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High-magnetic-field electronic phase transition in graphite
observed by magnetoresistance anomaly
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The magnetoresistance of pure graphite has been measured at low temperatures down
to 0.48 K, under a steady magnetic field up to 28.5 T with the use of a hybrid magnet.
A striking anomaly in the magnetoresistance was found at fields above 22 T. The fact
that the critical field of the anomaly has a strong temperature dependence suggests the
onset of an electronic phase transition, and makes an explanation of this phenomenon in
terms of known one-electron properties of graphite unlikely.

I. INTRODUCTION

The electronic properties of semimetals at high
magnetic fields have been the subject of a number
of investigations since the early years of solid-state

physics. ' Because of the small carrier masses, high
mobilities, and low carrier concentrations, even a
moderate magnetic field can have a profound ef-

fect on the electronic motion in these materials,
and the quantum limit can be attained with acces-
sible static field strengths.

Along with the group-V semimetals (Bi, Sb, As),
graphite has been studied by many investigators.
The carriers of graphite occupy a narrow region

along the 8-K-8 edge of the hexagonal Brillouin
zone. The electronic band structure in the vicinity
of the Fermi level is most successfully described by
the Slonczewski-Weiss-McClure (SWMcC)

model. ' This model gives the energy dispersion
of the four relevant tr bands near the H K Hedge--
in terms of seven parameters yo,yi, . . .,ys and 4.
Figure 1 shows the profile of the m. bands in the
case of ys ——0 (no trigonal warping). The Ei band
is doubly degenerate along the 8-K-8 edge. Each
of the m bands has a twofold spin degeneracy in
addition to the twofold degeneracy associated with
two nonequivalent Brillouin-zone edges 8-K-8 and
H'-K'-8'.

Based on the S%McC model, the Landau-level
scheme of graphite in a magnetic field applied
parallel to the c axis was calculated by McClure,
Inoue, Dresselhaus and Dresselhaus, and
Nakao. A unique feature of the Landau levels of
graphite (see Fig. 2) is that the lowest two spin-
split Landau levels, near the Fermi level indexed

by n= —2, 0= —,n= —1, cr=+; n= —1, o= —,'
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FIG. 2. The calculated Landau-level contours for
graphite in a magnetic field of 25 T applied parallel to
the e axis, using the values of the Slonczewski-%eiss-
McClure band parameters yo ——3.16 eV, yi ——0.39 eV,
y2 ———0.019 eV, y3 ——0.0 eV, yq ——0.044 eV, y5 ——0.038
eV, and 6= —0.008 eV, following Ref. 8. The spin-
orbit parameters (see Ref. 6) are all assumed to vanish:
~iz=~33=~13=~23=0

FIG. 1. Electromc energy bands of graphite iri the vi-

cinity of the 8-K-8 axis. Along the 8-E-8 axis, the

E3 band is doubly degenerate, and g is a dimensionlcss
wavevector. The dimensionless wave vector perpendicu-

lar to the 8-K-8 axis is denoted by o., and the double

degeneracy of the E3 band is lifted away from the zone

edge except on the zone boundary away from H. The
Brillouin zone of graphite is a hexagonal prism with

electron and hole Fermi surfaces located along the 8-
E-8 zone edges.

F&G. 3. Magnetoresistance of Kish graphite (KQ21)
at temperatures 1.29 and 0.50 K, covering a broad mag-
netic field range. Below 7.3 T, the oscillatory features
are associated with the Shubnikov —de Haas effect. The
onset points of the high-field anomaly are indicated by
arrows.

and n =0, cr=+ (using the notation of Ref. 6), are
almost insensitive to the magnetic field. The
higher Landau levels n = 1, 0.= + and n =0,
o =—are found in the present experiment to pass
through the Fermi level at 6.6 and 7.3 T, respec-
tively; above this field value the magnetic Hamil-
tonian is in the quantum hmit. The I.andau-level
scheme at H =25 T (typical of the quantum limit)
is shown in Fig. 2. At extremely high field, the
n = —1, o.= —and n =0, o.=+ levds at the E
point rise above the energy of the n =—1, cr =+
level at the H point, and the extreme quantum lim. -
it is attained. However, this occurs only at fields
as high as 70 T, far beyond the present magnetic
field range.

