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Tunable magnetoresistance in thin-film graphite field-effect transistor by gate voltage
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Magnetic-field-induced semimetal-insulator phase transition in graphite has regained attention, although its
mechanism is not fully understood. Recently, a study performed under the pulsed magnetic field discovered that
this phase transition depends on thickness even in a relatively thick system of the order of 100 nm and suggested
that the electronic state in the insulating phase has an order along the stacking direction. Here we report the
thickness dependence observed under dc magnetic fields, which nicely reproduces the previous results obtained
under the pulsed magnetic field. In order to look into the critical condition to control the phase transition, the
effect of electrostatic gating is also studied in a field-effect transistor structure since it will introduce a spatial
modulation along the stacking direction. Magnetoresistance, measured up to 35 T, is prominently enhanced by
the gate voltage in spite of the fact that the underlying electronic state is not largely changed owing to the
charge-screening effect. On the other hand, the critical magnetic field of the semimetal-insulator transition is
found to be insensitive to gate voltages, whereas its thickness dependence is fairly confirmed. By applying
positive gate voltages, a prominent oscillation pattern, periodic in magnetic field, becomes apparent, the origin
of which is not clear at this stage. Although electrostatic control of the phase transition is not realized in this
study, the findings of gate-voltage tunability will help determine the electronic state in the quantum limit in
graphite.
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I. INTRODUCTION

A number of studies on topological semimetals, such
as Weyl and Dirac semimetals [1–4], have revived interest
in the electronic properties in the quantum limit [5–8]. In
these materials, owing to their low carrier density and small
effective mass, the system easily enters the quantum limit
by applying moderate magnetic fields [5,6,9,10]. Graphite
is one of the prototypical materials for investigating the
electronic properties in the quantum limit [11–42], although
it is a topologically trivial material. The Landau subband
structure under magnetic fields as large as B � 30 T is the
so-called quasiquantum limit, where all carriers populate only
four quasi-one-dimensional Landau subbands at the Fermi
level. The calculated Landau subband structure based on the
Slonczewski-Weiss-McClure model [43–45] is demonstrated
in Fig. 1(a). Since graphite has two energetically equivalent
valleys along the H -K-H and H ′-K ′-H ′ lines [Fig. 1(b)],
those subbands are also valley degenerate. One of the notable
features showing up at this condition is a semimetal-insulator
transition. The electronic state in the insulating phase is
proposed to be an exotic density-wave state [26,31,38–41,46].
For example, in the valley-density-wave state, each valley
forms a charge-density wave (CDW), but the waves are
antiphase to each other [38], although this has been diffi-
cult to verify experimentally. The presence of the thickness
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dependence of the phase transition, recently discovered under
the pulsed magnetic field [36], implies that an ordered state
evolves along the stacking (c-axis) direction. Moreover, a
deviation from the bulk properties was observed even in a
relatively thick sample of around 200 nm (≈300 unit cells).
The density-wave model combined with a quantum size effect
is successful in qualitatively reproducing the experimental
results; the phase transition line shifts towards higher mag-
netic fields, and its temperature dependence becomes small
with decreasing thickness. These features are attributed to
the discrete wave number and sparse energy spacing, respec-
tively, in accordance with decreasing thickness. Although the
experiment in Ref. [36] was carefully designed to avoid the
eddy-current-heating problem in the pulsed magnetic field by
using microcrystals, it is desirable to confirm the thickness
dependence in the dc magnetic field. In this study, as a first
step, we report the reproducibility of the thickness dependence
under dc magnetic field.

