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Unconventional Magnetic and Resistive Hysteresis in an Iodine-
Bonded Molecular Conductor**
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Abstract: Simultaneous manipulation of both spin and charge
is a crucial issue in magnetic conductors. We report on a strong
correlation between magnetism and conductivity in the iodine-
bonded molecular conductor (DIETSe),FeBr,Cl, [DIETSe =
diiodo(ethylenedithio)tetraselenafulvalene], which is the first
molecular conductor showing a large hysteresis in both
magnetic moment and magnetoresistance associated with
a spin-flop transition. Utilizing a mixed-anion approach and
iodine bonding interactions, we tailored a molecular conductor
with random exchange interactions exhibiting unforeseen
physical properties.

The discovery of giant magnetoresistance (GMR) in alter-
nating ferromagnetic and nonmagnetic metal layers!!! has
opened the field of spintronics.”) Compared to the top-down
approach in inorganics, molecular materials have advantages
in bottom-up and low-cost fabrication as well as diverse
material design. Although molecular materials normally show
weak interactions, when competing interactions are delicately
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balanced, small perturbations can give rise to a giant
response.’) Some m—-d hybrid molecular conductors indeed
show interesting spin-charge-coupled phenomena, such as
GMRM I and field-induced superconductivity.*"!

Multi-instability or switching function is also an important
issue in magnetic conductors. Quasi-one-dimensional (Q1D)
n—d conductors®® are good candidates having such proper-
ties because Q1D metals are susceptible to external stimuli
due to low-dimensional instability. Recently, we found spin-
flop switching and memory in (DIETSe),FeCl,, where
DIETSe denotes diiodo(ethylenedithio)tetraselenafulvalene
(Figure 1a)."l However, the hysteresis was only observed in
resistance.

To introduce large hysteresis in both magnetism and
conductivity, we propose to use a mixed-anion material, in
which magnetic anions are mixed in a radical cation salt to
induce random exchange interaction.

Herein we report on the discovery of large hysteresis in
both magnetism and magnetoresistance (MR) associated with
a spin-flop transition in a mixed-anion m—d conductor
(DIETSe),FeBr,Cl, (1). In contrast to inorganics, molecular

Figure 1. a) Molecular structure of DIETSe. b) Anions in a crystal of 1.
c) Crystal structure of 1 viewed along the g-axis. C: gray, |: violet, Se:
pink, S: yellow, Fe: brown, Br: red, and Cl: green. Thermal ellipsoids
represent 50% probability. The site occupancy factors of Br and Cl are
0.5. Red lines show iodine bonds. d) Short contacts due to iodine
bonds. e) Fermi surfaces of 1 in the k—k, plane.
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materials have difficulties in alloying or chemical doping,
while maintaining its crystal structure. It is because of weak
intermolecular interactions, such as van der Waals interaction.
By using iodine bonds,'**! however, we succeeded in fabricat-
ing the isostructural mixed-anion salts. This method allowed
us to fine-tune m—d interactions and low-dimensional insta-
bility of itinerant m-electrons in Q1D n—d systems.

The DIETSe molecule was synthesized as described in the
literature.'" Single crystals of 1 and (DIETSe),GaBr,Cl, (2)
were prepared by an electrolytic method using supporting
electrolytes of equimolar TBA-MBr, and TBA-MCl,
[TBA =tetra-n-butylammonium; M =Fe, Ga]. The Br/Cl
ratio was confirmed to be the same with synthetic ratio
from energy-dispersive X-ray (EDX) analysis (Table S1 in the
Supporting Information (SI)). We note that, as shown in
Figure 1b, several halogen-mixed anion species MBr,Cl,_,~
[M=Fe, Ga; x=0, 1, 2, 3, 4] with majority of averaged-
formula species are considered to coexist in a crystal with
random orientation because such coexistence has been
observed in GaCl, /GaBr,  mixture solution by "'Ga nuclear
magnetic resonance (NMR) study.!'!

The crystal structures of 1 and 2 are isostructural to the
pristine (DIETSe),MX, [M =Fe, Ga; X =Br, Cl] (Figure 1c;
Figures S1 and S2).* DIETSe molecules uniformly stack
parallel to the a-axis in a head-to-tail manner, giving rise to
the highest conductivity along the a-axis direction. Figure 1d
shows short I--X [X = Br, Cl] contacts between DIETSe and
anion, which are shorter than the sum of the van der Waals
radii: I-Cl =3.73 A, I-Br=3.83 A, indicating that the iodine
bonds play an important role in stabilizing the structure.[*”
The MBr,Cl, [M =Fe, Ga] salts have nearly the same lattice
parameters (Table S2). The Ga*" ion is nonmagnetic (S =0),
while the Fe*" ion has localized d-spins (S = 5/2). Therefore, 2
is a good reference with which to extract the nature of
itinerant m-electrons. The band structures and Fermi surfaces
of 1 and 2 were calculated based on the density-functional
theory (Figure 1e, details in SI), indicating a Q1D electronic
structure.

