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(DMET),MBry; (M = Fe, Ga) are isostructural organic conductors whose crystal structure consists of an alternate
stacking of quasi one-dimensional chain-based donor layers and anion square lattices. The resistivity, ESR, magnetic
susceptibility, magnetization, and magnetoresistance of these salts were investigated in order to clarify the correlation
between the electronic structure and the magnetism. The electronic structures of both salts are metallic down to
Twi ~40 K, below which a Mott insulating state is stabilized, accompanied by an SDW transition at Tspw ~25 K.
The FeBry salt with Fe’* (S = 5/2) localized spins undergoes an antiferromagnetic transition at Ty = 3.7 K. In the
FeBry salt, the magnetization curves, which show field-direction-dependent anomalies in addition to a spin-flop transi-
tion, are demonstrated to have a participation of donor 7r-electron spins in the magnetization processes. The field de-
pendence of the magnetoresistances below Ty tracks faithfully that of the magnetization, where the donor 7-electrons
and Fe** d-electrons are responsible for the former and the latter, respectively. This clearly demonstrates the presence
of the 71—d interaction that plays an important role in the interplay between electron transport and magnetism.

Since the discovery of the first one-dimensional (1D) organ-
ic metal, TTF-TCNQ, organic molecular conductors composed
of TTF derivatives have drawn much attention in solid state
physics and chemistry. These 7r-electron systems form a large
variety of electronic structures among the metallic state,
charge density wave (CDW) state, spin density wave (SDW)
state, Mott insulating state, and superconducting state. This di-
versity comes from competition between the transfer integral,
the on-site Coulomb interaction, and the electron—phonon in-
teraction in low-dimensional frames.""> In order to elucidate
the origin of these solid state properties, extensive studies have
been carried out, mainly on two families of compounds. The
first family is TMTSF (tetramethyltetraselenafulvalene) salts
belonging to a quasi-1D electronic system, such as
(TMTSF),PFg, while the second one is BEDT-TTF (bis(ethy-
lenedithio)tetrathiafulvalene) salts, which are featured with
quasi-2D one. Despite the difference in the dimensionality
of their electronic structures, the phase diagrams of these
two typical organic metals and superconductors share similar
features.

Besides the electronic properties, magnetism is another at-
tractive subject in organic molecular conductors. For instance,
the introduction of localized d-electrons into organic conduc-
tors provides new aspects in low-dimensional conducting
systems. The localized d-electrons play a role of magnetism
and are expected to interact with the 7-electrons in low-di-
mensional organic conductors. Based on this viewpoint, there
have been attractive interests in designing new organic con-
ductors containing localized magnetic moments.>"'3 Quite re-
cently, magnetic-field-induced superconductivity was found,
in which interactions between conducting 77-electrons and lo-
calized magnetic d-electrons (77-d interaction) played an im-

portant role.!>!3

The aim of the present work is to study the interplay be-
tween the conducting 7r-electrons and the localized magnetic
d-electrons in organic magnetic conductors. According to this
motif, we employ DMET (4’,5’-dimethyl-4,5-(ethylenedithio)-
1’,3’-diselena-1,3-dithiafulvalene)'* as a donor molecule and
MBry; (M = Fe, Ga) as counter anions, where the localized
magnetic moments of Fe3* (§ = 5/2) ions are incorporated
into the 7T-electron network of DMET. The GaBry salt, which
is composed of diamagnetic anions (S = 0), can be treated as a
reference material to investigate the properties of 7r-electron
carriers and to estimate the effect of the 77-d interaction of
the FeBry salt.

DMET is an unsymmetrical donor regarded as a hybrid be-
tween TMTSF and BEDT-TTF (Fig. 1(a)). According to its
hybrid nature, DMET compounds provide a large variety of
properties arising from its wide range of dimensionalities from
1D to 2D nature. For example, DMET salts with octahedral
anions, such as PF, form quasi-1D conductors and are semi-
conducting even at room temperature.'> Salts with linear an-
ions, such as [Au(CN),]™, I3, and [AuBr;]™, provide various
electronic properties from insulating to superconducting.'®!’
Salts with tetrahedral anions, for example (DMET),BF, and
(DMET),ClQy4, form the ‘“double-column’ structure, which
has not been found either the TMTSF family or the BEDT-
TTF family, where these DMET salts have two types of donor
columns elongated along the a and b-axes of the crystal
lattice.'®!®  These salts with tetrahedral anions undergo me-
tal-insulator transitions at between 30 and 40 K, whose insulat-
ing states consist of multiple phases.”’ As the title compounds,
(DMET),MBr4; (M = Fe, Ga), contain tetrahedral anions, they
are also expected to belong to the same group as to
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Fig. 1. (a) Molecular structures of the DMET donor and the
FeBr, anion with the labeling of the atoms at room
temperature. The atom labeling with asterisk indicates
crystallographic equivalent atoms, which are plotted by
symmetry operation (1 —x, y, —z+ 0.5). (b) The crystal
structure of (DMET),FeBr,. Cross sectional views of do-
nor and anion layers are also drawn. Solid lines in the
both figures denote close intermolecular Br--S and Br-Br
contacts.

(DMET),BF,, (DMET),Cl04, which exhibit wealthy 7-elec-
tron properties.?!??

We are interested not only in the properties of 7-electron
systems, but also in the interplay between the conduction 77-
electrons and the localized magnetic d-electrons. In the pre-
sent paper, we report on the results of the crystal structure,
the band structure, the electrical resistivities, ESR, the mag-
netic susceptibilities and the magnetoresistance in order to un-
derstand systematically the electronic and magnetic properties
of (DMET),MBry (M = Fe, Ga).

Experimental

Single crystals of (DMET),FeBry and (DMET),GaBr, were
prepared by the electrochemical oxidation of DMET (5-15 mg)
in chlorobenzene (15 mL), using (BusN)FeBrs or (BusN)GaBry
(2040 mg) as a supporting electrolyte, under an argon atmo-
sphere at room temperature. A constant current of 0.25 LA was
applied for 7-14 days. The typical size of the obtained plate-
shaped crystals was 0.7 x 0.7 x 0.1 mm?> for both salts.

The crystal structures were determined using a Rigaku AFC-7R
four-circle X-ray diffractometer with Mo Ko radiation at room
temperature. The intensity data were collected in the range of
26 = 5 to 55°, and the absorption effect was corrected empirically
(-scan method).”? The reflections that satisfy |Fo|> > 20(|F,|%)
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Table 1. Crystallographic Data of (DMET),MBr, (M = Fe, Ga)

(DMET),FeBry (DMET),GaBry
Chemical formula CyoHy0SgSesFeBry  CyoHp0SgSesGaBry
Formula weight 1208.18 1222.04
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
alA 10.536(5) 10.541(13)
b/A 9.183(2) 9.186(5)
c/A 34.601(15) 34.583(14)
Bl° 94.17(4) 94.12(6)
VIA3 3339(2) 3340(5)
Z 8 8
D./g-cm™3 2.404 2.430
Radiation Mo (Ka) Mo (K@)
Wavelength/A 0.71069 0.71069
Temperature/K 298 298
Independent reflcns 2886 3263
Observed reflcns 2157 2967
(>20(D))
R, Ry 0.062, 0.155 0.10, 0.258

were used for further analysis. The structures were solved by di-
rect methods, and refined on |F|? with a full-matrix least-squares
method using SHELX programs.>* Anisotropic temperature fac-
tors were used for all non-hydrogen atoms. The hydrogen atoms
were placed at geometrically-calculated positions and refined
isotropically. The crystallographic data and final R-factors are
listed in Table 1. Crystallographic data have been deposited at
the CCDC, 12 Union Road, Cambridge CB2 1EZ UK and copies
can be obtained on request, free of charge, by quoting the publica-
tion citation and the deposition numbers 204409-204410. X-ray
oscillation photographs were taken in the temperature range 16—
300 K using a Weisenberg-type imaging plate (MAC Science
DIP320) equipped with a closed-cycle helium refrigerator (DAI-
KIN Co. V202C5LZR) and monochromatic Mo Ko X-ray radia-
tion supplied by a 15 kW-rotating anode. The single crystal
was mounted with Apiezon-T grease on a sapphire rod attached
to a copper cold finger of a closed-cycle refrigerator.

The transfer integrals between donor molecules and the energy
band structure at room temperature were calculated based on the
tight-binding approximation using the extended Hiickel para-
meters2® for the FeBr, salt.

