 K contains ambiguity, it reaches to 74% of 1/2RIn2 at 6 K which means that nearly
half spins are involved in the long-range ferromagnetic ordering.

The formation of the ferromagnetic long-range order can also be confirmed from the magnetization measure-
ments in the *He temperature region. Figure 3e shows the temperature dependency of the magnetic susceptibility
of (Et-4BrT)[Ni(dmit),], in a y versus T plot. Those of magnetization per formula unit are shown in the inset of
Fig. 3e. The data obtained at 1 kOe reproduces well the already published data obtained by SQUID measurements
above 2 K. The previous data by Kusamoto et al. in Ref.!” have suggested a small ferromagnetic component at
low temperatures, although the antiferromagnetic-type interactions in Mott insulating states that are dominant
at high temperature region. Kusamoto et al. reported that the antiferromagnetic component is arisen from rela-
tively strong interaction in the layer B and the ferromagnetic one comes from the interactions of localized spins
in the layer A. From the low temperature susceptibility and the magnetization between 0.5 K and 2 K obtained
at weak field of 10 Oe, 100 Oe, and those obtained between 0.5 K and 5 K at 1kOe shown Fig. 3e, we can notice
of a drastic increase of the magnetization around 1 K corresponding to the temperature of the sharp peak in the
heat capacity data. This result ensures that the bulk ferromagnetic transition certainly occurs in this compound.
The magnetization versus magnetic field (M-H) curve at the lowest temperature of 0.5 K plotted in the inset of
Fig. 3d shows an abrupt increase of the magnetization at the low-field region and saturation above 500-1000 Oe.
The increase is sharper as compared with the feature of the Brillouin function for S=1/2 especially in the low field
region. In the inset of Fig. 3 ¢ we show the M-H curves between —100 Oe and 100 Oe obtained at 0.5 K, 1.6 K,
and 2.0 K in the same plot. The M-H curves at paramagnetic region of 1.6 K and 2.0 K show almost linear and
have smaller absolute values of M. However, that obtained at 0.5 K show an abrupt increase of M in the low field
region below + 100 Oe characteristic of the ferromagnetic materials. The hysteresis cannot be observed within the
experimental resolution of + few Oe. Since the magnetic field in this experiment is applied by a superconductive
magnet, we do not have enough resolution for the lower field region in the present set up. In the case of p-NPNN,
the magnitude of the hysteresis is smaller than + 10 Oe'®. Another organic ferromagnet, TDAE-Cy,, where TDAE
is tetrakis(dimethylamino)ethylene do not show any hysteresis despite that its T is 16 K*°. Relatively soft fer-
romagnetic in the present compound seems to be a common feature for organic ferromagnets.

The saturation value of the magnetization at 0.5 K shown the inset of Fig. 3d reaches to 0.5 y per Ni(dmit),
dimer, which means that nearly half of S=1/2 spins are involved in the ferromagnetic ordering. This is consistent
with the feature of magnetic entropy of the spins shown in Fig. 3 d. Considering the low dimensional short-range
feature existing at higher temperature than T, the value of the entropy of 74% of 1/2RIn2 at 6 K is consistent
with the model that the nearly half of n-electron spins in the whole crystal are related to the transition. The con-
sistency of the saturation value of the magnetization and the spin entropy means that the ferromagnetic order
of m-electron spins occurs either one of the two layers, probably in the layer A, of the bi-layer compound. The
magnetic entropy in other two compounds also reveals the bulk nature of the transition by analyzing the heat
capacity data shown in Fig. 2b,c. The temperature dependences of magnetic entropy for these compounds are
shown in Fig. S3 in the supplementary information.