The electro@ transport properties of graphite at
high magnetic fields have been studied by several
experimentalists. " Particular attention has been
given to the electron transport in the layer plane,
with the magnetic field parallel to the c axis; un-
less othcrwlsc spcclf1cd, t111s geometry Is asslllIled
in the following discussion. Figure 3 shows recor-
der traces of the magnetoresistance of a single-
crystal graphite sample up to 28.5 T at tempera-
tures of 1.29 and 0.50 K. The behavior of the
magnetoresistance below 22 T is consistent with
previous studies and is summarized as follows. In
the low-field region (0&H & 7.3 T), Shubnikov —de
Haas oscillations are observed ' with two distinct
frequencies, at 6.6 T (electron pocket) and 4.8 T
(majority hole pocket), corresponding to the
Fermi-surface extremal cross sections.
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In the quantum limit, where only the lowest two
Landau levels are occupied [above 7.3 T (Ref. 14)],
a linear field dependence of the magnetoresistance
(first reported by McClure and Spry ) is observed.
This linear magnetoresistance is explained by
McClure and Spry in terms of a magnetic-field-
dependent scattering range for the ionized impurity
scattering mechanism, the dominant scattering
mechanism at low temperatures.

Above about 12 T, the magnetoresistance starts
to saturate, as shown in Fig. 3. The saturation of
the magnetoresistance was observed by Brandt
et al. ' who carried out pulsed-field measurements

up to 52 T for temperatures as low as 2.1 K, and

by Woollam et a/. "who investigated a high-

quality single-crystal sample in static fields up to
22 T at a temperature of 4.2 K. To explain the
saturation of the magnetoresistance, Brandt et al. '

and Sugihara and Woollam' invoked the magnetic
freeze-out effect of the ionized impurity scattering
centers.

The discussion above summarizes the general
behavior of the magnetoresistance of graphite up
to about 20 T. Recently, three of the present au-

thors (Iye, Furukawa, and Tanuma) carried out
measurements up to 40 T using a pulsed magnet
and found a high-field anomaly in the magne-
toresistance. ' ' In order to elucidate this
phenomenon further, we refined the measurement
in the work reported in this paper by using a static
field supplied by a hybrid magnet, ' newly con-
structed at the Francis Bitter National Magnet
Laboratory, MIT. We also extended the measure-
ments down to the He temperature range. The
experimental setup is described in Sec. II. Discus-
sion about the graphite samples used in this work

is given in Sec. III. The results are presented and
discussed in Sec. IV, and the conclusions are sum-
marized in Sec. V.

II. EXPERIMENTAL DETAILS

The measurements of resistivity and magne-
toresistance were made using the usual four-
terminal dc method. Electrical contacts were
achieved using silver paint. In the magnetoresis-
tance measurement, we used a constant current of
1 mA and detected the voltage signal by a Keithley
140 dc amplifier. A magnetic field up to 28.5 T
was applied in the direction parallel to the c axis of
the crystal by using a hybrid magnet. ' The hy-

brid magnet consists of an outer superconducting
magnet generating a field up to 7 T, which is su-

perimposed on a field up to 21.5 T generated by an

inner water-cooled Bitter magnet. The diameter of
the magnet bore is 33 mm.

A He evaporation refrigerator was used to at-
tain low temperatures down to 0.48 K. Samples
were directly immersed in He liquid. The tem-
perature was determined by measuring the saturat-
ed vapor pressure of He with a diaphragm-type
pressure gauge (MKS Baratron).

III. SAMPLES

Three different kinds of graphite crystals were
investigated: Kish graphite (KG), Madagascar gra-
phite (MD), and highly oriented pyrolytic graphite
(HOPG). Kish graphite is a single-crystal flake
obtained by crystallization from molten steel. '

The Kish-graphite samples used in the present ex-

TABLE I. Dimensions, resistivities (p), residual resistivity ratios (RRR), and whether the

anomaly was observed for the various graphite samples measured in this work. The dimen-

sions length, width, and thickness are denoted by L, w, and t, respectively; PG, MD, and KG
denote HOPG, Madagascar, and Kish graphite, respectively. The residual resistivity ratio
RRR is defined as p(300 K)/p(4. 2 K).

