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Molecular-based quasi-two-dimensional charge-ordered Mott insulators can possess both spin § = 1/2 and
an electric dipole degree of freedom residing on each (BEDT-TTF), lattice site. There exists a theoretical
proposal for a magnetoelectric effect in such a material, which can manifest itself as a sensitivity of charge
distribution on (BEDT-TTF), dimers to the magnetic field. In this work, we used Raman scattering spectroscopy
in the magnetic field up to 31 T applied perpendicular to the two-dimensional triangular lattice planes to probe
a magnetoelectric effect in «-(ET),Hg(SCN),Cl. This is a model compound, which shows charge order and
antiferromagnetic correlations at temperatures below 30 K. We discuss possible reasons for the absence of an
observable magnetoelectric effect in the probed temperature and magnetic field ranges.
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I. INTRODUCTION

Much of the current research in condensed matter physics
is focused on the emergent states of matter resulting from
electronic correlations and magnetic interactions. In Mott in-
sulators with commensurate band fillings away from 1/2, such
as 1/4 or 1/3, strong electronic correlations can result in a
charge-order state [1-3]. In molecular-based Mott insulators
where the lattice has a suitable commensurate periodicity,
such as dimerization, charge order can lead to the formation
of electric dipoles without a need to additionally break the
lattice symmetry, resulting in electronic ferroelectricity [4].
Such a condition can be realized in ET-based [ET is the
bis(ethylenedithio)tetrathiafulvalene molecule] Mott insula-
tors. Indeed, electronic ferroelectricity due to charge order has
been observed in k-(ET),Hg(SCN),Cl [5,6].

Unpaired electrons forming the charge-order pattern carry
spin S = 1/2; therefore, a coupling of charge and magnetic
degrees of freedom is expected for these materials. Multifer-
roic behavior of dimerized organic Mott insulators without
well-pronounced charge order was detected by following the
correlation of dielectric and magnetic responses [7-9]. This
coupling was also suggested as a way to obtain a quantum spin
liquid state out of fluctuating electric dipoles [10]. Fluctuating
electric dipoles were suggested experimentally in systems that
also do not order magnetically [11-14], despite antiferromag-
netic interactions of the order of at least 100 K [15].

Coupling of the charge and spin degrees of freedom can
manifest in two ways. First, a ground state of the charge
degree of freedom will define a magnetic ground state. For
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example, a charge-ordered ferroelectric state in a quasi-two-
dimensional molecular material can result in a spin singlet in
the case of an additional lattice distortion [16] or antiferro-
magnetic S = 1/2 chains in the absence of coupling to the
lattice [4]. Second, a coupling between charge and spin can
manifest itself in a magnetoelectric effect, where an applica-
tion of the electric field would change the magnetization of
an ordered system [17] or an application of the magnetic field
would affect the charge degree of freedom.

k-(ET),Hg(SCN),Cl is a realistic candidate for a mag-
netoelectric effect in molecular Mott insulators theoretically
suggested in Ref. [17]. In this layered crystal, the cation
layers are formed by the (ET)%Jr dimers arranged into an
anisotropic triangular lattice. This material demonstrates a
charge-ordered insulating state below 30 K [5,6,12], which
shows signatures of electronic ferroelectricity [6] without a
formation of a nonmagnetic spin singlet state [14] as was
observed in materials with larger charge disproportionation,
for example, 6-(ET),RbZn(SCN), [18]. Electric dipole mo-
ments are formed on (ET);+ dimer lattice sites due to charge
disproportionation within the dimers. This charge order melts
below 15 K, where an inhomogeneous charge state is ob-
served, driven presumably by the vicinity to the charge-order
phase transition [12,13]. «-(ET),Hg(SCN),ClI shows an ab-
sence of magnetic order down to at least 70 mK [14,19]
despite antiferromagnetic interactions on the order of 100 K
[15]. While no long-range magnetic order has been de-
tected, a decrease of magnetic susceptibility below 24 K
and an agreement in temperature dependence of charge and
magnetic properties [14] suggest short-range magnetic corre-
lations and coupling between the magnetic and charge degrees
of freedom.