In order to confirm the origin of the nearly one-half magnetization and the spin entropy, electron spin reso-
nance (ESR) measurements using a single crystal are performed at 4 K. The ESR signal of the Ni(dmit), dimer
with §=1/2 generally shows an anisotropic g-value where the principal axes of the g-tensor coincide with the
molecular axes of the dimer. The angular dependence of g-value in the bc- and a * c-planes are shown in Fig. 4a,b
respectively. A relatively large anisotropy of the g-value is observed for each plane, and the principal axes of the
g-tensor corresponds well with the dimer arrangement of layer A. These results clearly confirm that the spin
origin of the low temperature ferromagnetism is from the layer A and not from layer B.
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Discussion

The realization of bulk ferromagnetic transition in the dimer-Mott compounds is unusual in terms of elec-
tron correlations, since they usually have rather strong antiferromagnetic interaction dominated by the on-site
Coulomb repulsion in 2D or quasi-1D structure. The topics related to the unconventional superconductivity,
spin liquids?*~*, and the quantum charge glasses®* etc. produced by m-electrons in organic charge transfer com-
plexes are dominated by antiferromagnetic interactions in Mott-Hubbard systems. The ferromagnetic moments
accompanied by spin canting in the antiferromagnetic ordering was observed in k-(BEDT-TTF),Cu[N(CN),]
CI%, but its magnetization value is quite small and is usually less than 0.05 p while entropic contribution for
ferromagnetic ordering is almost negligible. This is in fine contrast with the present case where bulk transition
ensured by entropic analysis as is in radical magnets certainly occurs. We believe that the bulk ferromagnetic
transition observed here can be considered as a manifestation of the subtle doping effect in dimer-Mott insulators.
The important factor is the net polarization in the cations layers as was compared in Fig. 3a. The polarization
P directed towards the layer B from both sides can produce a kind of hole-doped and electron-doped situa-
tions in the layers A and B, respectively, as is realized in FET devices. Such an electric-field-effect provided by
the molecular dipole moment has been utilized for photo-induced superconducting transition'>'®. The carrier
control for the surface area of organic Mott insulating state was realized by the fabrication of FET structure in
a typical dimer-Mott compound of k-(BEDT-TTF),X, and they reported the appearance of doping-induced
superconductivity'?. The unusual transport features probably related to the polarization induced doping in the
similar-type bi-layer compounds with TTF analogous donors were also reported for (TTF);(PO-CON(CHj;)
C,H,S05),%, kiy-(DMEDO-TSeF),[Au(CN),](THF)¥, and k-p”-(BEDT-TTF),PO-CONHC,H,SO;%. In the latter
two bi-layer compounds, the value of charge imbalance between two different layers were evaluate as Ap=0.025,
and Ap=0.08 from the size of Fermi surface detected by Shubnikov-de Haas oscillation analyses.

The quantitative comparison of the magnitude of dipole moments and electrostatic field produced by the
counter cations for the present systems are shown in Fig. 3a. (Et-4-BrT)[Ni(dmit),], has largest dipole moment
0f 4.80 D that produces an effective electrostatic potential of 0.85 eV for the layer A according to the calculation
method by Suda et al.?’ The value decreases systematically from (Et-4-BrT)[Ni(dmit),], to other two compounds
with less asymmetric structures in Et-2I-5BrP*, Et-2,5-DBrP*. Although the latter two cations have almost similar
dipole moments, the calculated electric field taking account of the polarization direction gives the values shown
in Fig. 3a which is consistent with the magnetic feature in the n-electron layers. The doping level in the present
compounds are evaluated as 2.1% for Et-4-BrT compound, 1.6% for Et-2I-5BrP, and 1.1% for Et-2,5-DBrP com-
pound referring the charge imbalance values in Ref.?®. We assumed that the magnitude of electrostatic potential
calculated from the dipole moment of the counter ions are proportional to the doping rate. The compounds
reported in Ref.?® has much larger dipole moments and consequently the electrostatic potentials to make charge
imbalance are reported as 3.2 eV and 7.7 eV which is one order larger than the current complexes. The metallic
conductivity in the layers may also give different situation from the present system. Furthermore, the Coulomb
screening due to the delocalized character of m-electrons in the molecular orbitals is not taken into accounts in
this calculation and therefore the values of the doping rate may be overestimation. The direct evaluation of the
exact rate is required. However, the existence of small doping and systematic change of the physical properties
appears concomitantly with the magnitude of electrostatic potential should be intrinsic for this system. The
decrease of the polarization results in the suppression of ferromagnetic behavior and the ground state changes
to the original antiferromagnetic feature as in the case of X = Et-2,5-DBrP compound.