Moreover, as the thickness dependence is present, it is in-
teresting to introduce a spatial modulation along the stacking
direction. The structure of a field-effect transistor (FET) can
realize it. A standard semiconductor FET forms a conductive
channel at the interface on the substrate by concentrating
doped carriers under gate voltage. However, in the case of
a semimetallic graphite FET with a thickness of the order
of d � 100 nm, the charge-screening effect should be taken
into account. Suppose that, by making the situation simpler,
the spatially varied electrostatic potential Ves (i.e., with band
bending) divides the system into two parts: the interface and
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FIG. 1. (a) Landau subband structure under B = 30 T along the
kz axis (kz||c). The so-called quasiquantum limit (only four subbands
reside at the Fermi level εF) is realized. The calculation is based on
the Slonczewski-Weiss-McClure model [43–45]. (b) Schematic view
of the Brillouin zone and Fermi surfaces at B = 0 in graphite. At
the zone corners of the H -K-H and H ′-K ′-H ′ lines, electron and
hole pockets are formed. The size of Fermi surfaces is exaggerated.
(c) Schematic view of the FET structure (side view). Thin-film
graphite is placed on a Si/SiO2 substrate, which functions as a back-
gate electrode in applying gate voltage Vg . (d) Schematic view of
band bending and carrier doping under gate voltage Vg . Owing to the
screening effect, the electrostatic potential Ves bends at the interface
in the range of screening length λ, and most of the doped carriers
concentrate on the interface (bright region). (e) Optical microscopy
image of a 70-nm-thick sample (top view) after fabrication of the
electrode. Magnetic field B is applied perpendicular to the plate.

bulk parts. The interface part, characterized by the thickness
of a screening length λ, hosts most of the doped carriers, and
the bulk part, with a thickness of d − λ, keeps the electronic
state the same as the original (nondoped) state [schematically
drawn in Figs. 1(c) and 1(d)]. A previous study supports
such a model [47], where the charge distribution and the
potential in such a system were self-consistently calculated
and it was concluded that most doped carriers concentrate on
a few layers at the interface but part of them penetrates into the
bulk part in association with oscillations. A short λ was exper-
imentally confirmed in dual-gated few-layer graphene [48]. If
an effective thickness d − λ can be controlled in such a way,
the phase transition can be controlled in an electrostatic way,
leading to deep insight into the electronic state of the insulator
phase. On the other hand, the carrier doping possibly shifts the
critical magnetic field of the phase transition in an ambipolar
way, as discussed for neutron-irradiated graphite, in which
hole carriers were doped [19]. In the FET structure, since the
electrostatic doping introduces the nonuniformity, the effect
of the gate voltage is not clear. In this study, by observing
magnetotransport properties, we clarify the effect of gate
voltage on the electronic state under the magnetic fields in
a thin-film graphite FET system. By analyzing Shubnikov–de
Haas (SdH) oscillations and the magnitude of the magnetore-
sistance (MR), band bending and carrier doping are qualita-
tively evaluated. The dependence of the phase transition over
a wide range of gate voltage is investigated by applying high
magnetic field up to 35 T. The ability of the phase-transition
shift by electrostatic gating is discussed by considering the
strong charge-screening effect.

II. EXPERIMENTAL METHODS

Thin-film graphite with an FET structure was fabricated
on a heavily doped silicon wafer with a 300-nm-thick di-
electric topmost layer formed by thermal oxidation, which
functions as a back-gate electrode [Fig. 1(c)]. Mechanically
exfoliated Kish graphite microcrystals were transferred onto
the substrate. Atomic-force microscopy was used to choose
samples with a flat surface and to measure their thickness.
The typical dimensions of the samples were 30×30×0.1 μm3

[Fig. 1(e)]. In this paper, samples with thicknesses d = 70 and
178 nm are studied. Electrical contacts for in-plane resistance
measurements were formed by thermally evaporating gold on
a Ni0.8Cr0.2 sticking layer after electron-beam lithography.
High magnetic fields B were generated in a 35-T resistive
magnet at the National High Magnetic Field Laboratory.
The dc electrical resistance R was measured by reversing a
constant current under B along the c axis (perpendicular to
the plate) at low temperature T down to 0.35 K in a 3He
refrigerator. The static gate voltage Vg was applied within the
range of −80 V � Vg � +80 V.

III. RESULTS

Typical in-plane resistance as a function of magnetic field
in thin-film graphite for various gate voltages is shown in
Fig. 2(a). Here only the results for 70-nm-thick samples are
shown, and those for the 178-nm-thick sample are given in
Appendix A. The overall trend is similar for all gate voltages;
it shows a sizable MR up to B ≈ 25 T, superimposed with
SdH oscillations below B ≈ 8 T, and a semimetal-insulator
transition occurs around B ≡ Bc ≈ 30 T. In addition, gate-
voltage-dependent features are also identified, although the
effect of the gate voltage is different in different magnetic-
field regions, as color-coded in Fig. 2(a).