©2021 American Physical Society
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We used Raman scattering spectroscopy and heat capacity
in the applied magnetic field to search for a possible effect of
the magnetic field on charge order in x-(ET),Hg(SCN),Cl.
Vibrational Raman spectroscopy is the technique of choice
to search for a change in charge distribution on the lattice
upon the application of the magnetic field for the following
reason. In an ET-molecule-based system it is possible to fol-
low the charge degree of freedom and the charge distribution
on the lattice by the measurements of the charge-sensitive
Raman-active vibration v,(A,) (vibration of the central C =
C bond of ET molecules). The sensitivity of this method
has been proven in many cases [20,21] including the detec-
tion of the charge-ordered state and low-temperature melting
of the charge order in x-(ET),Hg(SCN),Cl [12]. We fol-
lowed the charge-sensitive vibrations of ET on the application
of the magnetic field up to 31 T, directed perpendicular to
the planes formed by (ET);Jr dimers [see Fig. 1(a)]. Even at
the highest reached field, we have not detected any changes
of the spectra that can be clearly interpreted as changes of
the charge state, neither in the charge-ordered state nor in the
melted low-temperature state. We do not observe any change
of the low-temperature heat capacity on the application of
the magnetic field up to 14 T within the precision of our
measurements. This result can lead to further understanding
of the coupling between charge and spin degrees of freedom
in these molecular Mott insulators.

II. EXPERIMENT

Single crystals of «-(ET),Hg(SCN),Cl were prepared
by electrochemical oxidation of the ET solution in 1,1,2-
trichloroethane at a temperature of 40°C and a constant
current of 0.5 nA. The composition of the crystal was ver-
ified by electron probe microanalysis and x-ray diffraction.
The crystal structure [5] of k-(ET),Hg(SCN),Cl consists of
(ET)?-based cation layers and anion layers parallel to the
bc crystallographic plane, with the a axis perpendicular to
the layers. In the bc planes, (ET);+ dimers form anisotropic
triangular lattice, which is schematically shown in the right-
hand panels of Fig. 1.

Magneto-Raman measurements of «-(ET),Hg(SCN),Cl
were performed at National High Magnetic Field Lab using
a fiber-based probe and a “*He exchange gas cryostat and two
different magnets. A superconducting magnet was used to
reach magnetic fields up to 18 T, with a minimum temperature
on the sample of 2 K and a cooling rate between 1 and
8 K/min. A resistive magnet was used to reach magnetic
fields up to 31 T, with a minimum temperature on the sample
of 3.5 K and a cooling rate about 1 K/min. The Raman
spectra were measured in a backscattering geometry using
a 532-nm laser excitation. The laser light was injected into
an single-mode optical fiber, guiding the excitation to the
sample stage inserted into a helium-flow variable temperature
cryostat. The excitation light was focused by an aspheric
objective lens (NA = 0.67) to a spot size of about 3.5 um
in diameter. The excitation power delivered to the sample
was about 100 uW or less to minimize the sample heating.
The scattered light collected by the same lens was directed
into a 100-um multimode collection fiber and then guided to
a spectrometer equipped with a liquid-nitrogen-cooled CCD
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FIG. 1. (a) A scheme of the (ET))" layer parallel to the bc plane
in the charge-ordered state. (ET);Jr dimers are shown schematically
by dashed circles, with a charge-rich (red) and a charge-poor (blue)
molecule in a dimer in a charge-ordered state. P is the vector
of electric polarization as deducted from the evidence of charge-
order stripes parallel to the ¢ axis observed in Refs. [5,6]. H is
the direction of the applied magnetic field. (b)-(d) Raman spectra
of k-(ET),Hg(SCN),Cl in the region of charge-sensitive molecular
vibration v,(A,) at 0 and 31 T. For all temperatures, measurements
taken at 0 T are plotted by a blue curve (“Before field”), at 31 T
field by a red curve, and at O T after application of high field by a
green curve (“After field”). Right-hand panels show schematically
the charge distribution in the (ET);Jr layer. (b) Spectra in the metal-
lic state at 50 K. No effect of the magnetic field on the shape of
the charge sensitive v,(A,) vibration is observed. In the metallic
state, charge is distributed homogeneously between molecules in the
dimers (depicted by black color). (c) Spectra in the charge-ordered
state at 25 K. v¢(A,) and v3(A,) lines correspond to charge-rich and
charge-poor molecular sites. Upon the application of 31 T, no change
is observed. (d) Spectra in the charge melting state at 3.5 K. There
is no appreciable difference between spectra taken at zero field and
spectra at 31 T. The right panel shows the inhomogeneous (ET);Jr
layer, where part of the system recovered homogeneous charge dis-
tribution. The domains of both phases can have random shapes or be
oriented parallel to the charge-ordered stripes.

