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Effect of the Zero-Mode Landau Level on Interlayer Magnetoresistance
in Multilayer Massless Dirac Fermion Systems
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We report on the experimental results of interlayer magnetoresistance in the multilayer massless Dirac
fermion system a-(BEDT-TTF),I; under hydrostatic pressure and its interpretation. We succeeded in de-
tecting the zero-mode Landau level (n = 0 Landau level) that is expected to appear at the contact points of
Dirac cones in the magnetic field normal to the two-dimensional plane. The characteristic feature of zero-
mode Landau carriers including the Zeeman effect is clearly seen in the interlayer magnetoresistance.
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Novoselov et al. and Zhang et al. have experimentally
demonstrated that graphene is a zero-gap system with
massless Dirac particles [1,2]. They discovered new steps
of the quantum Hall effect attributable to a zero-gap energy
structure with a linear dispersion. However, graphene is not
a bulk crystal but a single layer of graphite. The bulk
crystal zero-gap system was realized in the organic con-
ductor a-(BEDT-TTF),I; under high pressure [3-8]. The
existence of the massless Dirac fermions state in bulk
crystal has already been discovered in graphite [9,10] and
Cd,_,Hg,Te [11]. But graphite is not a zero-gap system
but a semimetal. On the other hand, Cd; -, Hg, Te is a three-
dimensional (3D) semiconductor with a narrow energy gap
of more than 6 meV. In this sense, a-(BEDT-TTF),I; is the
first bulk 2D material with zero-gap energy bands. Thus,
a-(BEDT-TTF),1; provides us with a testing ground for
the transport of the multilayer massless Dirac fermions
system. In this Letter, we demonstrate that the character-
istic feature of transport in multilayer Dirac fermions
systems is clearly seen in interlayer magnetoresistance.

A crystal of a-(BEDT-TTF),1; consists of conductive
layers of BEDT-TTF molecules and insulating layers of I3
anions [12]. Since the conductive layers are separated by
the insulating layers, carriers in this system have a strong
2D nature. The ratio of the in-plane conductivity to the
interlayer conductivity is about 10°. Therefore, each con-
ductive layer is expected to be almost independent. Under
ambient pressure, this material behaves as a metal down to
135 K where it undergoes phase transition to a charge-
ordered insulator. In the low temperature phase, a horizon-
tal charge stripe pattern for +1 e and 0O is formed [13-16].
When the crystal is subjected to high hydrostatic pressure
above 1.5 GPa, the metal-insulator transition is suppressed
and the metallic region is preserved down to low tempera-
tures [17-19]. This change in electronic state is accompa-
nied by the disappearance of the charge ordering state, as
shown by Raman experiments [16]. Note that, in the high
pressure phase, the resistance is almost constant over the
temperature range of 300-2 K. The conductivity for each
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conductive layer is estimated to be nearly equal to % /h. In
contrast with the resistivity that is almost constant, carrier
density and mobility exhibit strong temperature depen-
dence. The carrier density (n) estimated by the Hall effect
is proportional to the square of temperature (7) as n « T2
over a wide temperature range. Such a peculiar character of
this material remains an issue to be resolved.

Recent band calculations by Kobayashi et al. suggested
that a-(BEDT-TTF),I; under high pressure is in a zero-gap
state [7,8]. The bottom of the conduction band and the top
of the valence band contact each other at two points (we
call them ““contact points”) in the first Brillouin zone [7,8].
The Fermi energy of the electron system locates just at the
contact point. These results were also supported by first-
principles band calculations [20].

In the picture of a zero-gap system, transport phenomena
of this material are understood as follows [6]. Carrier
density written as n o« T? is a characteristic feature of 2D
zero-gap conductors with the Fermi energy located at the
contact point [4,6]. Carrier mobility, on the other hand, is
determined as follows. According to Mott’s argument, the
mean free path (/) of a carrier subjected to elastic scattering
can never be shorter than the wavelength () of the carrier,
so that [ = A [21]. For the case that there scattering centers
exist with high density, / ~ A. As the temperature is de-
creased, the mean free path becomes long because the
wavelength (1) becomes long with decreasing energy of
carriers. As a result, the mobility () of carriers increases
as u o T~ in the 2D zero-gap system [4,6]. Consequently,
the resistivity per layer (sheet resistance Rg) is given as
Rg = h/e?, which is independent of temperature [6].