In the first region below B ≈ 8 T, the SdH oscillations
under gate voltage appear at the same magnetic fields as
those without gate voltage (Vg = 0), but the amplitude of the
SdH oscillations becomes larger with increasing Vg . Since
the oscillations reflect the evolution of the Landau subband
structure, this gate-voltage independence indicates that the
electronic structure of the bulk part is unchanged even under
a large gate voltage.

In the second region between ≈8 T and Bc, it is clear
that MR strongly depends on gate voltage. These features are
clearly shown in Fig. 2(g), where the gate-voltage dependence
of MR is replotted from Fig. 2(a) at several magnetic fields,
indicated by vertical dashed lines. This is in stark contrast to
the gate-voltage dependence under zero magnetic field. It is
noteworthy that an oscillatory behavior is found only under
positive gate voltages, which will be elaborated on later.

The third region is above B = Bc. Here we define Bc by the
cross point of linear fitting curves below and above the kink
structure at B ≈ 30 T. In contrast to the thickness dependence,
the gate-voltage dependence of Bc is negligible, as shown in
the phase diagram (Fig. 3). The phase boundary of the bulk
system in Ref. [19] is also shown. It is evident that the phase
boundary shifts towards higher magnetic fields with reducing
thickness. This result is the first confirmation of the thickness-
dependent Bc under the dc magnetic field and consistent with
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FIG. 2. (a) In-plane resistance R of 70-nm-thick graphite as a function of out-of-plane magnetic field B at T = 0.35 K for gate voltages
Vg = +80, +60, +40, +20, 0,−20, −40, −60, and −80 V, from top to bottom. Gate-voltage dependence is different in different colored
regions. In addition, oscillatory behavior periodic in B is observed between 10 T and Bc but only under positive gate voltages. (b) In-plane
resistance R, smoothed background Rbg, and Shubnikov–de Haas component �R = R − Rbg for B � 2.5 T. (c) Fourier transform spectrum
of the low magnetic field �R(1/B ). The frequencies of hole and electron pockets are BF,h = 4.7 T and BF,e = 6.1 T, respectively. (d) Gate-
voltage dependence of BF,h and BF,e. The expected lines in the uniformly doped model are also shown with dashed lines. (e) T/B dependence
of �R of Shubnikov–de Haas oscillations at some magnetic fields. Red, green, and blue symbols indicate data at gate voltages Vg = +80, 0,
and −80 V, respectively, as shown in (f). �R for different magnetic fields and gate voltages are scaled. All the data can fit reasonably well
on a theoretical line of mcyc/m0 = 0.05. (f) Dingle temperature TD at gate voltages of Vg = +80, 0, and −80 V. TD is weakly dependent on
gate voltages. (g) Gate-voltage dependence of MR at several magnetic fields indicated by vertical dashed lines in (a). Gate-voltage dependence
becomes more pronounced at high magnetic field and shows a maximum at B = 29 T, indicated by an arrow. (h) Two-carrier-model calculation
of the MR as a function of the ratio of electron to hole carrier densities, shown in Eq. (1) with m = μe/μh = 0.2 and μ = √

μeμh = 0.5 T−1.
The peak position under each magnetic field is indicated by an arrow. At high magnetic fields, the peak approaches r = 1, while it deviates for
lower magnetic fields when m �= 1. Only the bright region around r = 1 is expected to be observed in the present experiment [(g)]. In (g) and
(h), right and left directions along the horizontal axis correspond to electron and hole doping, respectively.

the findings under the pulsed magnetic field in Ref. [36]. This
coincidence proves that the minimization of the eddy current
heating using microcrystal graphite worked under the pulsed
magnetic field [36]. By contrast, the gate-voltage dependence
of Bc is negligible.