camera. The spectra were acquired in the spectral region from
1200 to 1700 cm~! with a spectral resolution of 1.74 cm™!.
Nonpolarized Raman scattering spectra were measured from
the bc plane of the crystals with the wave vector of the exci-
tation and scattered light oriented perpendicular to the layers.
The magnetic field was oriented perpendicular to the bc plane.
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FIG. 2. Temperature dependence of heat capacity of x-(ET),Hg(SCN),Cl plotted as C,/T vs T. (a) The blue curve is the heat capacity
at zero magnetic field and the red curve is heat capacity measurements taken at 14 T. No detectable difference was noticed either at low
temperature or at the transition temperature. (b) Plot of C,/T vs T at 14 T. The red curve is the heat capacity of the sample that was cooled
down in zero field. The black curve is the heat capacity of sample that was cooled down in a field of 14 T.

The heat capacity of three different crystals of
k-(ET),Hg(SCN),Cl with masses of 0.56, 1.11, and
0.93 mg were measured using Quantum Design PPMS
(relaxation method). Samples have shapes of thin plates
with the most developed bc plane. The samples were fixed
on the measurement platform using Apiezone N grease.
Measurements were performed with a few different cooling
rates between 0.1 and 10 K/min. No difference in heat
capacity measured with these cooling rates was observed
within the precision of our measurements. In Fig. 2 we
present the data obtained using a cooling rate of 10 K/min.

In the heat capacity measurements, a magnetic field up to
14 T was applied in the direction perpendicular to the be plane
of the crystals. The heat capacities of the sample in the field of
14 T and in O T show some difference of a few percent below
about 15 K. This difference follows the difference observed
in the addenda measurements in this temperature range and
therefore is considered a systematic error, which gives rise
to the increased error bars defined as C,(sampleat 14T) =

Cp(addenda at 14 T)
C,(sample at 14 T) * —(,f,,(addendaatOT)

The zero-field-cooled (ZFC) heat capacity was measured in
the magnetic field upon warming. Field-cooled measurements
at 14 T were done upon cooling.

and plotted in Fig. 2.

III. RESULTS

In our Raman scattering experiments, we were
following the charge distribution on (ET);+ dimers of
k-(ET),Hg(SCN),Cl by probing the v,(A,) vibration of
the central C = C bond of ET molecules. The dependence
of the frequency of this vibration on the charge on the ET
molecules is well known [12,22]. Another vibration detected
in the measured range is v3(A,), which is not sensitive to
changes of the charge on a ET molecule and is used for
calibration. Raman spectra were measured at a few different
temperatures which correspond to different charge states
observed in x-(ET),Hg(SCN),Cl. All zero-field data are in
agreement with the previous Raman scattering studies of
this material [12]. In Fig. 1 we show the results obtained in
the measurements using a resistive magnet and a maximum

applied field of 31 T. The data obtained in the measurements
using a superconducting magnet and magnetic fields up to
18 T are in agreement with these data and are presented in
the Appendix Fig. 3. At each measured temperature, Raman
scattering spectra were taken in the magnetic field H =0 T
(marked as “Before field” in Fig. 1) and then at the maximum
value of 31 T in order to detect a possible influence of the
magnetic field on the charge state. Then the magnetic field
was decreased down to 0 T, and another Raman spectrum was
taken (marked as “After field” in Fig. 1). Differential spectra
are also presented in Fig. 4 in the Appendix.

