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Electric Field Modulation of Galvanomagnetic Properties of Mesoscopic Graphite
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Electric field effect devices based on mesoscopic graphite are fabricated for galvanomagnetic mea-
surements. Strong modulation of magnetoresistance and Hall resistance as a function of the gate voltage is
observed as the sample thickness approaches the screening length. Electric field dependent Landau level
formation is detected from Shubnikov—de Haas oscillations. The effective mass of electron and hole
carriers has been measured from the temperature dependent behavior of these oscillations.
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Graphite is a semimetal with a highly anisotropic elec-
tronic structure featuring nearly compensated low density
electrons and holes with a very small effective mass [1].
Such an unusual electronic structure is the basis of the
unique electronic properties of other graphitic materials,
such as fullerenes and carbon nanotubes [2], and may lead
to novel manifestations in two-dimensional graphene ma-
terials. For this reason, electron transport in graphite has
recently been the subject of extensive theoretical [3,4] and
experimental [5—9] investigations. In particular, interest-
ing size dependent galvanomagnetic effects have been
observed [10,11] in thin layers of graphite, with thickness
approaching ~10 nm. On this mesoscopic length scale, the
electrostatic-field-effect (EFE) modulation of the charge
carrier concentration is expected to be very effective, ow-
ing to the low density of nearly compensated carriers in
graphite.

In this Letter, we present results from the EFE dependent
magnetoresistance (MR) and Hall resistance measure-
ments in mesoscopic graphite crystallites consisting of as
few as ~35 atomic layers. The mesoscopic graphite de-
vices used in this experiment are fabricated using a unique
micro-mechanical method. The details of the device fabri-
cation are described elsewhere [12]. In brief, very thin
layers of graphite crystallites with lateral size ~2 um
and thickness d ranging from 10-100 nm are extracted
from bulk highly oriented pyrolytic graphite (HOPG) [13]
and deposited onto SiO,/Si substrate using micro-
mechanical manipulations. Multiple metal electrodes
(Cr/Au) are then fabricated on the corners, using electron
beam lithography (Fig. 1 inset). The lateral size of the
samples and electrodes are chosen so that the contribution
from the graphene edge state [14] is minimal. The degen-
erately doped silicon substrate serves as a gate electrode
with thermally grown silicon oxide (500 nm) acting as the
gate dielectric.

Figure 1 displays the Hall resistance (R,,) and the
magnetoresistance (R,,) as a function of applied magnetic
field, B, measured in a 12 nm thick graphite sample at
temperature 7 = 1.7 K. The excitation current is kept at
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0.5 pA for both R,, and R,, measurements. The magnetic
field is applied perpendicularly to the graphite basal plane.
Both quantities exhibit oscillatory features on top of
smooth backgrounds as B varies. Near V, =0V, the
MR and Hall resistance exhibit similar behavior to that
observed in high quality bulk graphite [15]: the positive
MR background is ascribed to the general nature of mag-
netotransport in materials with coexisting nearly compen-
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FIG. 1 (color online). The inset shows an atomic force micro-
scope image of a 12 nm thick mesoscopic graphite sample with
four electrodes. The left and right panel show the R,, and R,,,
respectively, as a function of magnetic field measured at 7 =
1.7 K in this device. Numbers near each curve indicate the
applied gate voltages. R, curves are shifted for clarity and the
dashed lines correspond to the zero lines of each curve.
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sated electron and hole carriers [16], while the oscillations
on top of the background are related to the Shubnikov—de
Hass (SdH) effect, the quantum oscillations due to Landau
level formation. Remarkably, as we vary the gate voltage,
V,, the behavior of R, and R,, changes dramatically. The
background in the MR is most prominent at Vg™ =~
—15 V. As V, moves away from this value, the slope of
the MR background becomes much smaller. The change of
Hall measurement is even more drastic: R,,(B) changes its
sign of overall slope as AV, =V, — Vi swings from
negative to positive values, indicating that AV, changes the
dominant majority charge carriers from holes to electrons.
This is a somewhat surprising result at first sight, since the
thickness of the sample (12 nm) is still an order of magni-
tude larger than the screening length of graphite (A, =
0.4 nm [17]), and thus only a relatively small portion of
the sample is affected by the gate electric field. We will
discuss this point quantitatively below.