The electrical resistivities for both salts were measured by a DC
four-probe technique under ambient pressure in the temperature
range of 1.5-300 K. The magnetic susceptibilities and magnetiza-
tion curves were measured with a SQUID magnetometer (Quan-
tum Design MPMS-7) in the temperature range of 1.8-300 K un-
der a magnetic field of up to 7 T. The spin susceptibilities were
obtained after subtraction of the Pascal diamagnetic contribution
of Xga = —5.28, and —5.26 x 10™* emu/mol for the FeBr, and
the GaBry salts, respectively, from the observed suscep-
tibilities.”® ESR measurements for both salts were carried out
with a single crystal, using an X-band ESR spectrometer (JEOL
JES-TE200) with a He cryostat (Oxford ESR910) in the tempera-
ture range 3.5-300 K. A single crystal was mounted on a Teflon
rod, and sealed in a sample tube with thermal exchange gas (He 15
Torr). The magnetoresistances for the FeBry salt were measured
using a 15-Tesla superconducting magnet (Oxford Instruments) in
the temperature range of 1.6-4.2 K.
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Table 2. Atomic Parameters of (DMET),FeBrs (see Fig.
1(a) for the atom indices)
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Table 3. Bond Lengths and Angles of (DMET),FeBr, (see
Fig. 1(a) for the atom indices)

Atom x/a v/b z/c Uey/ A2
Fe 0.5000 0.1846(2)  0.2500 0.0243(5)
Brl  0.32529(14)  0.03692(17) 0.26038(4) 0.0507(4)
Br2  0.54891(18)  0.32879(18) 0.30424(5) 0.0615(5)
Sel  0.44436(12)  0.22900(14) 0.46167(3) 0.0345(3)
Se2  0.26210(12) —0.02386(13) 0.48561(3) 0.0332(3)
S1 0.5112(3) 0.2948(3)  0.55494(8) 0.0335(7)
S2 0.3407(3) 0.0627(3)  0.57741(8) 0.0329(7)
S3 0.5954(3) 0.3841(4)  0.63389(9) 0.0429(8)
S4 0.3889(4) 0.1040(4)  0.66148(9) 0.0420(8)
C1 0.3839(14) 0.1670(17)  0.3823(3)  0.046(3)
2 0.2004(13)  —0.0900(16)  0.4057(4)  0.045(3)
C3 0.3574(12) 0.1186(14)  0.42193)  0.035(3)
C4 0.2809(12) 0.0097(12)  0.4323(3)  0.032(3)
Cs 0.3750(11) 0.1273(12)  0.5020(3)  0.027(2)
c6 0.4058(11) 0.1589(12)  0.5400(3)  0.029(2)
c7 0.5023(12) 0.2666(12)  0.6043(3)  0.033(3)
C8 0.4215(12) 0.1600(12)  0.6148(3)  0.031(3)
9 0.5860(15) 0.3019(16)  0.6803(4)  0.052(4)
C10  0.4496(16) 0.2615(15)  0.6892(4)  0.052(4)

a) Displacement parameter Ueq is defined on the basis of the
following equation: Ueq = (1/3) 3", )", UjjaaTaa;.

Results

Crystal Structure. In this section, we focus on the crystal
structure of (DMET),FeBry, since that of the GaBr, salt was
found to be isostructural, as shown in Table 1. The atomic co-
ordinates with thermal parameters are summarized in Table 2
and the intramolecular distances and bond angles are given in
Table 3, where the molecular structure and the atom indices
are shown in Fig. 1(a). The crystal structure shown in Fig.
1(b) is characterized with an alternating stack of DMET donor
sr-electron conducting sheets and MBry anion sheets. The unit
cell contains eight DMET donor and four MBry molecules.
DMET donors are arranged in a face-to-face manner in the
ab-plane to form a 2D sheet consisting of 1D backbones, while
MBry anions form a 2D deformed-square lattice in the ab-
plane. For the FeBry salt, the interaction network formed with
Br--Br atomic contacts (3.883(3) A) between adjacent FeBry
units is featured with a Fe3* (S =5/2) magnetic square
lattice. Moreover, because the shortest inter-atomic distance
between S and Br (3.764(4) A) is comparable to the sum of
the corresponding van der Waals distances (3.65 A), inter-
plane interactions with considerable strengths between the
DMET donors and FeBr, anions are expected.

The donor molecules form columns, which are extended
along the a + b and a — b directions on adjacent donor layers,
as exhibited in Fig. 1(b) with cross-sectional views parallel to
the ab-plane. Therefore, the crystal structure of this compound
is featured by the “double-column” structure, similar to that of
the BE, and ClO, salts.'®!® However, the detailed situation of
the donor stacking is somewhat different between this com-
pound and the BF, and ClOy salts. A comparison of the donor
arrangements shows that this compound has equivalent trans-
fer integral networks between adjacent donor layers, whereas
different types of donor networks feature the BF,; and ClO4

Bond length/A

Fel-Br2 2.323(2) S3-C7 1.740(13)
Fel-Brl 2.335(2) S3-C9 1.784(14)
Sel-C5 1.872(10) S4-C8 1.753(12)
Sel-C3 1.892(13) S4-C10 1.825(15)
Se2-C5 1.888(11) C1-C3 1.487(16)
Se2-C4 1.896(12) C2-C4 1.513(18)
S1-C6 1.724(12) C3-C4 1.349(18)
S1-C7 1.737(11) C5-C6 1.363(15)
S2-C8 1.742(12) C7-C8 1.364(16)
S2-C6 1.747(12) C9-C10 1.54(2)
Bond angle/®

Brl-Fel-Br*1 108.97(12) C2-C4-Se2 113.509)
Br1-Fel-Br2 109.74(6) C6-C5-Sel 122.3(9)
Brl-Fel-Br*2 108.91(7) C6-C5-Se2 123.2(8)
Br2-Fel-Br*2 110.55(13) Sel-C5-Se2 114.5(5)
C5-Sel-C3 94.6(5) C5-C6-S1 123.109)
C5-Se2-C4 93.7(5) C5-C6-S2 121.909)
C6-S1-C7 96.1(6) S1-C6-S2 115.0(6)
C8-S2-C6 95.4(6) C8-C7-S3 128.7(9)
C7-S3-C9 101.6(6) C8-C7-S1 116.6(9)
C8-S4-C10 99.6(6) S$3-C7-S1 114.7(7)
C4-C3-Cl 128.5(12) C7-C8-S2 116.8(9)
C4-C3-Sel 118.1(9) C7-C8-S4 128.6(9)
C1-C3-Sel 113.4(10) S52-C8-S4 114.6(6)
C3-C4-C2 127.3(12) C10-C9-S3 113.3(10)
C3-C4-Se2 119.1(9) C9-C10-S4 112.5(10)

salts. The transfer integral network in the donor sheet in the
ab-plane is shown in Fig. 2(a). An estimation of the transfer
integrals with the extended Hiickel method provides
ay =34.35, a, =32.20, p=4.45, g =4.44, and r = 3.16 X
1072 eV.?’ The intra-chain transfer integrals (a; and a,) are
almost equivalent (a;/a, = 1.07) to the strengths, which are
almost one order of magnitude larger than those of the inter-
chain transfer integrals (p, ¢, and r; the side-by-side atomic
contact origin). Figure 2(b) shows the band structure and
the Fermi surfaces calculated with the tight-binding method.
The result suggests the presence of quasi-2D semi-metallic
features with small Fermi surfaces, where the 2:1 donor/anion
ratio gives the 3/4-filled band structure.

Properties of m-electron Systems. First, we performed
six-terminal-transport measurements on a sample at room tem-
perature in order to obtain information about the c-axis/ab-
plane resistivity anisotropy.?’ According to the analysis pro-
posed by Busch et al.** the anisotropy of the resistivity
(P./Pap) is obtained from the ratio Viep/Vpor,

. L V,
Pe %—arccosh( mp), (1)
D

P, ab bot

where Viop/Viots Ocs Pyp» L, and D denote the ratio of the top
and bottom sides of the voltage signals, the c-axis (/| inter-
plane) resistivity, the ab-plane (I|lin-plane) resistivity, the
length and the thickness of the sample, respectively. In the
present case, Vi, was always under the detection limit of
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Fig. 2. (a) The arrangement of DMET donors projected on
the ab-plane in (DMET),FeBr,. One donor layer, where
the 7-electron conducting chains are extended along the
a + b direction, is focused. The inter-molecular transfer
integrals are as follows; a; = 34.35, a, =32.20, p=
445, g=4.44, and r =3.16 x 1072 eV (Ref. 27). (b)
Band structure and Fermi surfaces of (DMET),FeBry.
Note that the Fermi surfaces on the donor layer adjacent
to the layer shown in the figure are extended along another
diagonal direction of the Brillouin zone since the donor
chains are aligned along the a 4+ b and a — b directions
on adjacent donor layers.

our instrument, suggesting that the anisotropy (p./p0,,) 1s at
least over 300. This large anisotropy indicates that the geome-
try, where the current terminals and voltage terminals were
simply attached on the both surfaces, is appropriate for the
c-axis (I|linter-plane) resistivity measurements. Although this
geometry includes a component of p,, at a point of analysis, it
has been commonly utilized in measurements.