It is known that small amount of carrier doping in Mott insulating system may produce a kind of ferromag-
netic feature around the electrons/holes as is discussed in extremely light doped region of La, ,Sr,CuO, (LSCO)
system®. However, the carrier doping induced by the substitution of metal cations with different valences and
sizes produces a local disorder to make a kind of glassy state. It is really the case in spin glass region of LSCO
where the net antiferromagnetic interaction is disordered by the appearance of local ferromagnetic interactions.
The ordered arrangement of the polarized cations in the present compounds can, on the other hand, produce
homogenous electric fields in the Mott insulating layer and induce such a drastic ground state change in a bulk
level, although the doping amount may be extremely small in this case. Theoretically predicted ferromagnetism
of Nagaoka’ and Penn® seems to be applicable in this quite lightly doped situation. These models treated an
extreme case and their realization has been believed to be difficult in real materials, because the replacement of
constitutive elements or ions always induce potential disorder and spin-glass features as in the case of LSCO™.
However, the net polarization effect from the counter cation layers can realize homogeneous influence through-
out the m-electron layer. The molecular hybrid system like the present bi-layer compounds may give suitable
stage for attaining the situation expected for Nagaoka—Penn ferromagnetism. The extremely soft nature of the
ferromagnet suggests an absence of apparent magnetic anisotropy, which may be related to the quantum nature
of such ferromagnetism.

In accordance with this doping scenario, it is expected that the further doping by utilizing counter cations
with larger dipolar moments can change the ferromagnetic ground state to a metallic state. As a matter of fact, in
(Me-3,5-DIP)[Ni(dmit),], of which counter cations have larger dipole moment of 7.22 D as is shown in Fig. 3a
gives a metallic ground state'®. The alignment of this large dipole moment induces an electronic potential of
2.13 eV which is 2.5 times larger than 0.85 eV for (Et-4-BrT)[Ni(dmit),],. The increase of the net polarization
induces mobile carriers in the Mott insulating layer, and the system transforms into a metallic state in effectively
half-filled states. The results of the heat capacity measurements of (Me-3,5-DIP)[Ni(dmit),], shown in Fig. 5.
This compound does not show long-range magnetic transition but gives typical feature of metallic system. The
C,T " versus T* plot shows a linear relation with a finite electronic heat capacity coefficient y at low temperature
region. The y value determined by linear extrapolation gives an anomalously large value of 60 mJK™2 mol™.
Kosaka et al. claimed in Ref.'® that one layer retains Mott insulating character with localized spins but the other

Scientific Reports |

(2021) 11:1332 | https://doi.org/10.1038/s41598-020-79262-6 nature research



www.nature.com/scientificreports/

400||||

p
—_
o
S
1
a

c0T=3T+8T| 1

0 I I I I
0 2 4 6 8 10

T2 (K2)

Figure 5. Temperature and magnetic field dependences of the heat capacity of (Me-3,5-DIP)[Ni(dmit),],.
Temperature dependences of the heat capacity of (Me-3,5-DIP)[Ni(dmit),], obtained at 0, 3, 8 T shown in C,T -1
versus T2 plot. Owing to the increase of doping, the compound shows typical metallic feature expressed by the
electric contribution (yT ) and the lattice contribution (8T 3).

layer gives conductive properties in this compound. Considering this situation, the effective y of the metallic
layers should be twice as large as the experimental value which is extraordinary larger as molecular conductors.
The value is larger than y=55 mJK=2 mol™ of k-(BEDT-TTF),Hg, ,sCl; which gives probably the largest y among
Kk-type metallic compounds®’. It is natural to connect this larger electronic heat capacity to the ferromagnetic
spin fluctuations which enhances the electronic heat capacity as is discussed in intermetallic compounds such
as Sclns, ZrZn, etc.’? The magnetic fields dependence observed in rather high magnetic fields of 3 T and 8 T can
be explained by the fluctuations of itinerant electrons.