Above 30 K, «-(ET),Hg(SCN),Cl is known to be a metal
with a homogeneous distribution of charge on the lattice
[5]. Figure 1(b) shows Raman spectra of the metallic state
at T =50 K, where a single band of the v,(A,) vibration
is detected at a frequency of 1490 cm™'. At the maximum
magnetic field of 31 T we observe no changes of the v,(Ay)
mode; however, the intensity of the v3(A,) mode at 1470
cm~! decreased. Raman spectra measured after removing the
field and repeating the measurements in H = 0 T are almost
identical to that measured under the magnetic field of 31 T.
This suggests that the observed decrease of intensity could be
attributed to the movement of the piezo stage of the sample
holder or parts of the optics that affected positioning of the
sample or the focus (see the Appendix Fig. 4 for more details),
with v; being more sensitive to the exact positioning due to
resonance effects [23].

In the charge-ordered state, represented by the spectra at
T =25 K [see Fig. 1(c)], the line of the charge-sensitive
v, vibration splits into two modes, v§(A,) at 1475 cm™!
and vg (Ap) at 1507 cm™!, corresponding to charge-rich (car-
rying +0.6e) and charge-poor (carrying +40.4e) molecules
within a dimer. Charge-rich and charge-poor molecules of
a dimer are depicted schematically by red and blue colors
in the right panel of Fig. 1(c). While the maximum mag-
netic field of 31 T is comparable to the temperature of the
charge-order transition Ty;; = 30 K, we observed no apparent
changes of the charge-sensitive vibrations in the magnetic
field up to 31 T. A small change of the intensity of v5(A,)
is within the error of the measurements. This suggests an
absence of a detectable influence of the magnetic field on
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the charge state of x-(ET),Hg(SCN),Cl in this geometry at
least.

As was demonstrated in Ref. [12], below 15 K,
k-(ET),Hg(SCN),Cl enters the charge melted regime where
the intensity of the vibrational bands related to the charge
order start to gradually decrease upon cooling, while that of
the mode v>(A,) of (ET)"37 increases. We probed this state
at T =3.5 K, where the v,(A,) mode is very broad [see
Fig. 1(d)]. An application of the magnetic field up to 31 T
does not affect the spectra.

In addition to the Raman scattering experiments, we per-
formed heat capacity measurements of «-(ET),Hg(SCN),Cl
in the magnetic field up to 14 T applied in the same geometry,
perpendicular to the bc crystallographic plane. The tempera-
ture dependence of C,,/T vs T is shown in Fig. 2. The feature
at 30 K is associated with the charge-order metal-insulator
transition and is in agreement with previous results [6,11].

Figure 2(a) shows a comparison between the heat ca-
pacity at zero field and the heat capacity at 14 T. The
heat capacities of the sample in the field at 14 T and at
0 T show some difference of a few percent below about
15 K. This difference follows the difference observed in
the addenda measurements in this temperature range and
therefore is considered a systematic error, which gives
rise to increased error bars defined as C,(sampleat 14T) =

C,(addendaat 14 T) . .
Cp(sample at 14 T)m and plotted in Fig. 2.

Figure 2(b) is a comparison between heat capacity mea-
surements taken at 14 T for a zero field cooling and field
cooling, again showing no difference between the heat capac-
ity measured in these two regimes.