The temperature dependence of the electrical resistivities
for both salts was measured by the DC four-probe technique
in the ab-plane (p,,) and along the c-axis (0,), as shown in
Fig. 3(a). These salts are metallic around room temperature
with p. ~10 Qcm for the inter-plane direction and with
Pup» ~0.001 cm for the in-plane direction. This large aniso-
tropy (0,/ P ~10%) indicates that the probability of 77-elec-
tron hopping events for the inter-plane direction is very
small. The ab-plane resistivity shows an almost similar tem-
perature dependence to that of the c-axis resistivity, although
it often faces resistance jumps, which makes features of the
phase transition ambiguous. These resistance jumps are
caused by thermal-contraction-induced stress on the samples.
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Fig. 3. (a) Temperature dependence of the electrical resis-
tivities of (DMET),FeBr, (A and O) and (DMET),GaBr4
(+ and x) measured in the ab-plane and along the c-axis
at zero magnetic field, where in-plane (p,,) and inter-
plane (p,) resistivities are denoted by A, + and O, X,
respectively. Inset shows Inp vs T~' plot of
(DMET),FeBrs. A solid line represents the resistivity cal-
culated with the mean energy gap of 1.04 x 1073 eV in
the temperature range 1.5-5 K. (b) Numerical derivatives
of the Arrhenius plot of p., d(log p,.)/d(1/T), calculated
from the data in (a) for (DMET),FeBry (O) and
(DMET),GaBry (x). The vertical dotted line denotes
the temperature where the derivatives have maximum va-
lues.

In the present paper, the temperature dependence of the c-axis
resistivities is used for the purpose of discussion due to its bet-
ter quality. With decreasing temperature, the resistivities de-
crease down to about 100 K, and then increase semi-
conductively. To show details about the change in the be-
havior, the numerical derivative of the Arrhenius plot of o,
is presented in Fig. 3(b). One peak is clearly seen at around
~40 K in this plot. Here, it should be noted that both salts
are considered to have the same properties of 7r-electron car-
riers based on the temperature dependence of the resistivity be-
havior, which is consistent with the same crystal structure.
The temperature dependence of the magnetic susceptibility
is shown in Fig. 4 for non-magnetic (DMET),GaBr4 in an ap-
plied field (B =1 T) parallel to the ab-plane, where single
crystals are crystallographically aligned in the measurement.
This salt, where the spin susceptibility comes only from the
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Fig. 4. Temperature dependence of the magnetic suscept-
ibility of the polycrystalline (DMET),GaBr, sample mea-
sured at B = 1 T parallel to the ab-plane, where the c-axes
of all the crystals are aligned to the same direction, the a-
axes being randomly oriented.

mr-electron part, shows a weakly temperature-dependent Pauli
paramagnetic behavior at around room temperature. The abso-
lute value of the susceptibility is in the same range as that of
other metallic compounds in the DMET family.2' The sus-
ceptibility slightly decreases with lowering the temperature
down to 40 K, at which point a slight hump appears. It then
rapidly decreases below this temperature, having a shoulder
at around 25 K. The susceptibility has a finite value even at
T = 0 K, which is ~30% of that at 40 K. The abrupt decrease
in the susceptibility at 40 K, in addition to the Arrhenius plot’s
anomaly in the resistivity, indicates that a metal-insulator (MI)
transition occurs at Ty ~40 K. In consideration of the me-
chanism of this MI transition, the possibility of CDW or
spin-Peierls (SP) transitions is ruled out, since no difference
appears in the X-ray oscillation photographs between above
and enough below Ty (figure not shown).

For elucidating what is the ground state of donor 7-elec-
trons, we measured the ESR spectra of (DMET),GaBry. In
this connection, a comparison of the spin susceptibility
(Xspin) and the ESR line width (AH,,) to those of
(DMET),BF; and (DMET),ClO, is useful,”! because these
salts have similar ““double-column” structures.'®!® The ob-
served ESR signals of these related salts show a Dysonian line
shape at lower temperatures. The asymmetry parameter be-
comes maximum at the temperature where these salts have a
maximum conductivity. However, we always obtain Lorent-
zian peaks for (DMET),GaBry over the whole temperature
range when the DMET conducting donor layers are perpendi-
cular to the electric field of microwaves. On the other hand,
when the DMET conducting donor layers are parallel to the
electric field, we obtain Dysonian peaks below room tempera-
ture (T > 100 K). These findings suggest metallic features of
the donor conducting sheets for this salt. In the later discus-
sion, for simplicity, we employ the ESR results only in the re-
gion where the ESR signal is Lorentzian.

At room temperature, the ESR absorption signals are single
Lorentzian for both in-plane and c-axis directions (AH,, ~16
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Fig. 5. Temperature dependence of the peak-to-peak ESR
line width AHp, (a) and the g-value (b) in the magnetic
field along the a & b direction (O, A, and x) and the c-
axis direction (@) for (DMET),GaBry. The inset in (a)
shows the detailed behavior of AHy, at low
temperatures. The ESR signal along the a & b direction
is split to two Lorentzians below ~100 K. Symbols A
and x represent the results of the two Lorentzian
fittings. The results of the two analyses (single Lorentzian
and two Lorentzians) are shown in the temperature range
80-100 K. The vertical dotted line denotes the tempera-
ture (~40 K), where the g-value and the resistivity show
anomalies.

mT with g ~2.006 along the a & b directions and AH,, ~19
mT with g ~2.023 for the c-axis direction). It is difficult to
exactly determine whether the field is applied along the
a+ b or the a — b direction due to a difficulty to discriminate
between these two directions based on the crystal appearance
for the ab-plane measurement. Below 100 K, the signal is split
to two Lorentzian-type lines for the a &+ b directions, whereas
it remains a single Lorentzian peak in the whole temperature
range for the c-axis direction. The two Lorentzian-type line
shapes are analyzed by the superposition of two Lorentzian fit-
tings which do not interfere with each other. These ESR fea-
tures are associated with the “double-column” stacking nature
of the donors, as discussed later. Figures 5(a) and (b) show the
temperature dependence of the peak-to-peak line widths
(AH,p) and the g-values. For both the a & b and the c-axis di-
rections, AH,,, decreases with a gentle convex curvature with
decreasing the temperature, and is abruptly broadened below
about 25 K, while it is split below ~100 K in the a £ b direc-
tion, as can be seen in the figure. The g-value for the c-axis
direction is almost constant in the temperature range of 40—
300 K, and slightly increases below 40 K (~Tyy). Along
the a + b directions, the g-value is also almost constant in
the temperature range of 100-300 K. However, the splitting
of the g-values clearly appears below 100 K, which can be ex-
plained by a “double-column” structure in the donor system.
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Fig. 6. Temperature dependence of the magnetic suscept-
ibility of (DMET),FeBr, in the applied field of B=1T
parallel to the a- (O) and b-axes (@). The inset shows
the reciprocal susceptibility with the field parallel to the
ab-plane.

The two split g-values are considered to correspond to those
normal to the donor molecular plane (g; ~2.000) and along
the short side direction (g ~2.024), consistent with the donor
configurations in the crystal structure.! These g-values show a
temperature-independent behavior in the temperature range of
40-100 K, and then finally begin to shift to the opposite direc-
tions to each other, resulting in a decrease in the difference of
the split g-values below 40 K.

