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ABSTRACT: We report the first observation of spin-flop-
induced sharp positive magnetoresistance as large as 100%
and nonvolatile magnetoresistive memory in a π−d hybrid
molecular conductor, (DIETSe)2FeCl4 [DIETSe = diiode-
(ethylenedithio)tetraselenafulvalene]. The unprecedented
magnetotransport phenomena originate from the coex-
istence of the spin density wave (SDW) of the quasi-one-
dimensional (Q1D) π electrons and the antiferromagnetic
order of d-electron spins, indicating the interplay between
the electronic instability of Q1D π electrons and local
moments of antiferromagnetic d-electron spins. These
findings offer new possibilities in molecular electronics/
spintronics.

Magnetic conductors having a giant response to external
stimuli have attracted much attention because of the

fundamental interest in the mutual interaction between
magnetism and conductivity and also practical applications,
such as magnetic sensors, memories and spintronic devices.1

For example, giant magnetoresistance (MR) and colossal MR
have been extensively studied in inorganic alloys and oxides.2 In
contrast, molecular materials normally have weak spin−charge
interaction; however, they are advantageous in terms of
flexibility, low weight, small-size integration under mild
conditions, weak spin−orbit interaction, and a wide variety of
freedom in material design.3

A promising approach for the research on magnetic
molecular conductors is to couple magnetism and conductivity
by introducing inorganic magnetic species into organic
conducting materials, and a number of dual-functional
organic/inorganic hybrid materials have been developed.4 An
example of such a robustly coupled material is the quasi-two-
dimensional (Q2D) conductor λ-(BETS)2FeCl4 having mag-
netic-field-induced superconductivity,5 where BETS denotes
bis(ethylenedithio)tetraselenafulvalene and serves as a reservoir
of π electrons. The Q2D nature of π electrons is advantageous
in obtaining a stable metal6 or superconductor7 with magnetic
ions. However, such stable electronic states would often be
unsusceptible to the magnetic transition of incorporated spins.6

Reducing the dimensionality further to quasi-one dimension
opens up a fascinating world where electrical conduction is
highly susceptible to electron−electron and electron−phonon
interactions. We have focused our attention on a spin density
wave (SDW) of quasi-one-dimensional (Q1D) π electrons,

because it has been considered to couple with the
antiferromagnetic (AF) order of d-electron spins via π−d
interaction.8 Among Q1D π−d conductors, (DIETSe)2FeCl4
[DIETSe = diiode(ethylenedithio)tetraselenafulvalene] has
high conductivity down to low temperature because of
enhanced intermolecular interactions due to the presence of
heavy Se atoms in the inner tetraselenafulvalene (TSeF)
skeleton (Figure 1a).9 (DIETSe)2FeCl4 also shows a clear

metal−insulator transition, followed by an AF transition of d-
electron spins. Therefore, SDW and AF orders coexist in the
ground state. The cooperative and/or competing effects of
these symmetry-broken ground states can give rise to a clear
and large response to external stimuli.
In this paper, we first report spin-flop-induced sharp positive

MR and nonvolatile memory in a molecular crystal,
(DIETSe)2FeCl4. We demonstrate that the electronic instability
inherent to low-dimensional metals can be controlled by
incorporated spins and external stimuli, providing a new path
for the development of multifunctional molecular materials.
The DIETSe molecule was synthesized as described in the

literature.10 Elongated plate-like single crystals of (DIE-
TSe)2MCl4 [M = Fe, Ga] were prepared by electrochemical
oxidation using Pt electrodes.9 The good quality of the
molecule and crystals was confirmed by elemental analysis
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Figure 1. (a) Molecular structure of DIETSe. (b) Crystal structure of
(DIETSe)2FeCl4 viewed along the c-axis; DIETSe molecules only at
(0, 0, 1/2) sites are shown. (c) Calculated Fermi surfaces in the ka−kc
plane; the square area is the first Brillouin zone.
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and X-ray diffraction. We extended our previous brief high-
pressure experiment that provided results for the b-axis
resistance down to 1.5 K11 and obtained results down to 0.6
K in the present work. The detailed pressure−temperature
phase diagrams were mapped out using an in situ pressure
calibration. The details of physical property measurements are
described in the Supporting Information (SI).
The (DIETSe)2MCl4 [M = Fe, Ga] salts are isostructural to

