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Abstract—The resistance and magnetoresistance of the organic (BETS)4CoBr4(DCB) metal are studied at
atmospheric pressure and a hydrostatic pressure of up to 10 kbar. The interlayer resistance at atmospheric
pressure increases with decreasing temperature to T ≈ 25 K and then decreases as the temperature decreases
further. The behavior of magnetoresistance exhibits incoherent transfer over the entire temperature range.
The low-temperature metal-like behavior is related to transfer through resonance impurities. Pressure weak-
ens the nonmetallic increase in the resistance and the transfer remains incoherent. The Fourier spectrum of
the Shubnikov–de Haas oscillations at atmospheric pressure contains two fundamental frequencies, namely,
Fα ≈ 860 T and Fβ ≈ 4400 T, with cyclotron masses mα ≈ 1.0me and mβ ≈ 1.9me. The applied pressure increases
the fundamental frequencies by a few percent, which is most likely to be associated with the pressure-induced
decrease in the unit cell size. The cyclotron mass under pressure remains almost the same.
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INTRODUCTION
The well-known traditional organic quasi-two-

dimensional metals are single-crystal cation-radical
salts synthesized using the bis(ethylenedithio)tetrathi-
afulvalene (BEDT-TTF) molecule or its derivatives.
During synthesis, layered samples, where cation-radi-
cal layers consisting of BEDT-TTF molecules and
having metallic conduction along a layer, alternate
with nonconducting anion layers [1–3]. As a result, an
organic layered metal with an anisotropic conductivity
(the ratio of the conductivity of the layer to the conduc-
tivity normal to the layer is 103–104 at room tempera-
ture) is synthesized. As a rule, the crystal and electron
structures of the neighboring cation-radical layers in a
traditional organic metal are the same, and the Fermi
surface of each cation-radical layer is the same. An
important specific feature of many traditional organic
metals is a decrease in both the intra- and interlayer
resistance with decreasing temperature [3].

In this work, we study the organic metal
(BETS)4CoBr4(DCB) (DCB = C6H4Cl2), which
belongs to a new family of quasi-two-dimensional
organic metals, so-called bilayer metals, the properties

of which differ significantly from those of traditional
organic metals [4, 5]. In these materials, the electronic
and crystal structures of the neighboring cation-radi-
cal layers are different and the properties of the cation-
radical layer are transferred through layers.

An analysis of the structure and properties of
(BETS)4CoBr4(DCB) revealed the presence of two
different alternating radical cation layers [4, 6, 7].
A band structure calculation showed that one of the
layers is an insulator with a very narrow energy gap.
The second layer is a metal with the Fermi surface
characteristic of the θ packing of BETS molecules (see
inset to Fig. 2). The investigations of the quantum
oscillations in (BETS)4CoBr4(DCB) showed good
agreement between the frequency spectrum of quan-
tum oscillations with those calculated for traditional
θ-packed metals [6, 7]. This spectrum contains the
frequencies induced by close-orbit motion and the
interference-induced frequencies.

The intralayer resistance of the (BETS)4Co-
Br4(DCB) compound has the specific features of tra-
ditional metallic resistance (Fig. 1). However, the
temperature dependence of the interlayer resistance
shown in Fig. 1 differs significantly from those of most† Deceased.
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Fig. 1. Temperature dependences of (1) intralayer and (2)
interlayer resistance in (BETS)4CoBr4(DCB) at atmo-
spheric pressure [6]. (inset) Schematic geometry of the
contacts used to measure (1) intralayer and (2) interlayer
resistance.
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Fig. 2. Field dependences of (1) longitudinal and (2) trans-
verse interlayer magnetoresistance. The measuring current
is perpendicular to the conducting plane, T = 1.5 K, and
P = 1 bar. (left inset) Shubnikov–de Haas oscillations
(enlarged part of curve 1 in the field range 12.5–14 T).
(right inset) Schematic image of the Fermi surface in
(BETS)4CoBr4(DCB) [6, 7]. 
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traditional organic layered metals [3]. A similar
dependence was observed in some bilayer metals [4].