Properties of m-d Interaction System: (DMET),FeBr,.
Figure 6 shows the temperature dependence of the magnetic
susceptibilities of (DMET),FeBr4 in an applied field (B =1
T) parallel to the a- and b-axes, whose directions were deter-
mined from an X-ray analysis before the susceptibility
measurement. The reciprocal susceptibility vs the temperature
is also plotted in the figure for a field applied in the ab-plane.
The susceptibilities show a Curie—~Weiss behavior in the tem-
perature range of 20-300 K, where the Curie constant is C =
4.4 emu-K/mol and the Weiss temperature is 0 = —6 K. The
observed value of the Curie constant indicates that the magnet-
ism is governed mainly by Fe’* (§ = 5/2) d-electrons. The
Fe* d-electron spins undergo a 3D antiferromagnetic ordering
at Ty = 3.7 K. The susceptibility in the field parallel to the a-
axis approaches zero as the temperature decreases, showing
that the easy-axis is oriented to the ag-axis. This direction cor-
responds to the longer diagonal of the Fe’™ magnetic de-
formed-square lattice. The presence of the antiferromagnetic
transition evidences the important role of the interlayer inter-
actions between the Fe** layers, because no long-range order
exists at a finite temperature in pure 2D Heisenberg antiferro-
magnets, taking into account that the Fe** (S = 5/2) state has
isotropic spins.3! The absence of a short-range order effect in
the susceptibility, which is confirmed by an excellent linearity
in the 1/ vs T plot, even in the vicinity of Ty, also proves that
the interlayer interactions between the Fe’* layers are strong
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Fig. 7. (a) Magnetization curves of (DMET),FeBrs mea-
sured at 7 = 1.8 K in the field parallel to the a- (O) and
b-axes (@). A spin-flop transition is observed at Byq =
2 T when the field is applied parallel to the a-axis. The
magnetization curves are saturated above Bg ~6.5 T.
The solid lines for the a- and b-axes represent the extrapo-
lations of the linear part of the magnetization curves. (b)
The numerical derivatives as a function of applied field,
i.e. the field dependence of the susceptibility. B; and B,
indicate the fields, at which the susceptibilities take peaks
in the a- and b-axis directions, respectively.

enough to give a 3D long-range ordering.

Magnetization curves in the field parallel to the a- and b-
axes at 1.8 K are shown in Fig. 7(a). In the magnetization
curves, a spin-flop transition is observed at Bisg = 2.0 T when
an external field is applied parallel to the g-axis. It should be
noted that the easy-axis (B || a) magnetization curve of the
Fe’* spins is larger than the hard-axis (B || ) magnetization
curve above the spin-flop field Bgs4. In addition to this anom-
aly, the easy-axis magnetization curve is extrapolated to a ne-
gative value at B = 0, and the hard-axis magnetization curve
has a shoulder at around B ~5 T. These features are far from
the behavior of ordinary antiferromagnets. Here, one can see
the anomalies more clearly on the field dependence of the sus-
ceptibilities, as shown in Fig. 7(b). In the a-axis direction, the
first and second anomalies emerge at Bgq =2.0 T and
By =3.5 T, respectively, while one anomaly exists at
B> =5.0 T in the b-axis direction. These anomalies at B
and B, cannot be explained in terms of only the Fe’t (S =
5/2) spins, which strongly suggest that the DMET donor 7-
electron spins importantly participate in the magnetism.

In order to confirm the contribution of the donor 77-electron
spins in the magnetism, the ESR spectra were next measured
for (DMET),FeBr,. The line width is very large (AH,, ~70
mT for the ab-plane direction and AH,, ~100 mT for the c-
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Fig. 8. (a) Field dependence of Ap,,(B)/0,,(0) (OJ and W)
and Ap.(B)/p.(0) (O and @) measured at 7 = 1.6 K.
The calculated results are also shown for the a-axis (A)
and the b-axis (A) (p ~1; see text for the definition of p
in Section Discussion). (b) The numerical derivatives of
the inter-plane magnetoresistance as a function of applied
field. The applied field is parallel to the a-axis (O) and the
b-axis (@). Three anomalies are clearly detected at By q,
B 1, and Bz.

axis direction) even at room temperature, and increases with
decreasing the temperature. The g-values are estimated to
be 2.04 and 2.06 for the ab-plane and c-axis directions, respec-
tively, at room temperature. We also tried to take antiferro-
magnetic resonance, and found an observation difficulty due
to the magnitudes of the exchange interaction and the magnetic
anisotropy, which do not meet the experimental condition in
the X-band ESR region.

The ab-plane/c-axis (in-plane/inter-plane) anisotropy of the
magnetoresistances were measured for (DMET),FeBry in the
field parallel to the a- and b-axes. A six-terminal technique
was employed in the measurements, which have already been
explained. Figure 8(a) represents the field dependence of the
in-plane and inter-plane magnetoresistances measured at
T=16 K (<Tn), which correspond to Ap,(B)/p,(0)
— (P (B) = Pu(0)/0p(©) and  Ap,(B)/0.(0) = {p.(B) -
0.(0)}/p.(0), respectively. In the field along the Fe’* spin
easy-axis direction (B || a), both the in-plane (Ap,(B)/
P.,(0)) and the inter-plane (A p.(B)/p.(0)) magnetoresistances
show anomalous features at B4 and B;. On the other hand, an
anomalous discontinuity appears at B, for the hard-axis direc-
tion (B || b), although it is necessary to take the derivative of
the magnetoresistance for confirming it, as we will see later.
A different behavior between the in-plane and the inter-plane
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magnetoresistances appears in the high-field regime, where
AP.,(B)/ p,,(0) has a negative value up to 15 T with a mini-
mum appearing at around 6—7 T, while Ap.(B)/p.(0) has po-
sitive values above B ~10-12 T. The numerical derivatives of
the inter-plane magnetoresistance as a function of the applied
field are shown in Fig. 8(b). Similar to the field dependence of
the susceptibilities, an anomaly corresponding to the spin-flop
field is observed as the first peak at B4 = 2.0 T, and the other
anomaly as the second peak at B; = 3.5 T for the g-axis direc-
tion, while an anomaly as the first peak appears at B, =5.0 T
for the b-axis direction. It is worth noting here that there is an
excellent correspondence between the magnetization and the
magnetoresistance, where the former and the latter are gov-
erned by the d-electrons and 77-electrons, respectively, demon-
strating the important role of the 77-d interaction.

Here, we estimate the inter-plane carrier hopping frequency
(w,) from the anisotropy of p,,/0., where w, is defined as
the inverse of the time during which one electron hopping
event takes place between adjacent donor layers. In general,
the inter-plane resistivity (p,) can be expressed in terms of a
combination of the in-plane relaxation process and the inter-
plane electron hopping in a layered 2D system.’> Namely,
an electron staying on one layer, which is subjected to the
in-plane carrier scattering process with relaxation time 7, hap-
pens to hop to the adjacent layer in the inter-plane carrier
transport event with the assistance of phonons or defects.
Therefore, p,, and p, are expressed as

Pap X 1/7), )
1
W Teoll ’

P, (3)

where 7| and T.oy are the relaxation time of the in-plane car-
rier scattering and the collision time related to T, respectively.
In other words, T becomes identical to T, by neglecting the
forward scattering factor (1 — cosf). From Egs. 2 and 3, the
field dependence of the inter-plane hopping frequency can be
estimated as

Aw, (B) _ w1(B) —w.(0)

w1(0) w1(0)
N (pub(B) pB) 1) W
Pur©) /[ p.(0) ’

where p,,(B)/0,,(0) and p.(B)/p.(0) are the ratios of the in-
plane and the inter-plane magnetoresistances, respectively.
The field-dependent term of the inter-plane hopping frequency,
Aw | (B)/w,(0), calculated from Eq. 4, is shown in Fig. 9. In
the Fe’* spin easy-axis direction (B || a), Aw, (B)/w, (0) in-
creases with a positive curvature up to Bgqg = 2.0 T. After a
discontinuous change at around By g, it shows a gradual de-
crease up to By, and then steeply decreases with a positive cur-
vature, where the sign is changed to negative above ca. 5 T. In
the Fe*" spin hard-axis direction (B || b), it always has a nega-
tive value with a discontinuous change at B, = 5.0 T, at which
point the magnetization has an anomaly, as discussed before.
The absolute values of Aw,(B)/w,(0) tend to be saturated
to the same value as the field goes above ca. 8 T, irrespective
of the direction of the applied field.
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Fig. 9. The field dependence of the inter-plane hopping fre-
quency (Aw, (B)/w,(0)). The applied magnetic field is
parallel to the a-axis (O) and the b-axis (@). The vertical
dotted lines with arrows correspond to Bg g4, Bj, and B,.

Finally, it should be noted that a previous paper®® dealing
with the same compound, (DMET),FeBry, suggested an MI
transition at 200 K, which contradicts the present results with
Ty = 40 K. Although the difference in the properties has not
been clearly understood, where a minority of the samples take
200 K as the MI transition temperature, all of the experimental
results in the present work, which have been done with a vast
number of samples, show the same properties with a transition
temperature at 40 K. The problem on samples with Ty = 200
K remains to be clarified in the future.