each other, having almost the same lattice parameters.9 Fe3+ has
localized d-electron spins of high spin state (S = 5/2), while
Ga3+ is nonmagnetic (S = 0). Therefore, the Ga salt is a good
reference material with which to clarify the nature of itinerant π
electrons at DIETSe sites. Figure 1b shows the crystal structure
of (DIETSe)2MCl4 [M = Fe, Ga].9 The planar DIETSe
molecules stack uniformly, head-to-tail, along the crystallo-
graphic a-axis and form conduction columns. Band structure
calculations predicted a highly 1D three-quater-filled band with
a Q1D Fermi surface (Figure 1c).9 At ambient pressure, both
salts are metallic down to about 12 K, below which the
resistance increases with decreasing temperature.9 The semi-
conducting behavior below 12 K is attributable to an SDW
transition due to nesting instability of the Q1D Fermi surface,
as confirmed by a 77Se nuclear magnetic resonance (NMR)
study of the Ga salt.12 The shape of the NMR spectra in the
low-temperature phase is characteristic of an incommensurate
SDW (ICSDW).12

To control the electronic states, we applied hydrostatic
pressure to the crystals. Transport properties under a variety of
hydrostatic pressures are shown in Figure 2 and in Figure S1 for

Fe and Ga salts, respectively. Hydrostatic pressure monotoni-
cally suppresses the SDW transition in both salts, indicating
suppression of nesting instability in the Fermi surface due to
increased Fermi-surface warping.13 Besides the SDW transition,
the Fe salt has an additional anomaly in the temperature
dependence of electrical resistivity below about 2.5 K, which
corresponds to the AF transition temperature of Fe3+ (S = 5/2)
spins.9 The large change in resistivity indicates an additional
charge gap induced by the AF order. Because of the 2:1
composition, when there are alternating up- and down-spin
sublattices of Fe3+ along the a-axis, 2kF (= π/2a) periodic
modulation of the local moment appears. Thus, the 2kF AF
order of Fe3+ (S = 5/2) spins can induce an additional charge
gap. We also note that such an additional anomaly is absent in
the nonmagnetic Ga salt (Figure S1). The temperature−
pressure phase diagram of (DIETSe)2FeCl4 depicted in Figure
3 is similar to that of the Ga salt (Figure S2) except for the Neél
temperatures TN of the d-electron spins, which are absent in the

latter. These results decisively confirm that the electronic states
of π electrons are essentially the same for the two salts. For the
Ga salt, the ICSDW state is completely suppressed above the
critical pressure Pc of about 6.5 kbar, recovering normal metallic
behavior at 6.9 kbar (Figure S1). In contrast, for the Fe salt, the
resistivity still increases below TN even above Pc of about 5.5
kbar, indicating the partial gap at the Fermi energy induced by
the 2kF AF order of Fe3+ spins.
Figure 4a shows the magnetic-field dependence of the

magnetic torque of (DIETSe)2FeCl4 measured using a
piezoresistive microcantilever. Under the magnetic field along
the b-axis, a spin-flop transition of Fe3+ (S = 5/2) spins is

Figure 2. Temperature dependence of the electrical resistivity of
(DIETSe)2FeCl4 under various pressures.

Figure 3. Temperature−pressure phase diagram of (DIETSe)2FeCl4.
Open blue squares: the onset SDW transition temperature, where the
resistivity is a minimum. Solid blue squares: the temperature at which
d ln(ρ)/d(1/T) has a peak, corresponding to the long-range ordering
temperature of SDW TSDW. Open red triangles: onset AF transition
temperature. Solid red triangles: the temperature at which d ln(ρ)/
d(1/T) has a peak, corresponding to the long-range AF ordering
temperature TN.

Figure 4. Correlation between magnetism and resistivity in
(DIETSe)2FeCl4. (a) Magnetic torque at 1.5 K under the magnetic
field applied along the b-axis (red points) and tilted 1.6° from the b-
axis to the c-axis (black points). Red arrows show the relative
orientation of Fe3+ (S = 5/2) spins. The inset is a picture of a tiny
single crystal on a piezoresistive microcantilever. (b) Magneto-
resistance change at 0.6 K as a function of the magnetic field applied
along the b-axis for several pressures. The data except for those for 8.9
kbar are shifted downward for clarity.
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observed at 1.5 T and 1.5 K. Interestingly, we found that the
spin flop, which is a first-order spin reorientation transition,
strongly alters the conductivity in (DIETSe)2FeCl4. Figure 4b
shows the magnetic-field dependence of MR change, ΔR(H)/
R(0) = [R(H) − R(0)]/R(0), under a variety of pressures. We
observed a steep step-like increase in MR just above the spin-
flop field. ΔR(H)/R(0) increases with increasing pressure and
reaches 100% at 8.9 kbar. This is unambiguous evidence of
spin−charge-coupled ‘electrical switching’. Such a steep and
positive (as opposed to negative) change for a weak magnetic
field is an unforeseen peculiarity in π−d systems. In magnetic
molecular conductors, negative MR is a common characteristic
as has been observed at the boundary between a canted AF
phase and a paramagnetic phase in Q2D π−d conductors.14