One problem that remains to be explained is the trans-
port phenomena under a magnetic field [4,17,18]. As
transport phenomena of this system are extremely sensitive
to the magnetic field, the samples are expected to be clean.
Both quantum oscillations and the quantum Hall effect,
however, were not observed in the magnetic field of up to
15 T. This is explained by the fact that the electron system
is not degenerated. The Fermi energy of this material
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locates at the contact point both in the absence and in the
presence of a magnetic field. Therefore, electrons do not
have the Fermi surface. This is one of the characteristic
features of intrinsic zero-gap conductors.

Another important difference of zero-gap conductors
from conventional conductors is the appearance of a
Landau level at the contact points when magnetic fields
are applied normal to the conductive layer. This special
Landau level is called the zero-mode level. In this work, we
succeeded in obtaining evidence of the zero-mode Landau
level in our material. The idea of this work is as follows:
Since the energy of this level is Ej irrespective of field
strength, the Fermi distribution function is always 1/2.
This means that half of the Landau states in the zero
mode are occupied. Note that, in each Landau level, there
are states with density proportional to B. Thus, the mag-
netic field creates mobile carriers.

This effect can be detected in the interlayer resistance
under a transverse magnetic field, as pointed out by Osada
[22]. In this field configuration, the interaction between the
electrical current and the magnetic field is weak, because
they are parallel. On the other hand, the magnetic field in
this direction (interlayer) yields Landau carriers. Hence,
the conductivity is primarily proportional to the carrier
density. The effect of the magnetic field appears only
through the change in the carrier density.

To demonstrate the appearance of zero-mode Landau
carriers, we examined the interlayer resistivity of this zero-
gap conductor in the magnetic field. The resistance was
measured at temperatures down to 0.06 K and at magnetic
fields up to 7 T.

A sample to which four electrical leads were attached
was encased in a Teflon capsule filled with pressure me-
dium (Idemitsu DN-oil 7373). The capsule was set in a
clamp-type pressure cell made of MP35N hard alloy, and
hydrostatic pressure of up to 1.7 GPa was applied.
Resistance measurements were catried out using a conven-
tional dc method with the electrical current along the
c-crystal axis, which is normal to the 2D plane.

Figure 1 shows the magnetic field and the angle depen-
dences of the interlayer magnetoresistance. Resistivity
behavior is dependent on the direction of the magnetic
field. In the magnetic field parallel to the 2D plane (6 =
0°), a gradual increase in resistivity was observed. In the
field normal to the 2D plane (6 = 90°), resistivity also
increases at low fields below 0.2 T. Then it decreases. Note
that the resistivity drop is large: At 3 T, the resistivity is
about 1/3 of that at 0.2 T.

To understand the data for BL2D plane in Fig. 1, we
should examine zero-mode carriers quantitatively. The
energy of Landau levels in zero-gap systems is expressed

as E,;; = *4/2ehv|n|B, where vy is the Fermi velocity
and n is the Landau index [23]. In drawing the inset in

Fig. 1(a), we used vy = 107 cm/s estimated from the data
of the temperature dependence of the carrier density. The
carrier density depends on temperature as n = aT>, where
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FIG. 1 (color online). (a) Magnetic field dependence of inter-
layer resistance under the pressure about 1.7 GPa at 4 K. When
B > 0.2 T, remarkable negative magnetoresistance is observed.
As for negative magnetoresistance, fitting is done with Eq. (1),
R.. « 1/(|B| + By) (red line). The inset shows the Landau levels
of this system. (b) Angle dependence of magnetoresistance.
When 6 = 0 and 6 = 180°, the direction of the magnetic field
is parallel to the 2D plane. # = 90° is the direction normal to the
2D plane. Fitting of the data measured at 1, 2, and 3 T was done
using Eq. (1).

a = (m%k%/6ch?*v2) and c is the lattice constant along the
direction normal to the 2D plane [6]. According to band
calculations, however, the Dirac cone in this system has
highly anisotropic Fermi velocity vy(¢) [7,8]. Therefore,
vy = 10" cm/s is an average of vy(¢). The inset in
Fig. 1(a) agrees with the realistic theory by Goerbig
et al. [24].