Discussion

Electronic Structure of m-electron Systems. First, we
discuss the inter-donor-layer interaction based on the tempera-
ture dependence of the ESR spectra of (DMET),GaBr, by fo-
cusing on the origin of two split peaks in the field along the
a *+ b direction. Judging from the crystal structure, donor mo-
lecules form quasi-1D donor chains extending along the a 4 b
and a — b directions on adjacent two donor layers, while the
long axes of the donor molecules are nearly parallel to the c-
axis, irrespective of the directions of the donor chains. There-
fore, two kinds of donor columns on the adjacent layers are
generally nonequivalent as viewed from the direction perpen-
dicular to the c-axis, being expected to give two ESR peaks
unless the inter-donor-layer interaction is strong. Actually,
two Lorentzian peaks appear in the field parallel to the conduc-
tion plane below ~100 K, at which the resistivity behavior is
switched from a decreasing trend to an increasing trend upon
lowering of the temperature. The g-values of the two peaks
correspond to the direction of the molecular short side and
the direction normal to the donor molecular plane in the field
along the a =+ b direction. The spin susceptibilities (Xp), de-
rived from the ESR absorption intensity, have almost the same
values for both split-Lorentzian peaks, which also indicate that
these ESR signals are a consequence of the “double-column”
structure. The experimental findings that show a correlation
between the ESR peak splitting and the change in the resistiv-
ity trend suggest an important role of the inter-donor-layer 77-
electron hopping in the ESR motional narrowing phenomenon
in the metallic regime above ca. 100 K. Namely, motional nar-
rowing effect makes a single Lorentzian peak in the tempera-
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ture range down to ca. 100 K, while showing a decrease in the
inter-plane hopping rate, which is evidenced by an increase in
the inter-plane resistivity, degrades the motional narrowing ef-
fect below this temperature, giving two split peaks. The inter-
plane hopping frequency (w, ) is estimated from the difference
in the g-values, Ag = ga — g ~2.4 x 1072, between the two
adjacent donor layers (A and B). Namely, if the inter-plane
hopping frequency is large enough (w,; > AgugH/h), the
ESR absorption signals, which are attributed to adjacent donor
layers, become coalescent. The experimental results indicate
that the inter-plane hopping energy (fiww; ) become lower than
~ 4.7 x 1073 eV below ca. 100 K, the value of which is about
two or three-orders of magnitude smaller than the intra-layer
transfer integrals, suggesting 2D features in the 7-electronic
system.

Here, it is worth comparing the behavior of (DMET),GaBry
with that of its all-sulfur version (EDTDM),GaBr,, where the
structures of both salts are isostructural.> Similar to the result
for the present compound, the ESR signal of the EDTDM salt
appears as two split peaks, even at room temperature, in the
field along the a =+ b direction, while a single peak appears
in the field parallel to the c-axis. The line width shows a re-
markable difference between the two salts. The DMET salt
containing selenium atoms gives a broad AH,, (AH,, =19
mT for the c-axis at room temperature), in contrast to a sharp
line width of the EDTDM salt (AH,, = 0.7 mT for the same
direction), suggesting a large contribution of the spin-orbit
interaction. However, the most important difference is pro-
duced by changes in the transfer integral and the on-site Cou-
lomb repulsion energy (U) as a result of the substitution of
chalcogen atoms; that is, the substitution of Se atoms with S
atoms decreases the transfer integral, whereas the on-site Cou-
lomb interaction is elevated by this substitution. The decrease
in the transfer integral between the adjacent donor layers plays
an important role in the motional narrowing mechanism in ad-
dition to the decrease in the intra-chain transfer integral. Ac-
cordingly, the electronic structure, which is more extended in
(DMET),GaBry than that in (EDTDM),GaBr4, makes 7-elec-
tron carriers more mobile, contributing to the motional narrow-
ing effect more efficiently. This situation is quite similar to the
difference between the TMTSF and the TMTTF families,
where the salts having large /U in the former, such as
(TMTSF),PFg, behave as being metallic down to ~10 K,
while those with small ¢/U in the latter, such as
(TMTTF),PFg, behave as being semiconductive below room
temperature.*3

Next, we discuss the behavior of the 7r-electron carriers and
the origin of the MI transition in (DMET),GaBr,. In the me-
tallic regime down to Ty ~40 K, the ESR line width de-
creases upon lowering of the temperature. The ESR line width
in a metallic system is governed by the spin-lattice relaxation
process as the consequence of a motional narrowing effect in
general, where the phonon-assisted relaxation mechanism
plays an important role. In this case, according to the Elliott
mechanism,?® the line width (AH,p) is given by

(A9’

AH,, ~a , (5)
pp T

where Ag is the g-shift from the free-electron value, and is a
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measure of the spin-orbit coupling, T is the relaxation time of
carriers and a (=1) is a numerical factor. The importance of
the phonon-assisted mechanism in the spin-lattice relaxation
process, in which Eq. 5 is at work, is confirmed by the same
decreasing trend in both the resistivity and AH,, upon lower-
ing the temperature in the temperature range above ca. 100 K,
while taking into account that the resistivity is inversely pro-
portional to 7. Below ca. 100 K, the resistivity and AH,, lose
their common trend in the temperature dependence; that is, the
resistivity starts increasing, while the donor 7r-electron spins
become independent from each other between the adjacent do-
nor layers in the ESR signal, though decreasing trend still hold
in AHp,. These experimental findings suggest that the donor
mr-electronic system becomes more 2D as a consequence of a
deceleration of the inter-plane hopping frequency in the tem-
perature regime below ca. 100 K in comparison with that
above ca. 100 K. The increase in the resistivity at tempera-
tures well above Ty ~40 K upon lowering of the temperature
proves that low-dimensionality-inherited fluctuations seriously
affect the electron-transport properties as a precursor of the MI
transition.

The MI transition shows anomalous features, which are dif-
ferent from that in ordinary low-dimensional organic
conductors. Here, we summarize what happens in the vicinity
of the MI transition. At Ty ~40 K, the resistivity shows an
anomaly, while the spin susceptibility takes a discontinuous
drop accompanied by shifts of the g-values. In addition to
the MI transition, a second anomaly appears at 25 K, suggest-
ing successive MI transition features. Namely, the susceptibil-
ity shows a hump at 25 K, and then has a finite value even at
T = 0 K. Moreover, the ESR line width becomes broadened at
around 25 K.

The transition at 25 K can be explained in terms of an SDW
transition. Actually, the susceptibility, being small with a fi-
nite value even at T = 0 K, indicates that an antiferromagnetic
or SDW state is stabilized for the 7r-electron insulating ground
state. Moreover, the abrupt broadening of AH,,, just above 25
K is suggestive of a precursor of an antiferromagnetic order-
ing, and indicates that an SDW state is stabilized below 25
K (~Tspw).

In the meantime, understanding the MI transition at
Twi ~40 K is rather difficult. For characterizing the MI transi-
tion, there are two important clues: the absence of a structural
modification and the contribution of the magnetic degree of
freedom. The possibility of a CDW or SP transition is ruled
out from the absence of any structural modifications, as we
have already discussed. In contrast, the contribution of mag-
netism reminds us of Mott or SDW transition as candidates,
taking into account that the present compound is subjected
to the influence of strong electron correlations (U > 41).
The g-value shift accompanied by a moderate decrease in
the susceptibility below Ty proves the development of a mag-
netic short-range order. Eventually, it is likely that the state
between Tspw and Ty is characterized as a Mott insulator,
where localized magnetic moments generated below Ty in
the low-dimensional donor 7T-electron system are fluctuating
under the influence of a strong intra-chain exchange interac-
tion.

Here, it is

worth noting that (DMET),BF, and
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(DMET),ClOy4, also forming ‘“‘double-column” structures,
have similar multi-transition features, where the details remain
unsolved.?’2> The experimental findings in the present salts
are expected to give clues for understanding the transition fea-
tures.

In the present section, the discussion is devoted to
(DMET),GaBr4. However, it is reasonable to assume that
(DMET),FeBry4 has the same properties of 77-electron carriers,
taking into account the same crystal structure and the features
of the resistivities for both salts (Fig. 3), although the localized
Fe** spins work to give a modification in the 7-electronic sys-
tem.

7m-d Interaction in (DMET),FeBry. In this section, we
discuss the origin of the correlation between the Fe’*
(§ =5/2) localized spins and the donor conduction -elec-
trons in (DMET),FeBr, based on the crystal structure, suscept-
ibility, magnetization, and magnetoresistance. There are two
kinds of players in the magnetism of (DMET),FeBry: the do-
nor 7-electrons and Fe3* d-electrons. Here, the donor 7-elec-
trons are affected by the internal magnetic field from Fe’*
spins, since each donor layer is sandwiched by 2D de-
formed-square lattice layers of Fe* localized spins, as shown
in Fig. 1(b). Below Tspw (= 25 K), the donor 7-electrons fall
into the SDW state, where the localized spins generated in the
donor system are considered to be spatially ordered (we as-
sume that (DMET),FeBr, has the same SDW transition tem-
perature to (DMET),GaBr,;). The Fe** spins are antiferro-
magnetically ordered below Ty = 3.7 K.