IV. DISCUSSION

The gate-voltage dependence is weak in the first (B < 8 T)
and third (B � Bc) regions, whereas it is strong in the second
(8 T � B < Bc) region. In order to consider the effects of
gate voltage on the underlying band structure, the oscillatory
component �R is extracted by subtracting smoothed (moving
window average) background data Rbg from raw data R, as
shown in Fig. 2(b). As discussed by Schneider et al. [49],
Fermi energy can be regarded to be constant only at low
magnetic fields. Hence, the frequency analyses are performed
below 2 T.

Fourier transformation of the oscillatory component �R ≡
R − Rbg as a function of the inverse of magnetic field (1/B )
produces two peaks at BF,h = 4.7 T and BF,e = 6.1 T, as
shown in Fig. 2(c). As is well known in bulk graphite, these
two frequencies are attributable to the hole and electron Fermi
pockets, respectively. Both frequencies are almost indepen-
dent of the gate voltage, as can be seen in Fig. 2(d). This result
is in stark contrast to what is observed in 35-nm-thick highly
oriented pyrolytic graphite (HOPG), where SdH oscillations
are different from those in the bulk system even at Vg = 0
and depend on the gate voltage in spite of the presence of the
screening effect [37]. The weak gate-voltage dependence of
the SdH frequencies in our study reflects the strong screening
effect, which supports our expectation of the introduction
of spatial modulation along the stacking direction. Namely,
doped carriers concentrate at the interface, and the electronic
structure in the bulk part is largely unchanged. The resultant
band bending is schematically illustrated in Fig. 1(d). In fact,
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the screening length λ of multilayer graphene was reported to
be a few layers [47,48,50], which is a fingerprint of the strong
screening effect. Note that there is no sign of interface-derived
SdH oscillations. This suggests that transport properties are
dominated by the bulk region.

Meanwhile, the gate voltage strongly affects the magnitude
of MR. According to the semiclassical two-carrier model,
MR is expressed as

�ρ

ρ0
= r−1(1 + m)2(μB )2

(r−1 + m)2 + m(r−1 − 1)2(μB )2
, (1)

where r = ne/nh is the ratio of electron (ne) to hole (nh)
carrier densities, m = μe/μh is the ratio of electron (μe) to
hole (μh) mobilities, and μ = √

μeμh is the geometrical mean
of the electron and hole mobilities. According to Eq. (1), an
imbalance between electron and hole carrier densities (devia-
tion from r = 1) or a change in the averaged mobility μ sig-
nificantly affects the magnitude of MR. In order to identify the
origin of the gate-voltage dependence of MR in terms of r and
μ, the amplitude of SdH oscillations in �R is analyzed below.

According to the Lifshitz-Kosevich theory, the temperature
dependence of the SdH oscillation amplitude becomes larger
as the cyclotron mass mcyc increases, and the magnetic-field
dependence is affected by the scattering rate τ−1, which is
proportional to the Dingle temperature as TD = h̄/2πkBτ . By
using the amplitudes at B = 1.9, 1.4, and 1.0 T, the gate-
voltage-independent cyclotron mass is found to be mcyc/m0 =
0.05 [Fig. 2(e)], where m0 is the free-electron rest mass. The
Dingle temperature is weakly dependent on the gate voltage
within the range of TD ≈ 4–6 K [Fig. 2(f)]. Note that the
oscillations at these magnetic fields contain both electron and
hole components, so that their averaged characteristic would
be observed. Such insensitivity of mcyc and TD to the gate
voltage suggests that the average mobility μ is not varied
much by the gate voltage.

Hence, we need to revisit the possibility of the variation
of carrier densities. The strength of the screening effect
determines whether the carrier doping effect is truly negligible

in the bulk part. In a uniformly doped model, where the
screening effect is supposed to be absent and doped carriers
are uniformly distributed in the system, the expected depen-
dence of the SdH frequency on Vg is shown by the dashed
lines in Fig. 2(d). (The details of this model are explained
in Appendix B.) Although the gate-voltage dependence of
our experimental result is smaller than that in the uniformly
doped model, the difference between them is not very large.
This means that a finite amount of doping in the bulk part
cannot be denied, although the majority of the doped carriers
concentrate on the interface. This situation was theoretically
proposed in Ref. [47]. If we assume this small carrier doping
in the bulk part, the gate-voltage dependence of MR is quali-
tatively reproduced by the two-carrier model as follows.