The change in the temperature dependence of the
interlayer resistance at low temperatures is of particu-
lar interest. The interlayer electron transfer is usually
attributed to the following three modes [2, 3, 8, 9]:
coherent, incoherent, and weakly incoherent. In
coherent transfer, the electron scattering time τc inside
a layer is much longer than the time of motion to the
neighboring layer, τz = h/tz, where tz is the transfer
integral between layers. Therefore, an electron can
pass through many layers before scattering in a certain
layer. In this case, the component pz of the electron
momentum is determined, the interlayer transfer has a
conventional metallic character, and the entire system
is an anisotropic three-dimensional system. In the
incoherent mode (τc ≪ τz), an electron is multiply
scattered in a layer before passing to the next layer with
a changed momentum. In this case, the component
pz of the electron momentum is undetermined, the
electron system has a two-dimensional character,
and the interlayer transfer mainly occurs via the
jumps induced by the interaction of an electron with
lattice defects and phonons. The temperature depen-
dence of the interlayer resistance has a nonmetallic
character, and the resistance increases with decreas-
ing temperature.

However, if the transfer integral between the neigh-
boring layers tz is nonzero, the probability of direct
one-particle electron tunneling to the neighboring
layer with a retained momentum always exists even in
the case of strong scattering inside a layer, τc ≪ τz. The
interlayer resistance ρz related to this process has a
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
metallic temperature dependence determined by scat-
tering inside a layer,

where ρc and tc are the intralayer resistance and transfer
integral, respectively; c is the lattice parameter in the
layer; and d is the interlayer distance [2, 3]. In this case
(after single tunneling), an electron is multiply scattered
in a layer, the total transfer remains incoherent,
momentum pz is still undetermined, and the system is
two-dimensional. This is the so-called weakly incoher-
ent transfer mode. The general temperature depen-
dence of the interlayer resistance under strong scatter-
ing inside a layer is determined by the competition
between hopping transfer and direct tunneling [10].

These modes have substantially different magneto-
resistances [11–13]. In this work, we analyze the tem-
perature and field dependences of magnetoresistance,
discuss the interlayer electron transport in the organic
two-dimensional bilayer metal (BETS)4CoBr4(DCB),
and estimate the influence of a hydrostatic pressure of
up to 10 kbar on the interlayer transfer and the elec-
tronic structure of the metal.

EXPERIMENTAL

We studied single-crystal 1.0 × 0.5 × 0.1 mm3 par-
allelepiped samples. The conducting layers were per-
pendicular to the smallest crystal size. The inter- and
intralayer resistances were measured by the standard
ac four-probe method, where an alternating current
was perpendicular or parallel to the conducting layers.
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Fig. 3. Angular dependence of the interlayer magnetoresis-
tance in the polar plane. Arbitrary azimuth angle, T =
1.5 K, B = 14 T, and P = 1 bar. 
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Taking into account the strong resistance anisotropy,
we used different geometries of measuring contacts for
different directions (inset to Fig. 1). The magnetore-
sistance was measured in a superconducting magnet
with a maximum field of 15 T using an insert to change
the orientation of a sample in a field in both the polar
and azimuthal planes without removing a sample fro
the magnet. The measurements under pressure were
carried out in a high-pressure piston–cylinder cell
with a pressure-transferring hydrophobic organic-sili-
con f luid. Different samples having the same chemical
composition were used for investigations at atmo-
spheric pressure and in the high-pressure cell.

RESULTS AND DISCUSSION

Figure 1 shows the temperature dependences of the
relative interlayer resistance and the resistance along
the conducting layers for the (BETS)4CoBr4(DCB)
single crystal at atmospheric pressure.

The resistance along the layers decreases mono-
tonically by almost two orders of magnitude upon
cooling to the liquid-helium temperature, which cor-
responds to the normal temperature dependence of
metal resistance. The interlayer resistance increases
monotonically when the temperature decreases to
Tmax = 25 K. Further cooling is accompanied by a
decrease in the resistance. A nonmetallic type of the
temperature dependence on decreasing temperature
for bilayer metals is expected. In contrast to traditional
organic quasi-two-dimensional metals, the distance
between two neighboring identical metallic layers is
twice as large (d ≈ 30 Å [4]), the overlapping of wave-
functions is much smaller, and the transfer integral (tz)
is substantially lower. Thus, the strongly incoherent
transfer condition (τc ≪ τz) is likely to be reliably met,
and the interlayer charge transfer is caused by the hop-
ping mechanism and has a nonmetallic temperature
dependence down to very low temperatures. However,
at a certain interlayer transfer integral, the tunneling to
a neighboring layer with a retained momentum is
assumed to play a key role in the interlayer transfer at
low temperatures, and the temperature dependence of
resistance acquires a metallic type characteristic of
weakly incoherent electron transport. In this case,
temperature Tmax can be considered as the temperature
of changing the interlayer transport mode from inco-
herent to weakly incoherent.