First, we discuss the magnetic structure of the donor-Fe3t
spin composite system in the ordered state below 7. For sim-
plicity, a four-fold periodicity in the SDW state is assumed
along the donor chains, since the electronic state is featured
with the 3/4 filled state, although no information is available
for the spatial distribution of localized magnetic moments.

g mn
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Fig. 10. The model of magnetic structure of
(DMET),FeBry. A dotted circle denote a two-donor unit,
to which one localized magnetic moment is allotted.
Dashed lines represent exchange interaction Jr4 between
a donor spin and an anion spin. Inter-7-electron spin
and inter-Fe’* spin interactions are defined as Jr, and
Jaa, respectively. 7; and d; (i = 1,2) represent the sublat-
tices for the donor and Fe3* spins, respectively. (I,m) re-
presents a lattice point.
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Namely, we place one donor spin at every two-donor unit, as
shown in Fig. 10. In the unit cell that involves two Fe** layers
and two donor layers, there are four Fe3* and four m-electron
sublattices in the magnetic structure. The involvement of all
sublattices in the calculation brings us complexity and ambigu-
ity, which cannot be overcome due to too many parameters for
achieving the most stable magnetic structure. Therefore, we
employ half of the sublattices by neglecting the difference in
the adjacent donor layers, as shown in Fig. 10, with four sub-
lattices (77; and d; (i = 1,2)) for the donor and Fe’* layers,
respectively. The Fe’™ spins form an antiferromagnetic ar-
rangement with two-fold periodicity along the direction of
the donor-chain below 7Ty. Thus, the magnetic structure is
governed by three kinds of antiferromagnetic exchange inter-
actions (Jug, Jrd, and Jrr), which are the inter-Fe>* spin inter-
action, the interaction between the Fe** and the donor 7-elec-
tron spins, and the inter-7-electron spin interaction,
respectively. The numbers of nearest neighbor sites are 749 =
4 and zzr = 2 for Jyg and J, respectively, where the inter-
chain interaction is assumed to be neglected in the donor 77-
electron system, since it is more than one order of magnitude
smaller than J;. (Note that J is proportional to the square of
the transfer integral (7).) Focusing on the interaction network
of Jrg, each m-electron spin has four neighbors of Fe3* spins
(zra = 4) located on two adjacent anion layers. The experi-
mental results on the magnetization and magnetoresistance re-
mind us the importance of J4 in the magnetic system.

In addition to the exchange interactions, the magnetic aniso-
tropies for both the Fe’* and the 7-electron spins must be in-
volved in the calculation, since the spin-flop transitions take
place in the Fe** and the 7-electron spins. Namely, the anom-
aly observed at B, in the b-axis direction is assumed to be as-
signed to the spin-flop transition (denoted as By ) of the 7-
electron spins (see Fig. 7(a)). The assumption can be reason-
ably understood, taking into account that a spin-flop transition
is also observed in the SDW state of other organic low-dimen-
sional electronic systems.’” Concerning the magnitude of
Byt 7, which is about one order of magnitude larger than that
of the other organic systems, the exchange interaction between
the Fe’* and m-electron spins should be taken into
consideration. In fact, B 5 increases correlatively with that
of Jrq4 in the present calculation, which evidences the contribu-
tion of Jq.

We define the magnetic anisotropy (K,;) for the donor 7-
electron spins, which is oriented to the b-axis for reproducing
the sr-electron spin-flop transition at By 5 (= B2) ~5 T. This
means that the r-electron spin easy-axis is considered to be
perpendicular to the magnetic anisotropy of the Fe3* spins,
K4 (la). Here, the origins of the magnetic anisotropy should
be commented for the Fe’* and 7r-electron spins. In general,
there are three origins of magnetic anisotropy: the dipole-di-
pole interaction, the single-ion anisotropy, and the anisotropic
exchange interaction. However, it is difficult to uniquely as-
sign a specific origin for understanding the magnetic anisotro-
pies of Fe’* and 7r-electron spins. In other words, these three
origins are considered to be involved in determining the mag-
netic anisotropies. The fact that the 7-electron is not well lo-
calized on a single donor molecule in the SDW state also
makes the situation complicated. Therefore, in the calculation,
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the directions of the magnetic anisotropies for the Fe** and 7-
electron spins are considered to be given a priori from the ex-
perimental results, without any further consideration.

In order to find the most stable magnetic structure, we cal-
culate the magnetic energy at 7 = 0 K while changing the ap-
plied field based on a simple model, as derived in APPENDIX.
A calculation requires the following adjustable parameters: the
absolute values and the directions of the magnetic moments for
the Fe** d-electron and the 7r-electron spins located on the
four sublattices. The directions of the magnetic moments
are given to be the spin angles with respect to the ag-axis direc-
tion in the ab-plane, 6y, and O, for two Fe** and two 7-spin
sublattices (i = 1,2), respectively. The absolute value of the
Fe3* spin is given to be Sy, = 5/2 for the high spin state.
Since the typical SDW in the organic low-dimensional sys-
tems, such as the TMTSF family, has small magnetic moments
in the range of ® ~ 0.1 up,>*¥ we assume here that the 7-
electron spin (sy,) has a similar value. It is difficult to accu-
rately estimate the magnitudes of the exchange interactions
(J7d, Jnz) and the magnetic anisotropy (K,) from the experi-
mental results, since certain ambiguity remains in the magni-
tude of the magnetic moments of the 7r-electron spins. Here,
we assume Jrg = —0.2 K, J; = —13.5K, and K, =04 K
under the assumption of © ~ 0.15 py, which are selected to
reproduce the experimental results of the magnetization
curves. The parameters of J4q and K,q are estimated to be
Jag ~ —0.2 K and K,g = 1.3 K directly from the observed
parameters (7n, C, and Bgg) in the molecular-field
approximation. The calculated results are shown in Fig. 11
for the magnetization curves in the field applied parallel to
the a- and b-axis directions. The calculation of the magnetiza-
tion curves at T = 0 K well reproduces the two features in the
experimental results. First, the Fe3* spin easy-axis (B | a)
magnetization curve is beyond the hard-axis (B || ) magneti-
zation curve above the spin-flop field (Bgq). Second, the
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Fig. 11. Calculated magnetization curves at 7 = 0 K in the

a- (O) and the b-axis (@) directions. The inset shows the
detailed behavior around ~5 T in the Fe** hard axis direc-
tion (B || b), where a weak anomaly of 7-electron spins
appear as a spin-flop transition of the 77-electron spins at
Bt ~5.2 T. The solid line represents the linear extrapo-
lation from the data at low fields below 5 T. An arrow de-
notes the field, at which the magnetization deviates from
the linear extrapolation.
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Fe** spin hard-axis (B || b) magnetization curve has a shoulder
at around B ~ 5.2 T, i.e., the m-electron spin-flop transition
(Bst.z). There are two other features which are not reproduced
in the calculation: the weak anomaly at B; ~ 3.5 T and the ne-
gative extrapolated value to B=0 T for the a-axis
magnetization. These failures are considered to be attributed
to the assumption of the four sublattices model, in which the
difference between the donor chain directions on adjacent do-
nor layers is neglected. In addition, the two-donors-based 77-
electron spin structure with the four-fold periodicity in the
model might affect the calculated results, since the SDW state
in the actual system, which remains unspecified, can have an-
other periodicity with a modified amplitude, depending on the
feature of the Fermi surface.

Here, it is worth noting the difference in the magnetism be-
tween (DMET),FeBr; and A-(BETS),FeCly. From the above
calculation, the contribution of the m-d interaction
(—2J7457Sq) is about one order of magnitude smaller than that
of the direct inter-Fe3* spin interaction (—2J4qSq¢Sq) in
(DMET),FeBr., suggesting that the magnetic structure is gov-
erned by a direct interaction in the Fe’* magnetic lattice.?
This means that the magnetic effect of the Fe>* spin system
gives a moderate perturbation on the electron transport of
the sr-electron system with no serious influence in the 77-elec-
tronic state, as discussed next. In contrast, A-(BETS),FeCly
has a 7-d interaction energy with its strength being compar-
able to that of the direct inter-Fe** spin interaction, the large
modification of the 7r-electronic state being produced as re-
ported previously.?13

The next task is to explain the electron transport properties
based on the magnetic structure model. Since the 1D donor
chains lie along the direction of the alignment of the Fe’*
spins spanned by Jyq, where the Fe’* and m-electron spins
have the same periodicity, the localized donor spins are anti-
ferromagnetically coupled with the Fe3* spins to gain stabili-
zation energy, which is governed by Jr4 (Fig. 10). In this si-
tuation, the magnitude of the 7-electron SDW energy-gap
(AE) is enhanced by the antiferromagnetic periodic potential
of the Fe3* spins, which results in a high resistivity below
Tn at B=0 T. The resistivity jump is clearly detected at
Ty under high pressure in this compound,*® even though it is
difficult to detect the anomaly of the resistivity vs temperature
plot around 7y at ambient pressure because of the high
resistivity. This result suggests that the electronic system is
sufficiently influenced by the antiferromagnetic exchange in-
teraction (Jrq). In the next two sections, we discuss the beha-
vior of the in-plane magnetoresistance (Ap,,(B)/p0,,(0)) and
the inter-plane carrier transport (Aw, (B)/w,(0)) based on
the magnetic structure model, as discussed above.

