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On cooling below 30 K, the k-(ET),Hg(SCN),ClI quasi-two-dimensional organic metal, which is in the
quantum spin liquid state at liquid helium temperatures, undergoes a transition to the Mott insulator state.
The application of a hydrostatic pressure p = 0.7 kbar stabilizes the metallic state and makes it possible to
study the behavior of the interlayer magnetoresistance at liquid helium temperatures. The field dependence
of the magnetoresistance exhibits an unlimited power-law growth, which indicates that the polaron mecha-
nism contributes to the interlayer transport. The spectrum of observed magnetoresistance oscillations corre-
sponds to the Fermi surfaces characteristic of conducting layers with the k-type structure.
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In the early 1970s, a novel state of solids, namely,
quantum spin liquids, was theoretically predicted [1].
This prediction was actually confirmed in experiment
only 40 years later in the study of the synthetic mineral
herbertsmithite [2], which can exhibit the characteris-
tics predicted for the spin liquid. In this compound,
neither a long-range magnetic order nor structures
such as spin glass were found down to such ultralow
temperatures as 50 mK. Having a nontrivial frustrated
lattice, these materials contain triangular motifs
involving triangles with magnetic atoms located at
their vertices. Such structure prevents the formation of
long-range order. Because of quantum fluctuations
and strong correlations between spins, frustrated mag-
nets remain disordered even near absolute zero [3—6].

Low-dimensional organic conductors form a large
class of compounds with various unusual states and a
number of phase transitions [7, 8]. Modern chemical
synthesis makes it possible to produce organic con-
ductors (metals) with strongly correlated electrons.
According to theoretical predictions, quantum fluctu-
ations for such materials become important at very low
temperatures. These fluctuations can lead to the
appearance of “quantum spin liquid” states and man-
ifest themselves in different physical properties [9, 10].

The existence of a spin liquid state has already been
confirmed in a number of organic metals based on
bis(ethylenedithio)tetrathiafulvalene (ET), which are

characterized by the phase transition to the Mott insu-
lator [11, 12]. In isostructural quasi-two-dimensional
organic metals k-(ET),Hg(SCN),X (X = Cl, Br),
phase transitions are observed on cooling at tempera-
tures of 30 and 80 K, respectively. In these com-
pounds, the conducting organic layers consist of
dimers of ET molecules and alternate with noncon-
ducting layers of inorganic Hg(SCN),X anions. The
dimers of ET molecules in the conducting layers are
almost perpendicular to each other (the kpacking
type) and are connected by a large number of short-
ened S...S bonds [13, 14].

In this work, the electron system of a metallic state
in a highly frustrated quasi-two-dimensional x-
(ET),Hg(SCN),ClI organic conductor is experimen-
tally studied for the first time by analyzing the behav-
ior of the magnetoresistance. At temperatures above
30 K, this compound behaves like a metal with a half-
filled band with strong electron—electron correlations.
Near 7= 30 K, the material exhibits a metal—insulator
transition, and the charge disproportionation occurs
inside the dimers of ET molecules, which leads to the
formation of a long-range order. However, as the tem-
perature drops below 15 K, the long-range order dis-
appears completely, and the system transforms to the
quantum spin liquid state [15]. Bis(ethylen-
edithio)tetrathiafulvalene-based organic conductors
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Fig. 1. (Color inline) Temperature dependence of the rel-
ative interlayer electrical resistance of -
(ET),Hg(SCN),Cl at different applied pressures.

are fairly plastic materials, and the applied high pres-
sure can significantly change the conduction band and
affect their physical properties [7, 8]. The application
of a relatively low external pressure stabilizes the
metallic state down to the lowest temperatures and
makes it possible to analyze the behavior of the mag-
netoresistance in the aforementioned conductor.

In our study, we used k-(ET),Hg(SCN),Cl single
crystals having the shape of irregular parallelepipeds
with average dimensions of 1 X 0.3 X 0.02 mm. The
conducting layers were perpendicular to the short edge
of the crystal; the ac measuring current was applied in
the same direction and the interlayer resistance was
measured. The magnetoresistance was studied at the
applied dc magnetic field up to 16.5 T. The direction
of the field always coincided with that of the measur-
ing current. Thus, the longitudinal interlayer magne-
toresistance was studied. To create pressure, we used a
high-pressure chamber with a hydrophobic organosil-
icon liquid (HSC) as a transmission medium.