Figure 2 shows the field dependences of the inter-
layer magnetoresistance of the (BETS)4CoBr4(DCB)
compound at atmospheric pressure in a magnetic
field, which is perpendicular (longitudinal magneto-
resistance) and parallel (transverse magnetoresis-
tance) to the conducting layers, when a measuring
current is perpendicular to the conducting layers. The
field dependences of the longitudinal magnetoresis-
tance have Shubnikov–de Haas oscillations, which are
clearly visible in fields B > 10 T. The frequency spec-
JOURNAL OF EXPERIMENTAL AN
trum of the oscillations contain fundamental frequen-
cies Fα ≈ 860 T and Fβ ≈ 4400 T and a set of combina-
tion frequencies [6, 7]. The nonoscillating part of the
field dependence of the longitudinal magnetoresis-
tance increases monotonically with the field. The
transverse magnetoresistance also increases with the
field but by an order of magnitude lower. This behavior
of the nonoscillating part of the magnetoresistance in
layered metals is characteristic of both incoherent and
weakly coherent interlayer electron transport [11–13].

Figure 3 shows the magnetoresistance as a function
of the polar angle θ between the field direction and the
normal to the conducting layers at atmospheric pres-
sure. The azimuth angle in the conducting layer plane
was arbitrary. This dependence remains almost the
same when the azimuth angle changes.

A comparative analysis of the angular and field
dependences of the magnetoresistance of the
(BETS)4CoBr4(DCB) compound allows us to draw
the following conclusions: (i) the transverse magneto-
resistance is isotropic in the azimuth plane and is at
most a few percent in the maximum magnetic field,
which is parallel to the conducting layers; (ii) the
angular dependence in the polar plane is mainly deter-
mined by the projection of the field onto the normal to
the conducting layers. This behavior of the nonoscil-
lating part of the field dependence of the magnetore-
sistance is characteristic of both weakly incoherent
[14] and incoherent [15] interlayer transport and is
related to the uncertainty of momentum component pz
for both modes.

However, semiclassical angular magnetoresistance
oscillations (AMRO) in the angular dependence of
magnetoresistance at a sufficiently high magnetic
field, ωcτc ≥ 1 (where ωc is the cyclotron frequency),
D THEORETICAL PHYSICS  Vol. 133  No. 1  2021
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Fig. 4. Temperature dependences of the relative interlayer
resistance at a pressure P = (1) 0.5, (2) 4, (3) 7, and
(4) 10 kbar.
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should only be expected for the case of weakly inco-
herent transfer [11, 12]. In the samples under study,
this relation becomes valid in fields B > 10 T, which
is supported by the observation of Shubnikov–de
Haas oscillations in them (see Fig. 2). However, the
angular dependences of magnetoresistance have no
signs of AMRO even at the lowest temperatures.
Thus, the interlayer transfer at temperatures below
Tmax does not correspond to the weakly incoherent
mode. Incoherent transfer is most likely to occur in
(BETS)4CoBr4(DCB) over the entire temperature
range from room to liquid-helium temperature. This
transfer is assumed to proceed simultaneously along
two incoherent parallel channels. The first channel is
related to jumps between neighboring layers due to the
interaction of electrons with phonons and lattice
defects. The resistance of this channel increases when
temperature decreases. The second incoherent chan-
nel allows electrons to be transferred between layers
through resonance impurities with energy levels near
the Fermi level of the metallic cation-radical layer
[16]. Such impurities should be located between con-
ducting layers.

Calculations in the simplest approximation
demonstrate that, at a very low resonance impurity
concentration ni ≪ N (where N is the concentration of
all other impurity centers), the electrical resistivity of
the resonance channel ρi(T) is approximately propor-
tional to the intralayer resistivity ρc(T) and has a
metallic temperature dependence [16]. Since the
number of resonance impurities is small, the resis-
tance of the channel at room temperature can be
rather high and significantly exceed the resistance of
the hopping channel. However, the resistance of the
resonance channel at the liquid-helium temperatures
JOURNAL OF EXPERIMENTAL AND THEORETICAL PH
decreases by several tens of times and can shunt the
resistance of the hopping channel (see Fig. 1).