The gate-voltage dependence of in-plane resistance at a
constant magnetic field is shown in Fig. 2(g). In the absence of
magnetic field, the gate-voltage dependence of the resistance
is negligibly small but becomes strong under high magnetic
fields and has a peak at positive Vg (indicated by an arrow) un-
der a very high magnetic field of B = 29 T. The peak position
approaches Vg = 0 by increasing magnetic fields. The same
trend is observed in the 178-nm-thick sample (Appendix A).

In the case of monolayer or bilayer graphene, such a
peak structure reflects an energy-dependent density of states
D(E), and the peak appears when the chemical potential is
tuned to the Dirac point. However, this interpretation does
not work in the present thin-film graphite system since the
overall chemical potential cannot be controlled owing to the
screening effect. In fact, the gate-voltage dependence is absent
at B = 0. Therefore, this peak structure is not derived from the
carrier doping in the interface part but originates from the bulk
part, as is the case for SdH oscillations.

Instead, the two-carrier model, shown in Eq. (1), is prefer-
able. Although such a semiclassical model is not strictly
adequate in the quasiquantum limit, the model is successful
in qualitatively describing the behavior in the case of a Weyl
semimetal [10]. An example of the calculated �ρ/ρ0 as a
function of r for the case of m = 0.2 and μ = 0.5 T−1 is
illustrated with solid lines in Fig. 2(h). The calculated results
succeed in qualitatively reproducing the experimental results
in Fig. 2(g). An unsaturated MR for B → ∞ is realized only
when the carrier compensation ne = nh is satisfied, which
means that �ρ/ρ0(r ) has a maximum at r = 1 under high
enough magnetic field. However, �ρ/ρ0(r ) peaks at r �= 1
for lower magnetic fields when m �= 1, as can be seen in the
case of B = 5 and 10 T in Fig. 2(h). Our experimental results
imply that the MR peaks at Vg higher than the range of the
measurement at lower magnetic fields, which corresponds to
m < 1 in Eq. (1).

As a result, the observed gate-voltage dependence of MR
is consistent with a small amount of carrier doping in the
two-carrier model. As discussed above, this interpretation
does not conflict with the gate-voltage dependence of SdH
frequencies since a small amount of carrier doping possibly
exists in the bulk region. Although the observed behavior
is not fully explained by this model, for example, negative
differential MR at B ≈ 23–29 T under positive gate voltage
and the absence of quantitative agreement, the trend of the
gate voltage dependence is qualitatively reproduced by the
simple two-carrier model.
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As seen in the first and second regions, the effect of
applying gate voltage is carrier doping and band bending
along the stacking direction. These two effects might shift the
semimetal-insulator phase transition in the following ways. If
the band-bending effect dominates, the phase boundary shifts
towards higher magnetic field owing to the reduced effective
thickness d − λ, as in the case of the thickness-dependent
shift in Ref. [36]. If the carrier-doping effect affects the phase
transition, on the other hand, the phase transition line is
expected to be shifted to both higher and lower magnetic fields
depending on the doped carrier type. Suppose that the Landau
subbands at a given magnetic field Ba close to Bc are doped
by holes as a manner of rigid-band shift. If we focus on one of
the subbands [n = 0,↑; see Fig. 1(a)], the doped subband is
similar to the nondoped one at magnetic field higher than Ba .
As a result, the phase transition is expected to shift to higher
magnetic field with the introduction of the hole carrier. Part of
the shift observed in neutron-irradiated graphite is believed to
be due to hole doping [19,23,24].