The temperature-dependent resistivities of 1 and the
pristine FeX, [X=Br, Cl] salts are shown in Figure 2a. As
shown by dashed arrows, the FeCl, salt and 1 undergo
a metal-insulator (M-I) transition at 11 and 8 K, respectively.
The similar M-I transition occurs in the GaCl, salt and 2 at 12
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Figure 2. a) Electrical resistivity along the b-axis of the FeCl, salt, 1,
and FeBr, salt, normalized by the value at 300 K. For clarity, the values
of the FeCl, and FeBr, salts are multiplied by 2 and 0.6, respectively.
Broken and solid arrows show SDW and AF transitions, respectively.
b) Magnetic susceptibility of 1 at 0.5 T along the a- (filled triangles),
b- (open circles), and c-axes (filled squares).
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and 9 K, respectively (Figure S3). These are attributed to
a spin density wave (SDW) transition from nesting instability
of the Q1D Fermi surfaces. The previous ”’Se NMR study has
confirmed an incommensurate SDW formation in the GaCl,
salt.'” In contrast, the GaBr, salt is metallic down to 1.9 K
(Figure S3). These results indicate Br substitution suppresses
the SDW transition to lower temperatures owing to an
increase in the warping of Fermi surfaces. Besides the SDW
transition, an additional steep increase in the resistivity, which
is absent in the nonmagnetic Ga salts, appears at 2.5, 4, and
7K in the FeCl, salt, 1, and FeBr, salt, respectively (solid
arrows). These anomalies correspond to antiferromagnetic
(AF) transitions of d-spins, as discussed below.™”! The Néel
temperature Ty increases with Br content, indicating system-
atic control of m—d interactions by anion mixing.

Figure 2b and Figure S4 show the temperature depend-
ence of the magnetic susceptibility ¥ of 1 along each
crystallographic axis. Above 20K, x is well fitted by the
Curie-Weiss law with Curie constant C = 4.5 emuKmol ™' and
Weiss temperature 6=—14 K (Figure S4). Below 4K, yx
decreases with lowering temperature in an anisotropic
nature, indicating long-range AF ordering with a magnetic
easy axis along the b-axis. Since the value of Ty =4 K agrees
well with the resistivity anomaly (Figure 2a), the steep
increase in resistance at 7Ty implies an AF ordering-induced
charge gap. Assuming that the up- and down-spins of Fe*"
alternately order along the a-axis by an AF transition, 2k
(=mt/a) periodic modulation of the local moments appears,
which can induce charge gap opening via strong mn—d
interactions.

To explore the magnetic-field effects on the electronic
states, we employed a magnetic torque technique (details in
SI). Figure 3a shows the magnetic torque 7 divided by the
field strength up to 35 T along the b-axis. Below 2 K, a sharp
increase in v/H appears around 2 T, attributed to spin-flop
transitions of d-spins. Anomalies are also observed around
7 T below Ty, indicating AF boundaries, which are plotted as
filled diamonds in the temperature-magnetic field (7-H)
phase diagram (Figure 4). In addition, 7/H shows a maximum
above 15T, and with increasing temperature, it shifts to
higher fields, suggesting the saturation field Hpy (filled
squares in Figure 4). This is also supported by the magnet-
ization M measured at 2 K using a superconducting quantum
interference device (SQUID) magnetometer: the linear
extrapolation of M reaches 5 pg at about 13 T, which is
comparable to Hgy (15 T) (Figure 3a). The obtained Hpy is
almost intermediate between that of the FeCl, (6 T)"! and
FeBr, salts (22 T; also see Figure S5).! A wide gap is observed
between the AF boundary and saturation field in 1. This
indicates no long-range order but a short-range order or
fluctuations in the intermediate paramagnetic (PM) region,
which is pronounced by anion mixing.

We discovered unconventional magnetic hysteresis at very
low temperatures (< 1K) by SQUID with a *He cryostat.
Figure 3b displays a clear large hysteresis in magnetization M
at 0.5K, associated with a spin-flop transition (also see
Figure S6). We also observed a similar hysteresis in magnetic
torque at 0.3 K (Figure S5). The down-sweep magnetization,
Mo, 1s significantly larger than the up-sweep one, M,
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Figure 3. Magnetic torque and magnetization of 1 under magnetic
field along the b-axis. a) Magnetic field dependence of torque divided
by magnetic field, 7/H (left axis) and extrapolated magnetization (right
axis). b) Magnetic field dependence of magnetization M at 0.5 K. Solid
and dotted curves indicate M for up- and down-sweeps, respectively.
c) Temperature dependence of M at 1 T. Open and filled squares
denote ZFC and My,,,, heating after field sweeping up to 5T,
respectively. Enlarged open and filled squares in (b) correspond to the
initial points of ZFC and My, in (c), respectively.
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Figure 4. Temperature-magnetic field phase diagram of 1. AF: anti-
ferromagnetic, CAF: canted AF, PM: paramagnetic, FM: ferromagnetic.
Filled diamonds show magnetic torque minimum. Filled squares
represent maximum of torque (right axis). Filled and open triangles
represent dip structures in up- and down-sweep magnetoresistance
(MR, see Figure 5), respectively. Filled and open circles denote up- and
down-sweep MR minimum, respectively. The shaded region shows
hysteresis.