In Fig. 1, we show the temperature dependences of
the relative interlayer electrical resistance of
k-(ET),Hg(SCN),Cl at different pressures. At atmo-
spheric pressure, the sample exhibits a metallic behav-
ior of the interlayer resistance in the range from room
temperature to about 30 K. Below this temperature, a
rather abrupt metal—insulator transition is observed.
The pressure p = 0.4 kbar shifts the metal—insulator
transition by several degrees toward low temperatures.
However, the pressure p = 0.7 kbar completely sup-
presses the transition and transforms the sample to the
metallic state, which is retained down to the lowest
temperatures. The presented results are in a good
agreement with the previously published phase dia-
gram of this compound [16]. Note that a slight non-
monotonicity in the behavior of the interlayer resis-
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Fig. 2. Magnetic field dependence of the longitudinal
magnetoresistance in x-(ET),Hg(SCN),Cl at T = 0.47K
and p = 0.7 kbar. The upper inset shows the Fourier spec-
trum of the magnetoresistance oscillations. The lower
inset shows the schematic image of the Fermi surface char-
acteristic of k-type two-dimensional metals.

tance at p = 0.7 kbar at low temperatures suggests the
proximity of the phase transition at this pressure.

In Fig. 2, we show the magnetic field dependence
of the longitudinal magnetoresistance in -
(ET),Hg(SCN),Cl. In the field B = 16 T, the resis-
tance grows by about a factor of four and is well
described by the relation R(B)/R(0) = a + bB'? in the
whole magnetic field range without any signs of satu-
ration at the highest fields. This behavior is not typical
of most quasi-two-dimensional organic metals [17].
One of the possible mechanisms of this behavior may
be the formation of polarons around electrons local-
ized by the magnetic field in conducting layers. An
increase in the field enhances the degree of localiza-
tion and, accordingly, increases the height of the Cou-
lomb barrier, which an electron must overcome to pass
to an adjacent layer [18]. Beginning with magnetic
fields B ~ 10 T, the field dependence of the magneto-
resistance (Fig. 2) exhibits Shubnikov—de Haas oscil-
lations, which confirm the metallic state of the elec-
tron system at low temperatures. The spectrum of such
oscillations is shown in Fig. 2 (upper inset). Taking
into account the K type of packing of ET molecules in
conducting layers of k-(ET),Hg(SCN),CI [14], we
could expect at low temperatures the usual shape of
the Fermi surface characteristic of this packing type
[19]. It is shown schematically in the lower inset of
Fig. 2. Indeed, the Fourier spectrum contains two
clearly pronounced frequencies F, = 600 T and Fy =
4600 T, corresponding to the orbits covering 13% and
100% of the area of the first Brillouin zone, respec-
tively. The cyclotron masses associated with these fre-
quencies and calculated from the temperature depen-
dences of the oscillation amplitude are m, = (2.8 =
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0.1)my and mg = (5.2 £ 0.2)m,, where mj is the free
electron mass. The existence of o and [ frequencies is
also due to a small gap arising at the points of intersec-
tion of the Brillouin zone with the initial Fermi sur-
face, covering the entire area of this zone (two elec-
trons per unit cell). As a result, a closed hole orbit o
and two sheets of an open electron orbit are formed.
Magnetic breakdown and, as a consequence, the tran-
sition of an electron from the o orbit to open areas lead
to the formation of a closed P orbit of the magnetic
breakdown type. In addition to the fundamental fre-
quencies, the spectrum contains the combination fre-
quency Fy, = Fg — F, = 4000 T, which is not clearly
pronounced. This frequency does not correspond to
an allowed closed orbit and is caused by the effect of
quantum interference [19]. This is confirmed by the
value of the cyclotron mass mg_, = (2.5 £ 0.3)m, ~
mg — m,, related to such frequency.

Thus, the application of a low external hydrostatic
pressure p = 0.7 kbar suppresses the transition to the
insulating state in the quasi-two-dimensional «x-
(ET),Hg(SCN),Cl organic metal and restores the
metallic electron structure of the cation layers with the
Fermi surface characteristic of the k-type packing.
The power-law increase in the magnetoresistance with
the applied magnetic field can be a signature of the
contribution of the polaron mechanism to the inter-
layer transport.
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