Since the experiments were performed at temperatures
below 10 K, the energy gap between the zero-mode level
and the n = 1 level could exceed this temperature at rather
low magnetic fields. At 1 T, for example, the energy gap is
about 20 K. Therefore, if the experiment were performed at
temperatures below 20 K and at magnetic fields above 1 T,
most of the mobile carriers would be in the zero-mode
Landau level. Such a situation is called the ‘“‘quantum
limit.” The quantum limit region is expressed as kzT <
EyL.

Carrier density in the quantum limit is expressed as
D(B) = B/2¢, where ¢, = h/e is the quantum flux.
Factor 1/2 is the Fermi distribution function at Ep. In
moderately strong magnetic fields, the density of carriers
induced by the magnetic field can be very high. At 3 T, for
example, the density of zero-mode -carriers will be
10" m™2. This value is by about 2 orders of magnitude
higher than the density of thermally excited carriers at 4 K,
and, in the absence of the magnetic field, it is 103 m™2,
Therefore, carrier density in the magnetic field is expressed
as B/2¢ except for very low fields. This large change in
the density of zero-mode carriers is the origin of the
negative magnetoresistance, as shown in Fig. 1.
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Recently, Osada gave an analytical formula for inter-
layer magnetoresistance in a multilayer Dirac fermion
system as follows:

A
1 ecz(Bi-%—B)z,)
2 nlB.l

Pz )

|Bz| CXP[_ ] + By
where A = 7h? /2Ct2ce? is a parameter that is considered
to be independent of the magnetic field if the system is
clean. B, is a fitting parameter, C is defined by C =
[ po(E)(—df/dE)dE using the spectral density of the
zero-mode Landau level, and p((E) satisfies [ po(E)dE =
1 [22]. Note that only lattice constant ¢ is a material
parameter.

Except for narrow regions around 8 = 0° and 180°, this
formula can be simplified to p_, = A/(|B.| + By). Using
this formula and assuming By = 0.7 T, we tried to fit the
curves in Fig. 1. This simple formula reproduces well both
the magnetic field dependence and the angle dependence of
the magnetoresistance at magnetic fields above 0.5 T as
shown by solid lines in Figs. 1(a) and 1(b), which eviden-
ces the existence of zero-mode Landau carriers in
a-(BEDT-TTF),1; at high pressures.

Here we briefly mention the origin of positive magneto-
resistance around @ = 0° or 180°. In the magnetic field in
these directions, the Lorentz force works to bend the carrier
trajectory to the direction parallel to the 2D plane. It
reduces the tunneling of carriers between neighboring
layers so that the positive magnetoresistance is observed.
Note that the formula (1) for & = 0° or 180° does not
correctly evaluate the effect of the Lorentz force and, thus,
loses its validity. The value of the resistance peak depends
weakly on the azimuthal angle. At 3 T, for example, the
ratio of the maximum value to the minimum value is less
than 1.3. According to the calculation of interlayer mag-
netoresistance by Morinari, Mimura, and Tohyama, the
effect of Dirac cones with highly anisotropic Fermi veloc-
ity is averaged and gives rise to this small difference [25].

An apparent discrepancy of the data from the formula
(1) is also seen at both low and high magnetic fields normal
to the 2D plane, because the model is oversimplified.
Equation (1) was derived based on the quantum limit
picture in which only the zero-mode Landau level is con-
sidered. In fact, each Landau level has a finite width due to
scattering. At a sufficiently low magnetic field, the zero-
mode Landau level overlaps with other Landau levels. In
such a region, the formula (1) loses its validity. We can
recognize this region in Fig. 1 below 0.2 T, where positive
magnetoresistance is observed. This critical magnetic field
shifts to a lower field with decreasing temperature, as
shown in Fig. 2(a).