However, the shift of the critical magnetic field is found to
be negligibly small in the present study in both the 70- and
178-nm-thick samples, as shown in Fig. 3. The absence of the
gate-voltage effect on the phase transition can be explained as
follows. A short λ means that the effective thickness d − λ

is not changed much, resulting in the negligible reduction
of effective thickness. In addition, a small amount of doped
carrier density in the bulk region is not enough to shift the
phase boundary. In the uniformly doped model, the doped
carrier density is on the order of 1016 cm−3 at Vg = 100 V.
In reality, however, the doping effect is largely reduced by
the screening effect in the bulk region. In fact, in the case of
neutron irradiation experiments, the amount of carrier doping
nh − ne = 3×1016 cm−3 is necessary for significant effect,
which will not be achieved in the current solid-gate FET
system owing to the screening effect. It should be noted
that there is room for further research into tuning the phase
transition by stronger gating or in a thinner sample whose
thickness is comparable to λ.

Finally, an intriguing phenomenon observed in the sec-
ond region should be pointed out. Oscillatory behavior at
10 T � B � Bc was discovered. An example is represented
in Fig. 4(a). The observed oscillations between 10 T and Bc

were highly reproducible and more prominent at positive gate
voltages. The amplitude is systematically changed by gate
voltages, as shown in the inset of Fig. 4(b). In order to deter-
mine whether the observed oscillations are SdH oscillations,
a smoothed background Rbg is subtracted from the raw data R

and �R = R − Rbg is shown as a function of magnetic field
B in Fig. 4(a), It is clear that �R is periodic in B, instead of
1/B known in SdH oscillations, demonstrating that the origin
is different from that of SdH oscillations. A single period
�B ≈ 2.5 T is found which is stable for varying gate voltages
and temperatures but different from that in the other sample
(�B ≈ 1 T in the 178-nm-thick sample). We note that these
two samples are mounted and measured at the same time, so
that an artifact, such as mechanical oscillation of the system,
is excluded from the origin. On the other hand, the amplitude
of the oscillations is almost constant at 10 T � B � Bc and
monotonically shrinks with reducing gate voltage, as shown in
Fig. 4(b). This strong gate-voltage dependence is in contrast
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(b) Gate-voltage dependence of the oscillation amplitude in the 70-
and 178-nm-thick samples. Both systems show finite amplitude at
Vg > 0. Inset: �R as a function of magnetic field B at various gate
voltage Vg = +80, +60, +40, +20, 0, −20, −40, −60, and −80 V
in the 70-nm-thick sample. The amplitude of Fourier transform is
depicted in the main panel.

to noiselike features found above B ≈ Bc, which is similar
to the behavior reported by Timp et al. [17]. Note that they
found oscillatory behavior periodic in B only above Bc and
attributed it to spin-orbit splitting of π bands in graphite or
in-plane modulation derived from CDW.

An oscillatory behavior periodic in B is normally asso-
ciated with the Aharanov-Bohm effect. By assigning one
cycle of oscillation with a flux quantum φ0, the effective area
of interference S = φ0/�B is 170 nm2 for the 70-nm-thick
sample and 410 nm2 for the 178-nm-thick sample. In-plane
carrier modulation is one of the candidates to give this S.
Fukuyama discussed the in-plane CDW instability under high
magnetic field [51], but this oscillation starts from 10 T,
far below Bc. Recently, very similar behavior was reported
in HOPG bulk crystals [52], where multiple periods with
�B = 1–4 T are observed, and those oscillations are almost
quenched by raising the temperature to 4.2 K. The amplitude
of the conductance oscillations was found to be δG = 1/R −
1/Rbg � 2 − 3 e2/h, which is relatively close to our obser-
vation (δG � 0.1 − 0.2 e2/h at T = 0.35 K). By contrast,
in the present thin film of Kish graphite, the oscillations are
composed of a single period, and the temperature dependence
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of the amplitude is absent below 4 K. Rischau et al. suggested
that its origin is attributable to the moiré superlattice formed
at the interface between two crystalline regions [52]. In fact,
the importance of such an interface for the transport property
is discussed in Ref. [53]. However, in contrast to HOPG, such
a moiré pattern would be absent in the case of Kish graphite
owing to the difference in crystal perfectness. In addition, if
the mechanism of the moiré pattern were realized even in
Kish graphite, several periods of �B should be observed,
which conflicts with our observation. We leave this as an open
problem since unveiling the origin of this behavior is beyond
the scope of this paper. Since this feature appears just after
the quasiquantum limit is realized, it might originate from the
quantum effect.