The aforementioned EFE in mesoscopic graphite
samples is clearly presented by observing R, as a function
of gate voltage at a fixed magnetic field. Figure 2 shows R,
as a function of V, at a large magnetic field (B,, = 8.5 T)
for two samples (d = 12 and 42 nm). As expected from
Fig. 1, R,, has a peak near a gate voltage where AV, = 0,
falling slowly as |AV,| becomes large. We found that this
gate dependence strongly depends on d. For the 12 nm
sample, R, is suppressed to ~10% of its peak value, while
itis still ~60% for the 42 nm sample at AV, = 80 V. Such
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FIG. 2. R, in 12 nm (solid square) and 42 nm (open circle)
thick sample at various gate voltages. The dashed and dotted
lines are fits to a model described in text. The lower inset shows a
schematic STB diagram for electron (g¢(k)) and hole (£"(k)) in
the presence of gate-induced electrostatic potential. Upper inset
represents the local magnetoresistivity across the sample, assum-
ing ¢, = 8E,/|e| as an example. Symbols are defined in text.

a sensitive dependence of R,,(V,)|p on d is indicative of
the reduced EFE by screening of induced charge near the
sample surface.

In order to elucidate the dependence of R,, on V,, we
employ the simple two band (STB) model [18], which has
been successful in understanding MR in graphite [6,7]. The
STB model assumes that the bottom of the electron band
and the top of the hole band overlap with a small band
overlap 2E, near the Fermi energy Er. The resistivity of a
sample, p, in the presence of a magnetic field can be
expressed by [16]:

% _ 4M232nenh/(ne + nh)2
Po L+ [IU/B(ne - nh)/(ne + nh)]z’

where py = p(B = 0), Ap = p(B) — py, p is the average
carrier mobility, and n, and n,, are the carrier concentra-
tions of electrons and holes, respectively. Generally, Ap
varies the most as a function of B when electrons and holes
are nearly compensated (i.e., n, = n;). From Fig. 2, we
infer that this condition is met at V, = Vi where the
growth of the MR background as a function of B is stron-
gest in our samples (see the curves for V, = —10 V and
V, = =20 Vin Fig. 1) [19]. As AVg increases from zero,
the induced charge in the sample screens the gate electric
field and the electrostatic potential in the sample is given
by ¢(z) = ¢poe ¥/, where z is measured from the inter-
face between the sample and the substrate. The constant ¢,
can be determined from the electrostatic gate coupling to
the sample. By integrating over the induced charge in the
sample, we obtain ¢, = @AV, with the constant al =
1+ go(1 — e /%) /A,C,, where C, is the gate capaci-
tance per unit area of the sample and g, is the vacuum
permittivity [20].