(Figure 3b). The field-induced state is found to be metastable,
and the hysteresis disappears on subsequent heating. Fig-
ure 3¢ shows the temperature dependence of M at 1 T for the
zero field cooled (ZFC) (open squares) and My, (filled
squares) after the field sweep at 0.5 K, whose initial points are
equivalent to the emphasized squares in Figure 3b (also see
SI). M4y, decreases with increasing temperature and follows
ZFC above 1.3 K, which is well reproduced by two different
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samples (Figure S7). These results indicate the hysteresis
emerges only below 1.3 K.

Remarkably, the anomalous hysteresis also appears in the
resistivity. Figure 5 shows MR of 1 under the magnetic field
along the b-axis. Below Ty (4 K), the MR shows large
anomalies with hysteresis, in sharp contrast to the monotonic

05K

0.7K

1.3K

20K
35K
5.1K

H (T)

Figure 5. Magnetoresistance (MR) of 1 under the magnetic field along
the b-axis. The data for 1.3, 0.7, and 0.5 K are shifted upward for
clarity. Up- and down-sweep MR are shown in black and gray,
respectively.

MR in 2 (Figure S8). The former clearly demonstrates
significant m—d interactions between itinerant m-electrons
and AF d-spins. The dip structure in MR at 1.4 T and 2 K is
attributed to a spin-flop transition of d-spins, which is
confirmed by magnetic torque and magnetization (Figure S9).
Furthermore, below 1.3 K the dip position shifts to higher and
lower fields for up- and down-sweeps, respectively, as
indicated by the broken arrows in Figure 5 and filled (up-
sweep) and open (down-sweep) triangles in 7-H phase
diagram (Figure 4). The shaded region in Figure 4 is in good
accordance with the magnetic hysteresis. In fact, the low-
temperature hysteretic behaviors of MR, magnetization, and
magnetic torque are well correlated (Figure S10). At higher
magnetic fields, a negative MR is observed. As denoted by
filled (up-sweep) and open (down-sweep) circles in T-H
phase diagram (Figure 4), the broad minimum in MR around
6 T corresponds to the AF boundary, in good agreement with
the torque results.

The large hysteresis in M and the cusp in y along the a-axis
at Ty (Figure 2b) are reminiscent of weak ferromagnetism
from spin canting.'¥ However, the hysteresis is negligible
near to zero field, in contrast to typical canted AF (CAF)
systems.™ Instead, M shows a large hysteresis around the
spin-flop field (Figure 3b). Spin flop is a first-order transition,
and therefore, involves hysteresis. However, the hysteresis is
normally very small, as seen in the pristine FeX, [X =Br, Cl]
salts (Figure S5). On the other hand, 1 shows an extraordi-
narily large hysteresis around spin-flop field below 1.3 K.
These results suggest that anion mixing plays a key role in the
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hysteresis phenomena. The randomly substituted halide ions
(Cl or Br) induce random magnetic interactions. The so-called
random exchange effect can in part account for the enhance-
ment of the hysteresis at spin-flop field, as discussed for some
inorganic alloys.'! The less pronounced spin-flop transition in
down-sweep M implies continuous changes in the domain
ratio of coexisting AF and CAF phases. In contrast to
a homogeneous system, a number of pinning centers may be
present in the mixed halide system, giving rise to a significant
effect on the domain wall dynamics.

The spin and charge degrees of freedom are strongly
coupled with each other in 1. The coexistence of AF ordering
of d-spins and SDW of mt-electrons, and their interplay would
be essential for the peculiar magnetic and transport proper-
ties. It is known that density waves become glassy at low
temperatures.!'"”? We also note that the hysteresis is signifi-
cantly pronounced only below 1.3 K. A synergistic effect
between the glassy nature of SDW and the random exchange
is a possible origin for the unconventional hysteresis.

In conclusion, we successfully synthesized mixed-anion m—
d conductor 1 while keeping the isostructure utilizing iodine
bonds. Compound 1 is the first example of a molecular
conductor showing a large hysteresis associated with a spin-
flop transition in both magnetization and conductivity via
strong m—d interactions. We also succeeded in tuning the SDW
instability and m—d interactions by anion mixing. Our results
suggest that chemical substitution can cause systematic and
drastic changes in the electronic states, and that iodine-
bonded supramolecular systems can be useful to obtain strong
correlations. We believe our study will open up the potential
of novel physical phenomena and multifunctionality for
electronics and spintronics.

Keywords: conducting materials - iodine - magnetic properties -
organic—inorganic hybrid composites -
random exchange interaction
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