Sample
l (mm)

+0.5 mm
ur (mm)

+0.5 mm
t (mm)

+0.01 mm
p (p,Oem)

(300 K)
Anomaly
observed

PG1
PG10
MD7
KG3
KG8
KG9
KG21

3.0
3.0
2.0
2.0
2.0
1.0
1.5

2.0
2.0
0.5
2.0
2.0
1.0
1.0

0.20
0,18
0,04
0.23
0.15
0.31
0.22

34
13
33
16
14
23
10.0

1.7
1.5
18
19
38
24
23

yes
no
no
yes
yes
yes
yes
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periment (supplied by Toshiba Ceramics Co.,
Japan) were purified by annealing in a fluorine-gas
flow. A mass spectrographic analysis of the Kish
samples identified impurity levels of Fe (below 1

ppm), Al, Be, Ca, Mg (no greater than 10 ppm),
and Si (no greater than 100 ppm). The Kish-
graphite samples clearly exhibited single-crystal
Laue x-ray diffraction patterns. The Madagascar
graphite is a natural single crystal, and was found
to contain significant amounts of Al, Ca, Cu, Fe,
Mg, Mn, and Si impurities. HOPG is a quasi-
single-crystal material prepared by compression an-

nealing of pyrolytic graphite, which is initially pro-
duced by pyrolysis of hydrocarbons. The HOPG is
well oriented with respect to the c axis, but the in-

plane crystallite size is of the order of 1 pm. An
assay of the impurity concentration in similar
HOPG samples showed Al, Cu, Mn ( & 10 ppm),
and Si (& 100 ppm) impurities.

A measure of the quality of the crystals used is
given by residual resistivity ratio (RRR) defined by
p(300 K)/p(4. 2 K), where the numerator and the
denominator denote the in-plane resistivities at
room temperature and 4.2 K, respectively. The
values of RRR are listed in Table I for the samples
used in the present work. In the case of Kish
graphite and Madagascar graphite, the value of
RRR was significantly different from flake to
flake. We found RRR ranges from 10 to 38 in our
Kish-graphite batch, and from 2 to 18 in our
Madagascar-graphite batch. Samples with relative-

ly high RRR values were chosen for use in the
magnetoresistance measurements. We did not trim
the irregular shapes of the flakes, to avoid possible
damage to the sample quality. In the case of the
HOPG samples, the RRR value was typically be-

tween 2 and 5. The HOPG samples were cut into
a suitable size by a wire abrasive saw and cleaved
to a suitable thickness. The dimensions and
room-temperature resisitivities of the samples used
in the magnetoresistance measurements are listed

in Table I.

IV. RESULTS AND DISCUSSION

The present results for the magnetoresistance
below 22 T are consistent with the previously re-
ported data. ' At higher fields, we found several
new and novel features. The most striking feature
is an abrupt increase of the magnetoresistance as
indicated in Fig. 3 by an arrow on the 1.29-K
curve. This phenomenon is the same as that first
discovered in the pulsed-field experiments. ' '

Kish Graphite KG 21
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FIG. 4. High-field magnetoresistance of Kish graph-
ite (KG21), the same sample as for Fig. 3, in the field
range from 20 to 28.5 T, at several temperatures. The
onset point of the anomaly is indicated by a solid arrow
at each temperature, and the higher-field feature of the
two-step structure is indicated by a dashed arrow. The
anomaly moves towards lower field as the temperature
is lowered.