Besides the negative MR, Q1D π−d conductors show a dip-like
anomaly in MR associated with a spin-flop transition.8,15

However, as far as we know, the step-like very steep and
positive MR due to spin flop has never been observed in
molecular conductors. We also note that it does not require the
application of a strong magnetic field, in marked contrast to
giant negative MR (∼18 T) in phthalocyanine salt16 and
magnetic-field-induced superconductivity (∼17 T) in BETS
salt.5 The positive MR above the spin-flop transition may be
explained by enhancement of the charge gap or scattering due
to reorientation of AF moments.
As the magnetic field strengthens, MR is gradually sup-

pressed until about 6 T because the canted d-electron spins
gradually polarize along the magnetic-field direction. As is
evident in Figure 4a, the magnetic moment of d-electron spins
becomes saturated above about 6 T, where the additional
charge gap is suppressed because the 2kF periodic modulation
of the Fe moments no longer occurs.
Remarkably, the MR shows irreversible hysteresis at low

pressures below Pc. In Figure 5a, the black points show MR
during the initial increase in the magnetic field; the red points
show MR during down-sweep of the field below 3 T. Below the
spin-flop field, the down-sweep MR is smaller than the up-
sweep MR and never returns to its initial value after removal of
the field, indicating irreversible hysteresis. Even if the field is
applied again, the up-sweep MR remains small below the spin-
flop field and merges into the initial MR above the spin-flop
field. This is an intriguing peculiarity, which we call ‘spin-flop
memory’, since the bulk resistance of the material is changed by
the magnetic-field-induced spin-flop transition and the material
indeed ‘remembers’ the transition. This is a new nonvolatile
memory; the material can retain the stored information even
after removal of the magnetic field. In other molecular
conductors, unusual changes in MR due to the spin-flop
transition8,15 or transition from canted AF to paramagnetic
phases14 are rarely observed as mentioned above. However, the
spin−charge-coupled ‘memory’ phenomenon has never been
observed, to our knowledge.
We also found that the memory can be erased by increasing

the temperature above TN. A plot of the temperature
dependence of resistivity (Figure 5b) shows initial cooling
before (black points) and subsequent heating after (red points)
the MR experiments described above. The low-resistivity ‘on’
state is observed during heating. Above TN, the resistivity
coincides with the initial value, indicating that memory is
cleared.
At high pressures above Pc, this memory phenomenon is not

observed (Figure S3), indicating that the coexistence of
ICSDW and commensurate antiferromagnetism is important

to this phenomenon. We note that the AF order of d-electron
spins should be commensurate to the lattice, while the wave
vector of the 12 K SDW is determined by the optimum nesting
vector of the Fermi surface and is most probably
incommensurate, according to the NMR experiments of Ga
salt.12 Thus, the wave vectors should differ from one another.
It is difficult to describe precisely the observed anomalous

MR, especially the memory phenomenon, because it involves a
complicated scattering mechanism that may be affected by field-
induced reconfigurations of AF domains. Besides the domain
wall scattering, we suggest a possibility of field-induced
incommensurate−commensurate transition, i.e., the lock-in
transition of the SDW. The reorientation of AF d-electron
spins in the spin-flop field may induce a lock-in transition of the
SDW. The spin-flop-induced lock-in state is considered to be a
metastable state pinned by the commensurate AF potential and
might survive even if the external magnetic field is turned off.
However, further investigations are required to clarify the origin
of the memory phenomenon.
In conclusion, (DIETSe)2FeCl4 is the first example of a

molecular conductor exhibiting a spin-flop-induced electrical
switching and nonvolatile memory due to the interplay between
SDW instability of the Q1D metal and periodic AF modulation
of incorporated Fe spins. This material could be a prototypical
example of multifunctional hybrid materials in which
cooperative and/or competing order parameters of two
sublattices can be used to manipulate both spin and charge
degrees of freedom, simultaneously.

Figure 5. Spin-flop-induced magnetoresistive memory in (DIE-
TSe)2FeCl4. (a) Magnetoresistance at 0.6 K as a function of the
magnetic field applied along the b-axis at 1.9 kbar. Black points: data
taken during the initial strengthening of the magnetic field. Red points:
data taken during the down-sweep of the magnetic field from 3 T. (b)
Temperature dependence of resistivity before (black points) and after
(red points) the MR study shown in (a). The low-resistivity ‘on’ state
returns to the initial ‘off’ state upon heating above TN.
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