Since the bulk ferromagnetic state of (Et-4-BrT)[Ni(dmit),], is realized by the extremely light doping in a Mott
insulating state, it should gradually change into an itinerant electronic state also by applying pressure through
the band width control mechanism. In fact, Kusamoto et al. performed resistivity measurements under various
external pressures and reported gradual appearance of conductive properties as is reported in the supplementary
information of Ref."”. This feature is reproduced in the present sample also as is shown in the Fig. S10 in the
supplemental information of this paper. The ground state in the high-pressure region gradually changes from
insulating state to conductive state. To confirm the phase relation around the ferromagnetic ground state in the
Mott insulating region, high-pressure heat capacity measurements for (Et-4-BrT)[Ni(dmit),], were performed by
low temperature ac calorimetry technique for a pellet sample of 230 ug. The higher temperature tail of the heat
capacity peak was clearly observed by the high-pressure calorimeter at ambient pressure as is shown in Fig. 6.
We observed the peak structure is quite sensitive to the external pressure, and it is gradually suppressed with the
increase of pressure. Results of external pressure dependences of the heat capacity measurements demonstrate
that the ferromagnetic state is certainly suppressed by hydrostatic pressure. Above 1.0 GPa, the system turns into
a non-magnetic state without any thermal anomaly within the experimental resolution and have finite y term
because it gives constant shift in C,4T . This feature is consistent with the transport measurements in that the
hydrostatic pressures higher than 1.0 GPa leads the system to a metallic state'”. It should be mentioned that the
changes in electronic feature produced by the carrier doping and the pressure effects should be different, but the
results of the high pressure heat capacity certainly demonstrate that the system is Mott insulating state located
very close to the anomalous metallic phase as in organic dimer-Mott compounds. The feature of conductive states
should contain further fascinating possibility to give ferromagnetic fluctuations in metallic states.

Summary

In summary, we report the discovery of a novel type of ferromagnet in the bi-layer n-electron Mott insulating
compounds with polarized cations from the results of heat capacity, magnetization, and ESR measurements. Since
the molecular ferromagnets are usually designed by adjusting the overlap of molecular orbitals according to the
McConnel’s mechanism as was realized in p-NPNN and other radical-based compounds?®, the present mecha-
nism may give new strategy for designing ferromagnets in molecular compounds. The subtle but homogeneous
doping through polarization of cation-layer can give new approach not only in designing ferromagnets but also
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Figure 6. Pressure dependence of the heat capacity peak of (Et-4BrT)[Ni(dmit),],. Pressure dependence of
the heat capacity of (Et-4BrT)[Ni(dmit),], obtained under pressure up to 1.0 GPa. The magnetic ordering of
localized mt-electrons on dimers is suppressed by pressure and gradually changes to the metallic ground state
with the increase of external pressure.

in designing superconductor with doped-Mott compounds. It may also lead to further possibility to produce
magnetic superconductor where ferromagnetic fluctuations are important.

Methods

Preparation of single crystal samples. The single crystals of series of the bi-layer anion radical salts,
X[Ni(dmit),], (X=Et-4BrT, Et-21-5BrP, Et-2,5-DBrP, and Me-3,5-DIP ), were synthesized according to the pro-
cedure reported in Refs.!>"'7. It was confirmed that the crystals obtained in the same batch show same physical
properties reported in the references.

Heat capacity measurements. Low-temperature heat capacity measurements were performed by a ther-
mal relaxation calorimeter constructed for measuring single crystal samples weighing about 10'-3ug. The system
is custom-made one developed by the Osaka university group. The heat capacity under applied pressures were
performed by ac calorimetry technique using a standard clump type pressure cell made of Cu-Be alloy with
dapheni 7373 oil as a pressure medium. The details of the apparatus and analytic methods are given in the sup-
plementary information.

ESR measurements. ESR measurements using a single crystal were performed by a conventional X-band
ESR spectrometer (JEOL JES-RE3X) equipped with a He-flow cryostat (Oxford Instruments). The sample was
mounted on a quartz rod using a silicone grease, and the angular dependence of ESR was performed by rotating
the quartz rod in the vertical direction of the applied magnetic field.
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