We incorporate this local electrostatic potential to the
STB model by considering a gradient in n, and ny.
Suppose AV, >0, the local electrostatic potential will
pull down the electron and hole bands by |e|¢(z) (Fig. 2
lower inset). For a sufficiently large gate voltage, such that
lelpy > E,, the sample can be divided into three regions
by introducing a hole depletion depth, 7,, =
Aslog(leldo/Ep): (D 0 < z < 1,,, where nj, = 0; (II) 14, <
7 = tg, T Ay, where 0 <nj, <n,; and () z> 14, + A,
where n;, = n,. In region (I), only electrons participate in
the transport, and p(z) increases as z approaches zero,
owing to the electric field induced accumulation of n,
near the surface. In region (II), the MR is described by
Eq. (1), so a steep increase of p(z) is expected as n, — ny,
becomes small. In region (III), the gate electric field is
completely screened, so n, =n, and p(z) = pmx =
R, (AV, = 0)d. The exact opposite argument works for
a sufficiently large negative gate voltage, where electrons
are depleted. Note that for small [AV,|, where |e¢| < E,
region (I) disappears (i.e., t;, = 0). From the above dis-
cussion, we now build a quantitative model to describe
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p(z). According to the STB model n,(€), n,(e) = €2,
where € is measured from the bottom of the respective
band edge, and p(z)/pmax is Obtained from Eq. (1) (Fig. 2
upper inset). Then the resistance of the sample can be
evaluated from R;! = [4 p~'(z)dz for fixed B and V.
Following in this way, a reasonable fit is obtained for
both the 12 nm (dashed line) and 42 nm (dotted line)
samples as shown in Fig. 2. In this fit, we use E, =
15 meV, a value quoted in [1], and obtain C, =
26 aF/um? (12 nm sample) and 24 aF/um? (42 nm sam-
ple) as a result of the fit. These capacitance values are in
reasonable agreement with our previous estimates using
different analysis on the same samples [12]. It is note-
worthy that for a large V, such that |e|¢ > Ej, p(z) <
Pmax in region (I), and thus a significant portion of the total
current flows in this region. Furthermore, as AVg increases,
tap grows only logarithmically. Even at AV, = 100 V, the
largest gate voltage applied, 74, = 1 nm, which corre-
sponds to only ~3 bottom layers. Therefore, only a few
of the bottom layers of the sample are responsible for the
observed EFE modulation of the galvanomagnetic trans-
port quantities.

We now turn our attention to the quantum oscillations
observed in our mesoscopic graphite samples. The strong
EFE modulation of the carrier density in the bottom layers
allows us to probe the quantum oscillations in these layers
with a continuously tunable carrier concentration. The
estimated mobility and carrier density from our measure-
ment in the nearly compensated region are wu,j, ~
50000 cm?/V sec and n, =~ n, ~ 10" cm™3 at 1.7 K.
Figure 3(a) redisplays the separated SdH oscillations as a
function of B™!, obtained from the MR data shown in
Fig. 1 after subtracting out the smooth background. The
SdH oscillations indicate the oscillatory density of states at
Ep as a quantized Landau level passes through E. The
frequency of SdH oscillations, f, is related to the extremal
area of the electron and hole pockets of the Fermi surface
by f, = licA?" /27|e|, where A¢ and A} are the areas of
extremal electron and hole pockets [21], and 7 and c are
Planck’s constant and the speed of light, respectively. Since
n, and n;, are modulated by V,, the observed variation of f
can be explained by the change of AZ’h.

In order to demonstrate the change of f; quantitatively,
we first locate the major peaks (solid symbols) and valleys
(open symbols) in the SdH oscillations after low pass
filtering of the data [22]. The value of B~! for a peak
(valley), B,,', is indexed by v, an integer (a half integer)
number that corresponds to the Landau level responsible
for the particular oscillation. Figure 3(b) shows that each
set of points (B,,!, v) at a given V, are on a straight line that
intercepts the origin, implying that the period of the SdH
oscillations is regular. From the slope of these lines we
obtain f; at different V, [Fig. 3(b)]. The obtained f’s are
increasing with |AV,|. Therefore, we believe that the