The use of a static field in the present work en-

abled us to make a detailed study of this anoma-
lous behavior of the magnetoresistance. As we
show in the following, the anomaly was observed
in many different samples, and although the de-
tailed behavior was somewhat sample dependent,
the onset point of the anomaly, indicated by the
solid arrows ' in the figure, was found to be sam-
ple independent and reversible upon sweeping the
field up and down. This sample independence and

HOPG PG-1

OP

O
Vl
ih
OP

OP
C

T(K)
0.51

0.61

0.79
1.01

1.20

l.34
1.50

I i I i I i I

20 22 24 26 28 50
Magnetic field (T)

FIG. 5. Magnetoresistance of HOPG (PG1) in the
field range 20&H &27,7 T. At higher temperatures
(T & 0.8 K) an anomaly similar to that observed in Kish
graphite (see Fig. 4) is found. At lower temperatures
(T &0.8 K), no anomaly in the magnetoresistance can be
identified. The negative magnetoresistance is more pro-
nounced in this temperature range for HOPG than that
observed for the Kish samples.
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reversibility indicates that the magnetoresistance
anomaly is an intrinsic property of graphite.

The field value at the onset of the anomaly was

found to be strongly temperature dependent. The
temperature dependence of the critical field is seen

in Figs. 4 and 5, which show the recorder traces of
the magnetoresistance in the field range from 20 to
28 T for the temperatures indicated on the figures;
the traces are for one Kish-graphite sample '

(Fig. 4) and one HOPG sample (Fig. 5). It should

be noted that the traces in Fig. 3 (broad-field

sweep) and in Fig. 4 (high-field range) are for the

same Kish sample (KG 21). Results obtained on

other Kish samples are very similar to those re-

ported in Fig. 4 (see Table I for a comparison of
the samples). It is seen that as the temperature is

decreased, the magnetoresistance anomaly occurs at
a lower field. Figure 6 is a plot of the onset points
(indicated by solid arrows ' in Figs. 3—5} of the
magnetoresistance anomaly in the temperature—
magnetic-field plane. The results for four Kish-

graphite samples and one HOPG sample are shown

in Fig. 6, and indicated by different symbols for
each sample. The universality of the dependence
of the onset point on temperature and magnetic
field is dearly seen in Fig. 6.

~8 I i i l I

0 0.5 I.Q I.5
Temperature ( K)

FIG. 6. Summary of the critical points of the magne-
toresistance anomaly on a temperature-magnetic field

plot. The experimental results for four Kish-graphite
samples and one HOPG are shown. Curve (8) shows

the "phase boundary" of the CD% state calculated by
Yoshioka and Fukuyama (Ref. 22), while curve (A)
represents our fit to the data using a phenomenological

equation [Eq. (2)] of a form suggested by the Yoshioka-
Fukuyama theory.

An interpretation of this anomalous change in
the magnetoresistance within the framework of the
one-electron (or -band} properties, such as a
Shubnikov —de Bass-type oscillation, is precluded
because of the strong temperature dependence of
the critical field. Furthermore, as the temperature
is decreased, the sharpness of the anomaly de-

creases, in contrast with typical one-electron-type
phenomena (e.g., Shubnikov —de Haas effect).
Therefore, it is concluded that a many-body effect
is responsible for this anomaly. Moreover, the
abrupt change in the magnetoresistance strongly
suggests that the electron system undergoes some
kind of electronic phase transition. It should, how-

ever, be pointed out that a calculation of the mag-
netoresistance above 20 T based on a one-electron
model including spin-orbit coupling and trigonal
warping has not yet been carried out; such a calcu-
lation is necessary for the quantitative understand-

ing of the present experiments.
It is of course difficult to deduce experimentally

the dimensionality and order of the phase transi-
tion from the magnetoresistance data alone.
Yoshioka and Fukuyama (YF}at the University of
Tokyo have developed a theory for this phase tran-
sition based on a cosine-band Landau-level scheme
and on a possible charge-density-wave (CDW) in-

stability of the electronic system of graphite in

high magnetic fields (YF theory). ~2 At high mag-
iletlc flields aloilg tile c axis, the electrolllc motion
within the layer plane of graphite becomes local-

ized, so that the electronic band structure becomes
one dimensional. Yoshioka and Fukuyama investi-

gated various types of electronic instabilities associ-
ated with these one-dimensional bands [e.g.,
charge-density waves (CDW), spin-density waves

(SDW}, and an excitonic phase]. They found that
in a given magnetic field, the highest transition
temperature pertains to the Coulomb-interaction-
derived CD% instability corresponding to the wave

number spanning the two Fermi wave vectors of
the n =0, o =+ subband (see Fig. 2}.