IV. DISCUSSION

The main result of our measurements of Raman scattering
spectra in the magnetic field up to 31 T applied perpen-
dicular to the bc crystallographic plane is the absence of
any changes of the spectra which we can reliably interpret
as a change of the charge distribution on (ET);r dimers in
k-(ET),Hg(SCN),Cl induced by the application of the mag-
netic field. An absence of a change in heat capacity in the
magnetic field up to 14 T applied in the same geometry con-
firms this result.

There could be a number of reasons why the observation of
a magnetoelectric effect is absent. The suggestion of the mag-
netoelectric effect in a charge-ordered organic Mott insulator
in Ref. [17] is based on the assumption of a non-negligible
spin-charge coupling, which would also lead to magnetic
ordering, that can appear at temperatures lower than charge
order. Reference [14] suggests that spin-charge separation
due to the one-dimensional character of the charge stripes
can be a reason for the absence of magnetic order ac-
companying the charge-order phase transition. In fact, the
one-dimensionality of the system in the charge-ordered state
was suggested by experimental results in Ref. [6] and theoret-
ical calculations in Ref. [15]. This could explain the absence
of the magnetoelectric effect at T = 25 K.

At T =23 K, magnetic susceptibility shows a decrease
presumably due to short-range magnetic correlations [14].
Below this temperature, magnetic susceptibility follows the

temperature behavior of the charge degree of freedom. Melted
charge order and an absence of magnetic order are observed at
low temperatures [14,19]. This temperature regime seems to
be a better candidate for the magnetoelectric effect. However,
at T = 3.5 K no effect was observed. It is possible that spin-
charge coupling in this regime is still not strong enough to
produce an observable magnetoelectric effect, or that a stable
magnetic order, and not a fluctuating regime, is necessary.

Another possibility is that the magnetic field of 31 T is
still too weak to produce any detectable effect on the charge
order. While this energy of the magnetic field is comparable
to the temperature of the charge-order transition, it is smaller
than the estimations of J in such a system, the lowest of
which is 80 K [11,24]. Theoretical calculations are necessary
to estimate how parameters related to the charge and magnetic
degrees of freedom compare to the magnetic field that can
produce a detectable magnetoelectric effect.

In contrast, the magnetic field produces a strong effect
in the NMR response of «-(ET),Hg(SCN),Cl, suppressing
a maximum in T1_1 in the temperature range below approx-
imately 10 K [19]. Our data on the absence of the effect of the
magnetic field on the charge order reinforce the conclusion
of Ref. [19] that it is the impurity spins that show a strong
magnetic field dependence. The melting of charge order ob-
served below 15 K undoubtedly creates inhomogeneities and
domain walls, which can produce the strong field dependence
observed in NMR experiments.

Temperature dependence of the heat -capacity of
k-(ET),Hg(SCN),Cl (see Fig. 2) is not affected by the
application of a magnetic field up to 14 T. This confirms the
Raman scattering-based conclusion that x-(ET),Hg(SCN),Cl
is not affected by these values of magnetic fields. A
comparison to the NMR results also suggests that domain
walls and the related orphan spins do not have a measurable
input into the heat capacity of «-(ET),Hg(SCN),Cl.

V. CONCLUSIONS

In this work we have tested a possible effect of the
magnetic field on charge distribution on (ET);+ dimers in
k-(ET),Hg(SCN),Cl, which was predicted as a realization of
the magnetoelectric effect. This was done by application of a
magnetic field perpendicular to the (ET);+ layers and follow-
ing the response of the charge distribution on (ET)%Jr dimers
through Raman vibrational spectra. We have not observed any
evidence of a magnetoelectric effect that would affect charge
distribution in the insulating charge-order state in a magnetic
field up to 31 T. We suggest possible reasons for the absence
of a magnetoelectric effect. Those include a possibility that
the energy of the magnetic field should be much higher and
comparable to the magnetic exchange to produce an effect.
Also, a magnetoelectric effect might require a stronger cou-
pling between charge and spin degrees of freedom, which
would also manifest itself in a spin order accompanying the
charge-order state.
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APPENDIX