Thus, the total interlayer resistance at high tem-
peratures is mainly determined by the resistance that
increases with decreasing temperature (hopping chan-
nel) and that at low temperatures, by the resistance
that decreases with decreasing temperature (reso-
nance channel), which leads to the appearance of
Tmax, i.e., the temperature at which the character of the
dependence changes.

Figure 4 shows the temperature dependences of the
interlayer resistance of (BETS)4CoBr4(DCB) at vari-
ous external hydrostatic pressures. The application of
pressure sequentially decreases the nonmetallic
increase in the resistance, which appears when tem-
perature decreases. This fact is not surprising, since
pressure decreases the distance between metallic lay-
ers, increases the transfer integral, and (hence)
increases the probability of direct electron tunneling
to the neighboring layer. If pressure weakly affects the
concentration of resonance impurities, the contribu-
tion of these impurities to the interlayer transfer is
assumed to be retained at high pressures. This effect is
likely to be observed in Fig. 4. The shift of Tmax toward
low temperatures with increasing pressure agrees with
this assumption. Thus, an external pressure is likely to
weaken the increase in the nonmetallic resistance with
decreasing temperature; however, even a pressure P =
10 kbar is too low to suppress the incoherent interlayer
transfer in this temperature range (1.5–300 K).

However, a pressure P = 10 kbar does not cause
qualitative changes in the electronic structure of the
metallic cation-radical layers. Figure 5 shows the Fou-
rier spectra of the Shubnikov–de Haas oscillations in
(BETS)4CoBr4(DCB) at atmospheric pressure and
the maximum pressure (P = 10 kbar). These spectra
are almost identical. (The properties of the quantum
oscillations at atmospheric pressure were comprehen-
sively studied in [6, 7].) The spectrum at P = 10 kbar
contains two fundamental frequencies related to the α
and β orbits, Fα ≈ 960 T and Fβ ≈ 4700 T (see inset to
Fig. 2), and the corresponding cyclotron masses are
mα = (1.0 ± 0.1)me and mβ = (1.8 ± 0.1)me, where me is
the free-electron mass. The combination frequency is
also well determined, Fβ–α ≈ 3750 T. The correspond-
ing cyclotron mass is mβ–α = (0.9 ± 0.1)me ≈ mβ – mα.
This frequency corresponds to the quantum interfer-
ence effect [17, 18].

These results demonstrate the absence of qualita-
tive changes in the Fermi surface at a pressure of
10 kbar. The quantitative changes consist of a small
(5–10%) increase in the oscillation frequency when
the pressure is increased to 10 kbar. This increase can
easily be explained by the pressure-induced decrease
in the unit cell size and, hence, by the corresponding
increase in the unit cell and the Brillouin zone sizes.
Since frequency Fβ corresponds to the β orbit, which
YSICS  Vol. 133  No. 1  2021
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Fig. 5. Fourier spectra of the Shubnikov–de Haas oscilla-
tions at P = (a) 1 bar and (b) 10 kbar, θ = 0°, and T = 1.5 K. 
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covers 100% of the first Brillouin zone (two electrons
per unit cell) [6], the increase in this frequency does
allow us to exactly estimate the increase in the recipro-
cal unit cell in the conducting plane (which is about
6%). The cyclotron masses under pressure remain
unchanged, at least within the limits of experimental
error.

CONCLUSIONS

We studied the interlayer resistance and the mag-
netoresistance of the two-dimensional organic bilayer
metal (BETS)4CoBr4(DCB) as functions of the tem-
perature, the direction and magnitude of a magnetic
field, and the external hydrostatic pressure (up to
10 kbar). The nature of the maximum in the tempera-
ture dependence of the resistance was discussed.
Arguments for incoherent interlayer electron transfer
over the entire temperature range 1.5–300 K were
offered. At low temperatures, the transfer is most likely
to occur mainly through resonance impurities. The
application of an external hydrostatic pressure weak-
ens the increase in the nonmetallic interlayer resis-
tance at high temperatures, and the general incoherent
interlayer transfer is retained at all temperatures. The
pressure up to 10 kbar does not cause qualitative
changes in the electronic structure of the metallic lay-
ers. Its influence is restricted to a low quantitative
JOURNAL OF EXPERIMENTAL AN
change in the Fermi surface area due to a decrease in
the unit cell size.
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