According to YF theory such a CDW instability

will open up a gap in the n =0, o =+ subband at
the Fermi level, and thus increase the resistivity.
In the YF theory the critical temperature T, is cal-
culated as a function of magnetic field according
to the relation

Sy cos (mg)

cos(2m/)

2m U(e) dgg exp
ca(2m.l ) &Ea, +
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where g is the dimensionless Fermi wave vector
along k, corresponding to the n =0, o =+ mag-
netic subband. The effective electron-electron in-

teraction U(e} is a function of the dielectric con-
stant e and the field. The Fermi energy E~ is re-

lated to g through E~ —2——csin (nf). The Lar-
mor radius l is given by 1 =c/eH, the constant
@=1.78, and the c axis lattice constant co——6.74
A. The units are defined such that kii ——fr= 1,
where kz is the Boltzmann constant. Assuming a
value for e of 10, YF evaluated Eq. (1) explicitly.
The result is shown by the dashed curve (B) in Fig.
6. The YF critical temperature has a dependence
on magnetic field that is qualitatively similar to
the experimental data.

The YF theory suggests a functional form of the
BCS type for the transition temperature

T, =a(H)exp[ —1/A, (H)], (2)

where the prefactor a(H) may, generally speaking,
be field dependent, and A, is given by the product
of the density of states at the Fermi level and the
effective interaction. A fit of the experimental
points to Eq. (2) is consistent with taking a as a
constant and A, with a linear dependence on mag-
netic field. That is, we assume A, =gH. (The data
preclude A, independent of magnetic field, but, at
the same time, cannot be made to differentiate be-

tween a linear or quadratic field dependence. } We
find that a=94.9 K and (=8.93X10 T
represents the best fit of Eq. (2) to our data in a
least-squares sense. This flt is depicted by curve
(A) in Fig. 6.

The YF theory is a one-parameter model
predicting a CDW instability for a one-dimensional
metal. The one free parameter is e, a measure of
the strength of the effective interaction. If we as-
sume that the effective interaction in the YF
theory scales with the inverse of the dielectric con-
stant and then use e as a parameter to fit the YF
function over the field range from 20 to 30 T with
(=8.93X10 T ', we find a=5.9. The value of
e determined in this way is in satisfactory agree-
ment with energy-loss measurements (@=5.4) and
a-face reflectivity measurements by Nemanich et
al. (@=5.8), but not with the a-face reflectivity
measurements by Zanini et al. (@=3.4). In view
of the critical dependence of the evaluation of e on
the functional form assumed for T, in Eq. (1), we
do not consider the present numerical determina-
tion of e to be quantitative nor the exact functional
dependence on H to be firmly established. (The a
face contains both an a axis and a c axis, and the

a-face reflectivity refers to the polarization E~ ~c

axis. Even for polycrystalline HOPG, the c axis is

well defined. )

Now we discuss the detailed behavior of the
magnetoresistance at and above the transition. The
general features can be summarized as follows: (1)
the magnetoresistance shows a sharp increase at
the transition point (indicated in Figs. 3—5 by ar-

rows); (2) at fields above the transition point, the
magnetoresistance first increases, then goes
through a broad maximum and finally decreases,
and (3) no hysteresis is observed with respect to the

up and down sweep of the magnetic field.
Certain aspects of feature (1) are particularly

sample dependent though the transition point
(Fig. 6) is not sample dependent. The magnitude
of the increase in the magnetoresistance at the
transition point differs from sample to sample. It
should be mentioned that we could not observe the
anomaly in all samples that we investigated, i.e.,
the Madagascar-graphite sample, one of the HOPG
samples and one Kish-graphite sample did not
show the anomaly. The same situation was experi-
enced in the previous experiments done with the

pulsed magnet, ' ' in which nine Kish-graphite
samples were investigated and the anomaly was ob-
served in six of them. It should also be recalled
that Brandt et al. ' studied the magnetoresistance
of Kish graphite up to 52 T at 2.1 K, but reported
no such anomaly. Therefore, with regard to those
samples which do not show the magnetoresistance
anomaly, it is not clear at present whether the elec-
tronic phase transition does not occur at all or the
the phase transition does occur but its effect on the
resistivity is so small that we cannot detect the
phenomenon.