6 MAY 2005
T 1
Vg = +40V ] g
‘ ' = 15T
o‘.f 1 I
i Vg = +30V n @
S LoV s o 10d
-l ] >
Vg = +20V L. 58
¥ . v v v 0 3
I . . Ve=+iov| qq 4020 O 20 40
o . o N b Vg V)
© © o A
2 vg=ov | £ o a
a o4 1 3
© o A
E 2 o 4 o7«
c " Vg=-10v: 5 o4 o7 4
2 g es o <
= Va= o o7«
= g =-20V v >
[$] «
N . - >
o o i
z Vg =-30v oo
(7] . * .
F el Vg =40V -
L L L L L L ]
02 04 06 08 0.0 0.2 0.4 0.6 0.8
1/B (1/T) 1/B (1/T)
FIG. 3. (a) The SdH oscillations observed in Fig. 1, after

subtraction of smooth backgrounds. Solid (open) symbols cor-
respond to peak (valley) of the oscillations found after passing
the curve through a low pass filter (dotted line). Curves are
displaced for clarity. (b) Landau plots (see text) obtained from
(). Lines are linear fits to each set of points at different V,. Inset:
the frequency of the SdH oscillations obtained from the slopes of
the line fits in (b) at different V.

obtained f; corresponds to Af for AV, >0 and to AZ for
AV, <0. This conclusion allows us to compare the ex-
perimentally observed f with the expected value from the
STB model. Assuming the Fermi surface of graphite is
described by the overlap of electron and hole bands in the
STB model, A{ = (aAV, + Ey) and A} « (—aAV, + E).
This relationship leads to  f(|AV,])/f0 =1+
alAV,|/E,, where f0 = f(AV, =0). From the values
of a and E,, determined separately above, we estimate
f(AV, =50 V)/f, = 4.8, which is in reasonable agree-
ment with the experimentally observed ratio 4.3.

Finally, we discuss the temperature dependence of the
SdH oscillations. Figure 4 shows the oscillatory MR at two
extreme gate voltages, Vg = +40 V and Vg = —-60V, at
various temperatures. At these extreme gate voltages, the
transport in the sample is dominated by only one type of
carrier in a few bottom layers. Thus, the SdH oscillations in
the upper (lower) panel of the figure correspond to electron
(hole) Landau levels in the sample. In both cases, the
observed SdH oscillation amplitude is gradually damped
away as the temperature increases. The temperature de-
pendent SdH oscillation amplitude has been used to extract
the effective mass of the charge carriers [23]. At a fixed
magnetic field, the temperature damping factor of the SdH
oscillation amplitude is proportional to
wkgTm* /ehB sinh(mwkzTm*/ehB), where m* is the effec-
tive mass of the carriers. We find that this function fits the
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FIG. 4. Normalized magnetoresistance of the sample in Fig. 1
at V, =40V (upper panel) and V, = —60 V (lower panel).
Data are taken at temperatures 1.7, 4, 10, 13, 15, 20, 25, and
30 K. Insets: SdH oscillation amplitudes divided by temperature,
T, at a fixed magnetic field. The solid lines are fits to a model
(see text).

observed amplitude damping very well (Fig. 4 insets). As a
result from the fittings, the effective electron mass m} =
(0.052 £ 0.002)m, and hole mass mj; = (0.038 =
0.002)m, are obtained, where m, is the bare electron
mass. While the hole mass in this sample agrees well
with the reported value of the hole mass (0.039m,) in a
high quality bulk graphite crystal [1], m, shows a ~10%
reduction from the corresponding bulk value (0.057m,),
suggesting potential band structure modifications in the
mesoscopic samples.

In summary, we report strong modulation of the Hall
resistance and the magnetoresistance in mesoscopic graph-
ite samples consisting of tens of graphene layers as a
function of applied gate voltage. These phenomena have
not been observed in bulk samples [24]. The electric field
effect changes the sign of the dominant majority carrier,
hence reverses the sign of the Hall coefficient. The Landau
level formation of electron and hole carriers is also tuned
by the electric field effect.

We thank H.L. Stormer, A. Millis, and I. Aleiner for
helpful discussions. This work is supported primarily by
the Nanoscale Science and Engineering Initiative of the
National Science Foundation under NSF Grant No. CHE-
0117752 and by the New York State Office of Science,
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Note added.—During the preparation of this manuscript,
we became aware of related work on similar systems from

other groups [25].
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