As mentioned in the main text of the paper, the measure-
ments of Raman scattering spectra in the magnetic field were
performed at two setups, one was equipped with an 18 T
superconducting magnet, and another was equipped with a
31 T resistive magnet. In Figs. 3 and 4 we demonstrate a
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FIG. 3. H = 18 T setup: Raman spectra of «-(ET),Hg(SCN),Cl
in the region of charge-sensitive molecular vibration v,(A,) at three
different temperatures which correspond to three different charge
states: 7 = 52 K is a metallic state, T = 25 K is a charge-ordered
state, and 7 = 8 K is a state where charge order is melted. Each
temperature shows spectra in the magnetic field, some are measured
on sweeps between two fields. The right panels show a difference
of intensity between the spectra in field and at zero field for a given
temperature.
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FIG. 4. H = 31 T setup: Raman spectra of «-(ET),Hg(SCN),C1
in the region of charge-sensitive molecular vibration v,(A,) at three
different temperatures which correspond to three different charge
states: 7 = 50 K is a metallic state, T = 25 K is a charge-ordered
state, and 7 = 3.5 K is a state where charge order is melted. Each
temperature shows spectra in the magnetic field, some are measured
on sweeps between two fields. The right panels show a difference
of intensity between the spectra in field and at zero field for a given
temperature.

set of original data for both measurements taken at temper-
atures which correspond to the three states observed in the
k-(ET),Hg(SCN),Cl metal (50 K), the charge-ordered state
(25 K), and the melted charge order (8 K for the 18 T setup and
3.5 K for the 31-T setup). Fig. 5 summarizes the differential
spectra for the three studied temperature regimes.

The small changes in the spectra observed in field are
identified the best in the plots of I(H) — I(0 T) presented in
the right panels of the figures for each temperature. For both
systems and all temperatures we observe the changes in the
intensity of the v3 mode. While changes at higher field are
larger, the sign and size of the changes are not systematic. For
the measurements at 18 T and below, the changes are below
the noise observed in the spectra (see the right-hand panels of
Fig. 3).

In the case of measurements at the 31 T setup at 50 and
3.5 K, 0 T intensities of the v; mode before and after the
field sweep are not reproduced. This suggest that the changes
of the intensities are due to small shifts of the sample or
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sample holder in high field, as well as polarization rotation,
and cannot be assigned to the intrinsic behavior of the sample.

Changes of the intensity of the v, mode are observed in
the spectra at 31 T for T = 50 and 25 K. The changes at 50 K
show an increase of the intensity of the v, mode. A decrease of
1(v3) together with an increase of 1(v;) is in agreement with a

polarization rotation, since these A, vibrations are observed
in the two perpendicular polarizations (c, c¢) and (b, b) in
the bc plane of the «-(ET),Hg(SCN),Cl structure [23]. This
suggests that changes at 52 K are a combination of a sample
shift in high magnetic fields and polarization rotation.

In the spectra at T = 25 K, I(v3) decreases, while I(v;)
decreases as well, with an increase of (v}). To appreciate
this change we plot together I(31T) — I(0T) for each tem-
perature, averaged over /(31 T) —I(0T “before field”) and
I(31T) —I(0T “after field”). Such a change can point to a
decrease of charge from BEDT-TTF*3 to BEDT-TTF %4
on the application of H =31 T in a small part of the sys-
tem. This interpretation would mean that there are some
non-charge-ordered molecules with BEDT-TTF*% left in
the charge-ordered state at 7 = 25 K. Another concern is
that we do not observe a corresponding change in I(v5) of
BEDT-TTF+% necessary to keep the charge equilibrium. As
a whole, taking into account the size of the noise and the
possible artifacts discussed above, we cannot interpret this
effect as a significant change.

Interestingly, no changes are observed in the magnetic field
at T = 3.5 K. This can be interpreted as a result of higher
mechanical stability of the system at low temperatures, or
an absence of polarization dependence in the melted charge-
order state. It can also signify the changes observed in the
system at higher temperatures.
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