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Magnetic-field induced semimetal-insulator phase transition in graphite regains an attention, al-
though its mechanism is not fully understood. Recently, a study under the pulsed magnetic field
discovered that this phase transition depends on thickness even at the 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 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 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 semimetal-insulator
transition is found to be insensitive to gate voltages, whereas the thickness dependence of it is fairly
confirmed. By applying positive gate voltages, 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.

I. INTRODUCTION7

A number of researches on topological semimetals,8

such asWeyl and Dirac semimetals1–4, have revived inter-9

est in the electronic properties in the quantum limit5–8.10

In these materials, owing to their low carrier density and11

small effective mass, the system easily enters the quan-12

tum limit by applying moderate magnetic fields5,6,9,10.13

Graphite is one of the prototypical materials for investi-14

gating the electronic properties in the quantum limit11–4215

while it is a topologically trivial material. The Lan-16

dau subband structure under magnetic fields as large as17

B ≃ 30 T is the so-called quasiquantum limit, where all18

carriers populate only four quasi-one-dimensional Lan-19

dau subbands at the Fermi level. The calculated Lan-20

dau subband structure based on the Slonczewski-Weiss-21

McClure model43–45 is demonstrated in Fig. 1(a). Since22

graphite has two energetically-equivalent valleys along23

H–K–H and H′–K′–H′ lines [Fig. 1(b)], those subbands24

are also valley degenerated. One of the notable features25

showing up at this condition is a semimetal-insulator26

transition. The electronic state in the insulating phase is27

proposed to be an exotic density-wave state26,31,38–41,46.28

For example, in valley-density wave state, each valley29

forms charge-density wave (CDW) but antiphase between30

each other38, although it has been difficult to verify ex-31

perimentally. The presence of the thickness dependence32

of the phase transition, recently discovered under the33

pulsed magnetic field36, implies that an ordered state34

evolves along the stacking (c-axis) direction. Moreover,35

deviation from the bulk properties was observed even36

in a relatively thick sample of around 200-nm thickness37

(≈ 300 unit cells). The density-wave model combined38

with a quantum size effect is successful to qualitatively39

reproduce the experimental results; the phase transition40

line shifts towards higher magnetic fields, and its temper-41

ature dependence becomes small with reducing thickness.42

These features are attributed to the discrete wave number43

and sparse energy spacing, respectively, in accordance of44

reducing thickness. Although the experiment in Ref. 3645

was carefully designed to avoid the eddy-current-heating46

problem in the pulsed magnetic field by using microcrys-47

tals, it is desirable to confirm the thickness dependence48

in the dc magnetic field. In this study, as a first step, we49

report reproducibility of the thickness dependence under50

dc magnetic field.51

Moreover, as thickness dependence is present, it is in-52

teresting to introduce a spatial modulation along the53

stacking direction. The structure of field-effect tran-54

sistor (FET) can realize it. A standard semiconduc-55

tor FET forms a conductive channel at the interface on56

the substrate by concentrating doped carriers under gate57

voltage. However, in the case of semimetallic graphite58

FET with the thickness of the order of d ≃ 100 nm,59

the charge screening effect should be taken into account.60

Suppose that, by making the situation simpler, the spa-61

tially varied electrostatic potential Ves (i.e., with band62

bending) divides the system into two parts; the interface63

and the bulk parts. The interface part, characterized by64

the thickness of a screening length λ, hosts most of the65

doped carriers, and the bulk part, with the thickness of66

d − λ, keeps the electronic state the same as the origi-67

nal (non-doped) state [schematically drawn in Figs. 1(c)68

and 1(d)]. A previous study supports such a model47,69

where the charge distribution and the potential in such a70

system were self-consistently calculated, and it was con-71
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cluded that most of doped carriers concentrate on a few72

