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Although a considerable amount of the research work has been done on graphite, its physical properties are
still not well understood, and novel phenomena such as the magnetic-field-driven metal-insulator transition
(MIT), the quantum Hall effect, ferromagnetic and superconducting correlations have recently been revealed.
Theoretical analysis suggests that the MIT in graphite is the condensed-matter realization of the magnetic
catalysis phenomenon known in relativistic theories of (2 + 1) - dimensional Dirac fermions (DF), i. e. that the
applied field opens an insulating gap in the spectrum of DF, associated with the electron-hole pairing. On the
other hand, we demonstrate in this paper that a two parameter scaling analysis proposed by Das and Doniach
[D. Das and S. Doniach, Phys. Rev. B 64, 134511 (2001)] to characterize the magnetic-field-tuned Bose metal
- insulator transition can be well applied to the MIT observed in graphite. We discuss the possibility that the
MIT in graphite is associated with the transition between Bose metal and excitonic insulator states.

The apparent metal-insulator transition (MIT) in two-
dimensional (2D) electron (hole) systems which takes place
either varying carrier concentration or applying a magnetic
field H has attracted a broad research interest [1]. Recently,
a similar MIT driven by a magnetic field applied perpendic-
ular to basal planes has been reported for graphite [2 - 5],
and attributed to the metal - excitonic insulator transition [6-
8]. In this paper we demonstrate that the MIT in graphite
can also be understood as a Bose metal - insultor transition
(BM-IT). In particular, it is found that the two parameter
scaling analysis proposed by Das and Doniach [9] to char-
acterize the BM-IT in 2D systems can be well applied to
the MIT measured in graphite. We speculate that the MIT
in graphite is associated with the transition between Bose
metal and excitonic insulator states.

Magnetotransport measurements have been performed
on several well-characterized [4, 5] quasi-2D highly ori-
ented pyrolitic graphite (HOPG) samples obtained from
the Research Institute ”Graphite” (Moscow) and the Union
Carbide Co. Here, we present the results of the basal-
plane resistanceRb(H, T ) measurements obtained on two
HOPG samples with the room temperature, zero-field out-
of-plane/basal-plane resistivity ratioρc/ρb = 5 × 104 and
ρb(T = 300K) = 3µΩcm andρb(T = 300K) = 5µΩcm
for the samples labeled respectively as HOPG-UC and
HOPG-3. Low-frequency (f = 1 Hz) and dc standard four-
probe magnetoresistance measurements were performed on
samples with dimensions4 × 4 × 1.2mm3 (HOPG-3) and
5 × 5 × 1mm3 (HOPG-UC) in the temperature interval
2K ≤ T ≤ 300K using different 9 T-magnet He-cryostats.
For the measurements, silver past electrodes were placed
on the sample surface, while the resistivity values were ob-
tained in a geometry with an uniform current distribution
through the sample cross section. All resistance measure-

ments were performed in the Ohmic regime in bothH ‖ c-
axis andH ⊥ c-axis applied magnetic field configurations.

The transition from metallic-(dRb/dT > 0) to
insulator-like(dRb/dT < 0) behavior of the basal-plane
resistanceRb(T, H) driven by a magnetic field applied per-
pendicular to the graphene planes has been observed for all
studied graphite samples. Fig. 1 presentsRb(T,H) mea-
sured for the HOPG-UC sample. As can be seen from Fig. 1,
Rb(T ) has a metallic character at zero or low enough fields.
As the applied field exceedsH ∼ 0.5 . . . 1 kOe, Rb(T )
becomes insulating-like, suggesting the occurrence of MIT
driven by the magnetic field. Fig. 1 shows thatRb(T ) goes
through a shallow minimum at the field-dependent temper-
atureTmin(H > Hc), whereHc is a threshold field below
which the metallic state of graphite is preserved, and Fig.
2 gives a detailed view of the resistance minimum. It has
been demonstrated [5, 10] that the magnetic field compo-
nent perpendicular to basal graphite planes solely drives the
MIT imposing certain constrains on theoretical approaches
to the MIT.

The characteristic feature of the band structure of a sin-
gle graphene layer is that there are two isolated points in
the first Brillouin zone where the band dispersion is linear
E(k) = ~v|k| (v = vF ∼ 106m/s is the Fermi velocity), so
that the electronic states can be described in terms of Dirac
equations in two dimensions similar to, for instance, quasi-
particles near the gap nodes in superconducting cuprates.
The theoretical analysis [6 - 8] suggests that the MIT in
graphite is the condensed-matter realization of the magnetic
catalysis (MC) phenomenon known in relativistic theories of
(2 + 1) - dimensional Dirac fermions. According to the the-
ory, the magnetic field applied perpendicular to the graphene
planes opens an insulating gap in the spectrum of Dirac
fermions, associated with an electron-hole pairing, leading
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Figure 1. Basal-plane resistanceRb(T, H) measured for the sam-
ple HOPG-UC at various applied magnetic fields H; H is always
(Figs.1-4) applied perpendicular to graphene planes.
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Figure 2. Reduced basal-plane resistanceRb(T )/Rb(Tmin) mea-
sured for the sample HOPG-UC with H = 300 Oe (¤), H =
400 Oe (◦), H = 500 Oe (4). Arrows indicateTmin(H), the
field-dependent temperature which separates insulating-like(T <
Tmin) and metallic-like(T > Tmin) states.