1. In-plane Magnetoresistance: Here, we discuss the in-
plane 7r-electron transport based on the model of the magnetic
structure, where the Fe3t localized spins and donor 7-electron
spins participate with a mutual interaction (Jq), as explained
in Fig. 12(a). The magnetoresistance has different features in
the three field regimes: low field (B ~0), intermediate field
(0 < B~ Bgg < Bgat, Bsat; saturation field of the Fe?* spins)
and high field (B > Byy), in relation to the changes in the
Fe3* magnetic structure. We describe the semi-quantitative
analysis based on the magnetic-structure model.
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Fig. 12. The spin arrangements of antiparallel (a) and par-
allel (b) configurations between the donor and Fe’* spins,
where the fractions of the antiparallel and parallel config-
urations are exaggerated, respectively. (c) Scheme of the
inter-plane electron hopping. ¢, is the transfer interaction
between the donor and Fe** layers, while 7| is the average
of transfer interaction ¢, . 77; and d; (i = 1,2) are the sub-
lattices of the Fe** and 7r-electron spins, respectively. (d)
Electron transfer process between donor and Fe** states,
where the Pauli principle governs the hopping event.

The SDW state of 7m-electrons is stabilized by Jr4, which
makes the 77-electron spins antiferromagnetically coupled with
the Fe’* spins, as shown in Fig. 12(a), where the fraction of
the antiparallel configuration is exaggerated. In the actual
(DMET),FeBry, where the 7r-electron spin easy-axis is almost
perpendicular to the Fe’* spin easy-axis, the fraction of the
antiparallel configuration is only a minor contribution. The
antiferromagnetic periodic potential of the Fe* spins is re-
garded as being the perturbation energy which works to en-
hance the 7r-electron SDW energy-gap. The energy gain ori-
ginating from the antiferromagnetic coupling between the 77-
electron spins and the Fe3* d-electron spins, which corre-
sponds to the increase in the SDW gap, is given by the differ-
ence in the energies from the state given in Fig. 12(a) (E(,)) to
the state where the antiferromagnetic arrangement is absent in
the Fe’* magnetic lattice. The energy in the latter is approxi-
mately expressed as (E) + Ew))/2, where Ey, is the magnetic
energy corresponding to the state shown in Fig. 12(b). There-
fore, the increase in the SDW gap associated with the antifer-
romagnetic potential of the Fe3* spin is given by Eq. 6, where
Zwd» Sq;» and s, are the number of nearest neighbors connected
by Jya, the spin operators of Fe’* and mr-electrons, respec-
tively (see APPENDIX); p is the proportional constant con-
necting between AEr4(B) and the energy difference, represent-
ing the effectiveness of the magnetic energy change to the
electron-transport process. Here, we neglect the minor
changes happening in the donor m-electron spin chains and
the Fe3* layers, in which J, and Jgq work, respectively, in
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Fig. 13. (a) Calculation results of the perturbation energy
(Ewy — E(x))/2 in the in-plane carrier transport. See text
for the definitions of E(,, and E,. (b) Calculation results
of the field dependence of the inter-plane hopping fre-
quency Aw, (B)/w,(0). The arrows denote the fields
(Bsga ~2 T and Bgn ~ 5 T) which give discontinuous
changes at spin-flop transitions of Fe** and donor spins,
respectively.

the calculation.
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Figure 13(a) represents the calculation results obtained by
Eq. 6. In the low-field regime (B ~0), (Ep) — E))/2 has a fi-
nite value in the range of 0.27 K, irrespective of the field
direction. In the intermediate regime (0 < B < Bgy), it tends
to increase with a discontinuous upsurge at Bgq in the a-axis
direction, followed by a continuous decrease up to the satura-
tion field of the Fe3* spins. For the b-axis direction, it shows a
monotonical decrease up to the saturation field of the Fe3*
spins with a small upturn at the spin-flop transition (B ) of
the donor m-electron spins. Finally, at fields higher than
B, (Evy — E))/2 disappears irrespective of the field direc-
tion, in which the 7-electron transport process is not subject
to the influence of the 77-d interaction-related perturbation en-
ergy due to the ferromagnetic alignment of Fe** spins. There-
fore, the in-plane resistivity in the field can be expressed in
terms of AErq(B),
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Eo + AEnd(B)>

loab(B’ T) ~ Po exp( ZkBT

(Ep + AE7q(0)) — (AE7q(0) — AE7q(B))

= Po CXP[ T ] )
B

where E; is the SDW energy-gap in the absence of a Fe’* in-
ternal field, which corresponds to that for (DMET),GaBry.
(Eo + AEq(0)) is the energy gap for (DMET),FeBr, at
B =0 T, which is estimated to be 1.04 x 1073 eV from the
temperature dependence of the resistivity in the temperature
range of 1.5-5 K. Taking into account that the energy differ-
ence (AEzq(0) — AEz4(Bgy)) is in the range of 0.27 K (p ~1),
the 77—d interaction (Jq) gives a contribution of ~10% at most
to the total resistivity at the temperature, where the magneto-
transport is investigated. The value of p is employed from
the fitting to the experimental result, as will be described
below. The calculated results with Eq. 7 are shown in Fig.
8(a) compared with the experimental results. Eq. 7 reproduces
magnetoresistance traces semi-quantitatively, especially for
the case with B || b in the field range (B < By ~6 T), in which
Eq. 7 is applicable. Here, it should be noted that the contribu-
tion of the orbital degree of freedom does not seriously affect
the calculated results because the magnetoresistance of non-
magnetic (DMET),GaBr4, which has only the contribution of
the m-electrons, is less than ~3% of the observed
magnetoresistance.** A large discrepancy in the vicinity of
Bgtq for the case with B || a is considered to come from the
oversimplified model which we employ for the magnetic
structure. The model involves four sublattices, neglecting
the difference in the donor chains placed on the adjacent
layers. In the actual system, the participation of spins at the
eight sublattices works to reduce the change in AE;4(B), giv-
ing rise to the observed moderate change at Bgg with a de-
creasing trend of the magnetoresistance upon an elevation of
the field. The disagreement in the high fields above By is as-
sociated with a lack of consideration on the field dependence
of the unperturbed SDW energy-gap (Ep) and the orbital
effect. The application of the field in the conducting plane
is considered to increase the energy of the m-electron system,
giving a high resistivity as the orbital effect.*!

2. Inter-plane Carrier Transport: In the inter-plane car-
rier transport, the inter-plane hopping frequency (w, ) plays a
key role, where the inter-plane resistivity is given in Eq. 3, as
we have already discussed. The observed field dependence of
the hopping frequency (Aw, (B)/w,(0)) is given in Fig. 9 for
the field directions parallel to the a- and b-axes. In contrast to
the in-plane magnetoresistance, the 77-electrons are affected di-
rectly by the state of localized d-electrons in the inter-plane
hopping mechanism, since the Fe3* magnetic layer makes a
bridge between the adjacent donor layers, as shown in Fig.
12(c). The electron hopping event crucially depends on the
mutual angle between the 7-electron and the Fe3* d-electron
spins due to the Pauli principle. Taking into account that
Fe** high spin state is the half-filled 3d’ state, as shown in
Fig. 12(d), with only the 7r-electron having a spin antiparallel
to the Fe** spin being allowed to be transferred to the Fe’* d-
state. In contrast, the transport of a 77-electron having parallel
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spin is completely forbidden. Accordingly, the angular depen-
dence of the transfer interaction is proportional to (1 —
cos (B4, — 07,)). Note that the 7r-electron spin at 7; is coupled
with the Fe** spin at d; by J;q. The angular dependence dis-
cussed here is valid only in the case that the arrangement of the
donor m-electron spins has a periodicity same to that of the
Fe3* d-electron spins, which we assume in the magnetic struc-
ture model having the four-fold periodicity shown in Fig.
12(c). In the general case, where the periodicity of the r-elec-
tron spins is described by the wave number (Q), the angular
dependence of the transfer interaction (¢, ) should be modified,
as expressed by the following equation due to the coexistence
of the fractions of up- and down-spins:

(i=12), (®)

where 1, and #;, are the spin-independent and spin-dependent
transfer interactions along the c-axis, respectively. An inter-
plane electron hopping event involves two processes, as ex-
plained by Figs. 12(c) and (d). As shown in Fig. 12(d), the first
one is the electron-transfer process from one donor layer (A) to
the Fe’™ site, while the electron, occupying the Fe3* d-level
with its spin aligned antiparallel to the spins of the five remain-
ing d-electrons, is transferred to the adjacent donor layer (B) in
the second process. In the first process, the Pauli principle
plays an important role in the easiness of the electron transfer,
which is subjected to the angular dependence of the transfer
interaction given in Eq. 8. On the other hand, the second pro-
cess from the Fe*™ site to the donor layer (B) does not have a
serious angular dependence, since the SDW state on the donor
layer (B) is described in terms of the combination of the wave
functions of the up- and down-spins. The electron being trans-
ferred to the donor layer (B) can find a vacancy for its accom-
modation regardless of the spin orientation. Therefore, the in-
ter-plane hopping frequency is described phenomenologically
by

t1, = to, — t, cos(Ba, — Or,),

w (B) < tify, )

where 7, is the average of the transfer interaction in the second
process. The calculation of the hopping frequency as a func-
tion of the applied field is carried out using Eqs. 8, 9 and the
spin angles obtained from Eq. 14. Here, we estimate the value
of the spin-dependent/spin-independent ratio as #;/ty ~ 0.1 in
this calculation. The calculation result is shown in Fig. 13(b),
which can reproduce the experimental results shown in Fig. 9,
as follows:

1) In the low-field regime (0 < B < By ), a discontinuous
upsurge in Aw, (B)/w, (0) is clearly detected around Bggq in
the g-axis direction due to the spin-flop transition of the
Fe** spins. Since the 7-electron spins are influenced directly
by the state of the Fe3* spins, the anomaly at By 4 is the con-
sequence of a significant change in the magnetic energy for the
a-axis direction. Above Bgtq, Aw, (B)/w,(0) decreases upon
an elevation of the field, changes sign and tends to decrease its
slope above By . On the other hand, Aw, (B)/w, (0) shows
no significant change below ca. By, for the b-axis direction,
since the mutual angle between the Fe’* spins has a continu-
ous change towards saturation. At the spin-flop transition of
the 7r-electron spins at Bz, Aw, (B)/w, (0) shows a discon-
tinuous decrease.
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2) In the high-field regime (B > By ), a vigorous decrease
of Aw, (B)/w,(0) occurs when the field exceeds By for the
b-axis direction. Here, we discuss the mechanism of this vig-
orous decrease while taking into account the 7r-electron spin-
flop transition for the b-axis direction. Below By, the
SDW state is well stabilized, the numbers of up- and down-
spins being almost equivalent. However, the numbers of spins
become inequivalent above the donor spin-flop field (Bt ),
where the fraction of spins oriented to the field direction over-
whelms that oriented antiparallel to the field direction. In this
regime, since almost all of the Fe’* spins are ferromagneti-
cally arranged to the field direction, the number of electrons
that can be transferred to the Fe’™ d-state becomes reduced
due to the Pauli principle upon an elevation of the field, result-
ing in a slow down of the inter-plane hopping process (Fig.
12(d)). This situation provides the mechanism where the in-
ter-plane hopping frequency has a discontinuous reduction at
By = 5.2 T, and also explains the behavior of the magnetiza-
tion, which has an anomaly at B, in the spin hard-axis
(B || b). Moreover, these results also meet the situation that
the donor spin easy-axis is oriented along to the b-axis.

Conclusion

We investigated the electronic and magnetic properties of
(DMET),MBry (M = Fe, Ga) by means of crystal structure
analysis as well as resistivity, ESR, magnetic susceptibility,
magnetization, and magnetoresistance studies. These two iso-
structural organic conductors are composed of an alternate
stack of quasi-1D donor 7m-electron conducting sheets and
square-lattice anion sheets. In the FeBry salt, the inter-plane
exchange interactions with considerable strengths between
the DMET m-electron carriers and the localized magnetic mo-
ments of the FeBry anions are expected due to the presence of
short intermolecular Br--S contacts. The resistivities of both
salts behave as being metallic at around room temperature,
and metal-insulator transitions take place at Ty ~40 K, below
which localized magnetic moments of the 7-electrons are
produced. The finite value of the 77-electron spin susceptibility
at 7 =0 and the abrupt broadening of AH,, at around 25 K
indicate the onset of an SDW transition at Tspw ~25 K, which
is well below Ty.

The FeBry salt has a square lattice of Fe3* (S = 5/2) spins,
which undergo an antiferromagnetic transition at Ty = 3.7 K.
The magnetization curves below Ty, which show an anoma-
lous behavior in addition to a spin-flop transition of the Fe’*
spins, suggest the important role of donor 77-electron spins sta-
bilized in the SDW state. The magnetoresistance faithfully
tracks the magnetization behavior, demonstrating the impor-
tant contribution of the 77-d interaction. The correlation be-
tween the 77-electron transport and the magnetism of the loca-
lized d-electron spins can be understood based on the
formation of SDW in the 7r-electron system that interacts with
the Fe3* d-electron spin system. The exchange interaction be-
tween the 77- and d-electrons influences the 7r-electron trans-
port process, giving a correlated behavior between the magne-
to-transport and the magnetization.

The semi-quantitative calculation based on a simple mag-
netic structure model with Fe3* and m-electron spins, where
the 77—d interaction is taken into account, can reproduce the ex-
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perimental results of the magnetization curves and the
magnetoresistance. This proves that the inter-plane interaction
between the conduction 77-electron carriers and the localized
magnetic d-electrons (77-d interaction) plays an important role
in the magneto-transport properties and the magnetism,
although several minor issues remain unsolved. A more elabo-
rated model will be required for a comprehensive understand-
ing of the correlation between the electron magneto-transport
properties and the magnetism.

(DMET),FeBr4, which is classified in the moderate 77—d in-
teraction regime, gives a new type of magnetic organic con-
ductor with an interesting interplay between the electron trans-
port and the magnetism, in contrast to A-(BETS),FeCly, which
has a strong 77-d interaction.
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Appendix: Magnetic Structure at 7 = 0 K

The exchange interaction energy per unit cell is given by the
spin operators of the Fe’* and 7-electrons, S; and s,, by

1
Eex = ]7 |:_2Jdd Z Slsm
Y (Lm)

led) med,
2
— 2-]7rd E E S]Sm — 2.]7-[71 E SiSm
i=1 (l,m) (1.m)
led;,mem; lem) e,

= —2J442ddSd, Sa, cos(Ba, — Oq,)

2
— 2J74Zrd Z S48, co8(Ba, — Ox,)

i=1

- 2J7T7TZT[T[SJT|ST[2 COS(Gm - 97{2)’ (10)
where N, is the number of unit cells, z4q4, Zz4, and zz; are the
numbers of nearest neighbors connected by Jq4, Jr4, and Jrr,
respectively, and Sy and sy, (i=1 or 2) represent Fe’"
(§ =5/2) and m-electron spins on sublattices d; and 7;, re-
spectively.

The anisotropy energy per unit cell is given by

Eanis = Kua{sin?(0g,) + sin*(0g,)}
+ Kun{sin® (Y, — O7,) +sin’ (Y, — O7,)), (1)

where K4 and K, are the anisotropy energies of the Fe’* and

m-electron spins per mole, respectively, and ¥, represents the

angle between the sr-electron spin easy-axis and the a-axis.
The Zeeman energy per unit cell is given by

Efiea = —gupBM, (12)

where the magnetization M is described as
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M = {84, cos(Og — O4,) + Sq, cos(@p — 64,)}
+ {57, cos(Op — Or,) + 57, cos(Op — O,)},  (13)

and Oy is the orientation of the magnetic field in the ab-plane
measured from the a-axis. Then, the total magnetic energy per
unit cell of this system is given by

E = Eex + Eanis + Efield- (14)

We determine the most stable magnetic structure using
Eq. 14. Once the angles (0;), which give the lowest energy
(E) at a field are determined, we can directly calculate the
magnetization (M) using Eq. 13. The results are shown in
Fig. 11.
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