layers at the interface, but a part of them penetrate into73

the bulk part in association with oscillations. A short74

λ was experimentally confirmed in dual-gated few-layers75

graphene48. If an effective thickness d − λ can be con-76

trolled in such a way, it implies that the phase transi-77

tion can be controlled by electrostatic way, leading to78

a deep insight into the electronic state of the insulator79

phase. On the other hand, the carrier doping possibly80

shifts the critical magnetic field of the phase transition81

in an ambipolar way, as discussed in neutron-irradiated82

graphite, where hole carriers were doped19. In the FET83

structure, since the electrostatic doping introduces the84

nonuniformity, the effect of gate voltage is not clear. In85

this study, by observing magnetotransport properties, we86

clarify the effect of gate voltage on the electronic state un-87

der the magnetic fields in thin-film graphite FET system.88

By analyzing Shubnikov-de Haas (SdH) oscillations and89

the magnitude of magnetoresistance (MR), band bending90

and carrier doping are qualitatively evaluated. The de-91

pendence of the phase transition over a wide range of gate92

voltage is investigated by applying high magnetic field93

up to 35 T. The ability of the phase-transition shift by94

electrostatic gating is discussed by considering the strong95

charge-screening effect.96

II. EXPERIMENTAL METHODS97

Thin-film graphite with an FET structure were fabri-98

cated on a heavily-doped silicon wafer with a 300-nm-99

thick dielectric topmost layer formed by thermal oxida-100

tion, which functions as a back-gate electrode [Fig. 1(c)].101

Mechanically exfoliated Kish graphite microcrystals were102

transferred onto the substrate. An atomic-force mi-103

croscopy was used to choose samples with flat surface104

and to measure their thickness. The typical dimensions105

of the samples were 30× 30× 0.1 µm3 [Fig. 1(e)]. In this106

paper, samples with thickness d = 70 nm and 178 nm are107

studied. Electrical contacts for in-plane resistance mea-108

surements were formed by thermally evaporating gold on109

Ni0.8Cr0.2 sticking layer after electron-beam lithography.110

High magnetic fields (B) were generated in a 35-T resis-111

tive magnet at the National High Magnetic Field Lab-112

oratory. dc electrical resistance (R) was measured by113

reversing a constant current under B along c-axis (per-114

pendicular to the plate) at low temperature (T ) down to115

0.35 K in a 3He refrigerator. The static gate voltage (Vg)116

was applied within the range of −80 V ≤ Vg ≤ +80 V.117

III. RESULTS118

Typical in-plane resistance as a function of magnetic119

field in thin-film graphite for various gate voltages is120

shown in Fig. 2(a). Here, only the results in 70-nm-121

thick samples are shown, and those in 178-nm-thick sam-122

ple are in appendix A. The overall trend is similar for123
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FIG. 1. (a) Landau subband structure under B = 30 T along
kz-axis (kz||c). So-called the quasiquantum limit (only four
subbands reside at the Fermi level εF) is realized. The calcula-
tion is based on the Slonczewski-Weiss-McClure model.43–45

(b) Schematic view of Brillouin zone and Fermi surfaces at
B = 0 in graphite. At the zone corners of 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 bend-
ing and carrier doping under gate voltage Vg. Owing to the
screening effect, electrostatic potential Ves bends at the in-
terface in the range of a screening length λ, and most of
the doped carriers concentrate on the interface (bright re-
gion). (e) Optical microscopy image of 70-nm-thick sample
(top view) after fabrication of the electrode. Magnetic field
B is applied perpendicular to the plate.

all gate voltages; it shows a sizable MR up to B ≈ 25124

T, superimposed with SdH oscillations below B ≈ 8125

T, and a semimetal-insulator transition occurs around126

B ≡ Bc ≈ 30 T. In addition, gate-voltage dependent fea-127

tures are also identified, although the effect of the gate128

voltage is different in different magnetic-field regions, as129

colorized in Fig.2(a).130

In the first region below B ≈ 8 T, the SdH oscillations131

under gate voltage appear at the same magnetic fields as132

those without gate voltage (Vg = 0), but the amplitude133

of the SdH oscillations becomes larger with increasing134

Vg. Since the oscillations reflect the evolution of Lan-135

dau subband structure, this gate-voltage independence136

indicates that the electronic structure of the bulk part is137

unchanged even under a large gate voltage.138

In the second region between ≈ 8 T and Bc, it is clear139

that MR strongly depends on gate voltages. These fea-140

tures are clearly shown in Fig. 2(g), where gate-voltage141

dependence of MR is replotted from Fig. 2(a) at several142

magnetic fields, indicated by vertical broken lines. This143

is in stark contrast to the gate voltage dependence under144

zero magnetic field. It is noteworthy that an oscillatory145

behavior is found only under positive gate voltages, which146

will be elaborated later.147

The third region is above B = Bc. Here we define148

Bc by the crosspoint of linear fitting curves below and149

above the kink structure at B ≈ 30 T. In contrast to150

the thickness dependence, the gate-voltage dependence of151

Bc is negligible, as shown in the phase diagram (Fig. 3).152
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The phase boundary of the bulk system in Ref. 19 is153