Feature (2) is a commonly observed behavior of
the magnetoresistance above the transition. The
detailed behavior was found, however, to be dif-
ferent between the Kish-graphite samples and the
HOPG sample. In the case of the Kish-graphite
sample (Fig. 4), the magnetoresistance was found
to increase above the transition and then to de-

crease at higher fields. The magnetoresistance of
the HOPG sample (Fig. 5) showed a similar
behavior at higher temperatures (T & 0.8 K), but at
lower temperatures the increase of the magne-
toresistance was no longer observed, though the de-
crease of the magnetoresistance was found to be
more pronounced than for the Kish-graphite sam-
ples.

The absence of hysteresis on going up and down
in field [feature (3)] suggests that the electronic
phase transition is of second or higher order.
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In two of the Kish graphite samples an addition-
al feature is observed near the transition; namely,
the magnetoresistance anomaly has a two-step
structure (see Fig. 4). This structure is not ob-
served in the other samples probably as a result of
the poor signal-to-noise ratio peculiar to that set of
measurements, the dc amplifier being the origin of
the problem. The temperature dependence of the
magnetic field separation between the first and the
second step is found to be sample dependent. The
origin of the higher-field component of the two-

step structure is not understood, nor is the
sample-dependent temperature dependence.

Besides the sharp anomaly discussed above, we

observed a few novel features of the magnetoresis-
tance below the transition. One is the negative
slope of the magnetoresistance in the field region
between about 17 T and the transition (e.g. , see the
trace at T =0.50 K in Fig. 3 just below 20 T).
Previous studies' "" reported only the saturation
of the magnetoresistance and not any decrease in

resistance at yet higher fields. Previous workers

explained the saturation in terms of the magnetic
freeze-out effect of the ionized impurity scattering
centers. ' ' However, it seems that this mecha-

nism alone cannot explain the presently observed

negative field dependence of the resistivity just
below and above the transition. On the other

hand, a recent magnetostriction experiment

showed that in the quantum limit, the carrier con-
centration of graphite increases linearly with in-

creasing field. Such an increase in the carrier con-

centration could explain the observed negative

magnetoresistance at high fields. This effect of in-

creased carrier concentration should also be impor-

tant in the interpretation of the linear field depen-

dence and the saturation of the magnetoresistance

in the field range above the passage of the n =1,
cr= + level through the Fermi level (7.3 T) but

below the onset of the high field transition.

V. CONCLUSIONS

We have investigated the magnetoresistance of
pure graphite at high fields up to 28.5 T and have

found an anomaly above 22 T at low temperatures.
The critical-field value at the onset of the anomaly
is the same for several different samples and has a
strong temperature dependence. The strong tem-

perature dependence of the critical field precludes
an interpretation of this phenomenon in terms of
known one-electron properties of graphite, and sug-
gests the occurrence of some kind of electronic
phase transition. One plausible interpretation is
the CDW instability of one-dimensional Landau
subbands, proposed by Yoshioka and Fukuyama
(Ref. 22). The "phase boundary" curve given by
the YF theory explains qualitatively the tempera-
ture and magnetic field dependence of the experi-
mental transition points, as shown in Fig. 6. The
detailed behavior of the magnetoresistance, howev-
er, remains to be discussed theoretically. For in-
stance, such features as the decrease in the resis-
tance at fields much higher than the transition,
and the differences in behavior between the Kish-
graphite and HOPG samples do not seem to be de-
rived in such a straightforward fashion from the
CDW gap model alone. A detailed transport cal-
culation is necessary for a direct comparison with
the experimental results.

On the experimental side, it is expected that the
electronic phase transition can be observed by a
variety of experimental techniques, e.g., measure-

ments of magnetic susceptibility, magnetostriction,
and Alfven wave propagation. Such experiments

will give complementary information necessary to
elucidate the nature of the electronic phase transi-

tion. In carrying out these experiments relevant to
the phase transition, the static high field generated

by the hybrid magnet should be very convenient.
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