V. CONCLUSION

In conclusion, by measuring magnetotransport properties
under dc magnetic field in FET-structured graphite with thick-
nesses of 70 and 178 nm, we confirmed that the thickness-
dependent phase transition is evident. In addition, a spatial
modulation along the stacking direction was successfully
introduced in thin-film graphite of the order of 100 nm.
The gate-voltage dependence of SdH oscillations is small
and is ascribed to the strong screening effect. The bulk part
dominates the transport properties. By contrast, the magnitude
of MR is highly tunable with gate voltage. The nonmonotonic
gate-voltage dependence of MR is qualitatively reproduced by
the conventional two-carrier model. These results indicate a
small amount of charge doping even in the bulk region in spite
of the screening effect. The semimetal-insulator transition is
expected to be affected by the reduction of effective thickness
or by the carrier doping effect, but neither of them is observed
in the current solid-gate FET system. This robustness possibly
provides the lower limit of the key ingredient for the phase
transition. In addition, an oscillation, periodic in magnetic
field, was observed especially under positive gate voltages
in the range of the quasiquantum limit, the origin of which
is an open question. Although the shift of the semimetal-
insulator transition is not significant in our samples, a thin-
film FET structure opens up the possibility of the continuous
variation of the critical condition for the phase transition by
stronger gating or by using thinner films, which will clarify
the evolution of the electronic state in the quantum limit.
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FIG. 5. (a) In-plane resistance of the 178-nm-thick sample as a
function of magnetic field at T = 0.35 K under various gate voltages.
(b) Gate-voltage dependence of in-plane resistance under several
magnetic fields at T = 0.35 K in the 178-nm-thick sample. The peak
at B = 25 T is indicated by an arrow.

APPENDIX A: MAGNETORESISTANCE
IN 178-NM-THICK SAMPLE

The trend discussed for the 70-nm-thick sample (in the
main text) is observed also in the 178-nm-thick sample. In-
plane resistance as a function of magnetic field is exemplified
in Fig. 5(a), which is similar to that in the 70-nm-thick sample
[Fig. 2(a)]. The obtained plots for cyclotron mass and Dingle
temperature are also similar to those for the 70-nm-thick
system [Figs. 2(d), 2(e), and 2(f)]. As can be seen in Fig. 5(b),
the gate-voltage dependence of in-plane resistance is clear.
This system also shows a maximum under high magnetic
fields, as marked with an arrow.

APPENDIX B: UNIFORMLY DOPED MODEL

If the screening effect is absent, carriers will be uniformly
doped, which should be observed in SdH oscillations. A
single-carrier system is assumed for simplicity. The observed
frequency in SdH oscillations is three-dimensional, but the
number of carriers by means of electrostatic doping in the FET
structure should be counted by areal density. Since carriers are
assumed to be doped homogeneously in this model, the areal
density of doped carriers n′

2D should be treated as the vol-
ume density of doped carriers n′

3D = n′
2D/d. The total three-

dimensional carrier density is written as n3D = n3D + n′
3D ,

where n3D is the volume density of carriers in a nondoped
system. By uniform doping, the volume in reciprocal space
enclosed by Fermi surfaces should change, and the Fermi
wave vector kF also changes as kF = αkF , which results
in the change in carrier density (n3D → n3D = α3n3D) and
extremal cross section (SF → SF = α2SF ). The enhancement
factor α is obtained as α = (1 + n′

2D/n3Dd )1/3 by solving the
relation n3D = n3D + n′

3D = α3n3D . Since the frequency of
SdH oscillations BF is proportional to SF , the SdH frequency
under gate voltage BF is expressed as

BF =
(

1 + n′
2D

n3Dd

)2/3

BF , (B1)

where BF is the SdH frequency in the nondoped system. By
substituting typical values, n3D = 8×1018 cm−3, d = 70 nm,
and n′

2D = 7×1012 cm−2 at Vg = 100 V, a factor of the
change in frequency is evaluated as BF /BF = 1.08, which is
plotted in Fig. 2(d).
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