The deviation of data in the high field region is much
more serious. In this region, the resistance increases ex-
ponentially with increasing field. This phenomenon is
understood as follows.

In the above discussion, we did not consider the Zeeman
effect. The Zeeman effect, however, should be taken into
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FIG. 2. (a) Magnetic field dependence of interlayer resistance

for the magnetic field normal to the 2D plane at several tem-
peratures from 0.06 to 9.6 K. (b) Temperature dependence of B,
when resistance is assumed to be R.. «exp(B/B)).
(c) Temperature dependence of the width of Landau levels
n/7).

consideration because it has a significant influence on the
transport phenomena at low temperatures. In the presence
of a magnetic field, each Landau level is split into two
levels with energies E,;; = AE, where AE = ugB is the
Zeeman energy. This change in the energy structure gives
rise to a change in the carrier density in Landau levels. In
particular, the influence on the zero-mode carrier density is
the strongest, because the energy level is shifted from the
position of the Fermi energy. The value of the Fermi
distribution function varies from f(Ez) = 1/2to f(AE) =
1/[exp(AE/kgT) + 1]. At low temperatures where kzT <
AE, this effect becomes important. It works to reduce the
density of zero-mode carriers and, thus, increases the
resistance.

The Zeeman energy when B=1T is about 1 K.
Therefore, in the experiment performed at 1 K, the devia-
tion of experimental results from Eq. (1) is expected to start
around 1 T. This is confirmed in Fig. 2(a). At 1.8 K, for
example, the deviation is prominent in fields above 2 T.
This critical field shifts to about 0.3 T at 0.06 K.

A definite evidence showing that the anomalous increase
in the resistance at high field in Fig. 2(a) is due to the
Zeeman effect is given by examining the slopes of the
curves at high fields. In this region, the magnetic field
dependence of resistance is expressed as R, *
exp(B/B;), where B is a parameter that depends on tem-
perature. B for T = 1.8 K is estimated to be about 2.7 T.
At 0.06 K, it decreases down to about 1.1 T. In Fig. 2(b), we
plot the temperature dependence of B;. Above 1 K, the T
vs By curve is close to a line B; = kgT/up. This is strong
evidence that the Zeeman splitting of zero-mode Landau
levels is the origin of the resistance that obeys the expo-
nential law as R_, = exp(2upB/2kgT). In contrast, the
behavior of B; below 1 K is understood in terms of the
width of Landau levels. According to the theory of Osada,
upB/(h/7) ~ 1 at the magnetoresistance minimum [22].
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By using this relationship, the energy width of zero-mode
Landau levels (2i/7) is estimated as shown in the inset in
Fig. 2(c). With decreasing temperature, the energy width
decreases linearly down to about 0.7 K, where it is almost
saturated. At 0.06 K, it is estimated to be about 0.5 K. This
energy is much higher than the thermal energy. This is the
Dingle temperature in the present system.

In conclusion, we provided ample evidence that
a-(BEDT-TTF),I; under high hydrostatic pressure is an
intrinsic zero-gap conductor with the Dirac-type energy
band. This is the first work that investigated the effect of
the zero-mode Landau level on the transport phenomena of
bulk zero-gap conductors. We succeeded in detecting the
zero-mode Landau level that appeared at the contact points
of Dirac cones under the magnetic field normal to the 2D
plane. The large negative magnetoresistance observed in
the interlayer resistance in longitudinal magnetic fields is
due to the increase of the zero-mode carriers. Good agree-
ment between experiment and theory was obtained. At
high magnetic field, spin splitting of the zero-mode level
becomes important, and the resistance obeys the exponen-
tial law. This is the characteristic feature of transport in
multilayer zero-gap conductors. In graphite systems, a
monolayer sample (graphene) is inevitable to realize a
zero-gap state. On the other hand, in the present work,
we demonstrate that bulk crystals can be 2D zero-gap
systems. a-(BEDT-TTF),I; provides us a suitable testing
ground for the transport of the multilayer massless Dirac
fermions system.
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