to the excitonic insulator state below a transition temper-
atureTce(H) which can be identified with theTmin(H).
As shown in Refs. [5, 10],Tmin(H) in the vicinity of
Hc can be well described by theoretically predicted de-
pendenciesTmin(H) ∼ (H − Hc)1/2 [6] or Tmin(H) ∼
[1 − (Hc/H)2]H1/2 [8], indeed. The second expression
for the Tmin(H) corresponds to the formula (64) of Ref.
[8], Tce ∼ (1 − ν2

b )H1/2, obtained within the MC the-
ory, whereνb = 2πcn2D/Nf |eH| ≡ Hc/H is the filling
factor, Nf is the number of fermion species (Nf = 2 for
graphite), andn2D is the 2D carrier density. We note a
two orders of magnitude difference between the predicted
value for µ0Hc ∼ 2.5 T (n2D = n3Dd ∼ 1011cm−2,
n3D ∼ 3 × 1018cm−3 and d = 3.35Å, the distance be-
tween graphene planes) [8] and experimental valueµ0Hc =
0.02 · · · 0.04 T. The discrepancy can be understood, how-
ever, assuming that the Coulomb coupling given by a di-
mensionless parameterg = 2πe2/ε0v (ε0 is the dielectric

constant) drives the system very close to the excitonic in-
stability [6, 7]. In this case, the threshold fieldHc can be
well below the estimated value of 2.5 T. The above analy-
sis together with the experimental evidence that only “or-
bital” effects drive the MIT [5, 10] support the theoretical
expectations of the field-induced excitonic insulator state in
graphite.

At the same time, ourRb(T, H) data resemble very
much the resistance behavior occurring in superconducting
thin films (see, e. g., Ref. [11]). It has been shown in
Refs. [3, 5] that the scaling analysis of the magnetic-field-
induced superconductor-insulator quantum phase transition
(SIT) can be equally well applied to the MIT observed in
graphite. According to the scaling theory [12], the resistance
in the critical regime of the zero-temperature SIT is given
by the equationR(δ, T ) = Rcrf(|δ|/T 1/zν), whereRcr is
the resistance at the transition,f(|δ|/T 1/zν) a scaling func-
tion such that f(0) = 1;z andν are critical exponents, and
δ = H −Hcr the deviation of a variable parameter from its
critical value. However, at low enough temperatures, where
the resistanceRb(T ) saturates, a clear deviation from the
scaling takes place in both superconducting films [11] and
graphite [3, 5]. More recently, it has been suggested that the
SIT measured, e. g., in Mo-Ge films [11] is in fact a Bose
metal - insulator transition, and a two parameter scaling for-
mula RT 1+2/z/δ2β = f(δ/T 1/zν), has been proposed to
characterize it [9], whereβ = ν(z + 2)/2. This analysis
implies the existence of a non-superfluid liquid of Cooper
pairs (Bose metal) in the zero-temperature limit. In Fig. 4
we use this approach to analyze the data obtained for HOPG-
3 sample (see Fig. 3). As Fig. 4 illustrates, this new scaling
formula works very well in the whole studied temperature
interval, takingHcr = 1140 Oe,z = 1, andν = 2/3.
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Figure 3. Basal-plane resistanceRb(T, H) measured for the sam-
ple HOPG-3 at various magnetic fields (from bottom to the top: H
= 500, 700, 900, 1140, 1300, 1500, 1700, and 2000 Oe).
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Figure 4. Scaling analysis of the basal-plane resistanceR(T, H) ≡
Rb(T, H) data presented in Fig. 3, assuming the magnetic-field-
induced Bose metal - insulator transition occurrence;δ = H−Hcr,
Hcr = 1140 Oe,z = 1, andν = 2/3 (see also text).

The obtained results suggest an interesting possibility,
namely an occurrence of the magnetic-field-driven Bose
metal - excitonic insulator transition (BM-EIT). We assume
that the sample nano-scale inhomogeneities [13] play a cru-
cial role in this phenomenon, leading to co-existing metal-
lic and excitonic insulator regions in graphite at H = 0 [6,
7]. Then, the Cooper pairs can be formed as a result of
the electron-exciton interaction during a tunneling event of
electrons from metallic regions into the insulating ones [14,
15]. Notice, thatRb(T ) at H = 0 can be best described by
the equationRb(T ) = R0 + R1exp(−Ea/kBT ), where
Ea ≈ 35 K is the effective activation energy [5]. The
thermally-activated metallic behavior ofRb(T ) is consistent
with the formation of the superconducting gap in the sin-
gle particle spectrum, indeed. On the other hand, the high
enough applied field opens the excitonic gap in most of the
sample and thus drives the BM - EIT.
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