also shown. It is evident that the phase boundary shifts154

towards higher magnetic fields with reducing thickness.155

This result is the first confirmation of the thickness de-156

pendent Bc under the dc magnetic field, and consis-157

tent with the findings under the pulsed magnetic field158

in Ref. 36. This coincidence proves that the minimiza-159

tion of the eddy current heating by using a microcrys-160

tal graphite had worked under the pulsed magnetic field161

(Ref. 36). By contrast, a gate-voltage dependence of Bc162

is negligible.163

IV. DISCUSSION164

The gate-voltage dependence is weak in the first (B <165

8 T) and the third (B ≥ Bc) regions, whereas strong in166

the second (8 T ≤ B < Bc) region. In order to con-167

sider the effects of gate voltage on the underlying band168

structure, the oscillatory component ∆R is extracted by169

subtracting a smoothed (moving window average) back-170

ground data Rbg from raw data R and shown in Fig. 2(b).171

As discussed by Schneider et al.
49, Fermi energy can172

be regarded to be constant only at low magnetic fields.173

Hence, the frequency analyses are performed below 2 T.174

Fourier transformation of the oscillatory component175

∆R ≡ R − Rbg as a function of an inverse of mag-176

netic field (1/B) produces two peaks at BF,h = 4.7 T177

and BF,e = 6.1 T, as shown in Fig. 2(c). As is well178

known in bulk graphite, these two frequencies are at-179

tributable to the hole and electron Fermi pockets, re-180

spectively. Both frequencies are almost independent of181

the gate voltage, as can be seen in Fig. 2(d). This result182

is in stark contrast to what is observed in 35-nm-thick183

highly oriented pyrolytic graphite (HOPG), where SdH184

oscillations are different from those in bulk system even185

at Vg = 0 and depend on the gate voltage in spite of the186

presence of the screening effect37. The small gate-voltage187

dependence of the SdH frequencies in our study reflects188

the strong screening effect, which supports our expecta-189

tion of an introduction of a spatial modulation along the190

stacking direction. Namely, doped carriers concentrate191

at the interface and the electronic structure in the bulk192

part is largely unchanged. The resultant band bending is193

schematically illustrated in Fig. 1(d). In fact, a screening194

length λ of multilayer graphene was reported to be a few195

layers47,48,50, which is a fingerprint of the strong screen-196

ing effect. Note that there is no sign of interface-derived197

SdH oscillations. This suggests that transport properties198

are dominated by the bulk region.199

Meanwhile, the gate voltage strongly affects the mag-200

nitude of MR. According to the semiclassical two-carrier201

model, MR is expressed as202

∆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)203

carrier densities, m = µe/µh is the ratio of electron (µe)204

to hole (µh) mobility, and µ =
√
µeµh is geometrical205

mean of the electron and hole mobility. According to206

Eq. (1), an imbalance between electron and hole carrier207

densities (a deviation from r = 1) or a change of averaged208

mobility µ significantly affects the magnitude of MR. In209

order to identify the origin of gate-voltage dependence of210

MR in terms of r and µ, the amplitude of SdH oscillations211

in ∆R is analyzed below.212

According to the Lifshitz-Kosevich theory, tempera-213

ture dependence of the SdH oscillation amplitude be-214

comes larger as the cyclotron mass mcyc increases, and215

the magnetic-field dependence is affected by the scatter-216

ing rate τ−1, which is proportional to the Dingle tem-217

perature as TD = h̄/2πkBτ . By using the amplitudes218

at B = 1.9, 1.4, and 1.0 T, the gate-voltage independent219

cyclotron mass is found to be mcyc/m0 = 0.05 [Fig. 2(e)],220

where m0 is the free electron rest mass. The Dingle tem-221

perature is weakly dependent on the gate voltage within222

the range of TD ≈ 4 − 6 K [Fig. 2(f)]. Note that the os-223

cillations at these magnetic fields contain both electron224

and hole components, so that the averaged characteristic225

of them would be observed. Such insensitivity of mcyc226

and TD to the gate voltage suggests that the averaged227

mobility µ is not varied much by the gate voltage.228

Hence we need to revisit the possibility of the vari-229

ation of carrier densities. The strength of the screen-230

ing effect determines whether the carrier doping effect is231

truly negligible in the bulk part. In a uniformly-doped232

model, where the screening effect is supposed to be ab-233

sent and doped carriers are uniformly distributed in the234

system, the expected dependence of the SdH frequency235

on Vg is shown by the broken lines in Fig. 2(d). (The236

details of this model is explained in appendix B.) Al-237

though the gate-voltage dependence of our experimental238

result is smaller than that in the uniformly-doped model,239

the deference between them is not so large. It means that240

a finite amount of doping in the bulk part cannot be de-241

nied, although majority of the doped carriers concentrate242

on the interface. This situation is theoretically proposed243

in Ref. 47. If we assume this small carrier doping in the244

bulk part, the gate-voltage dependence of MR is qualita-245

tively reproduced by the two-carrier model, as follows.246

The gate-voltage dependence of in-plane resistance at247

a constant magnetic field is shown in Fig. 2(g). In the248

absence of magnetic field, the gate-voltage dependence249

of the resistance is negligibly small, but becomes strong250

under high magnetic fields, and has a peak at positive Vg251

(indicated by an arrow) under very high magnetic field252

of B = 29 T. The peak position approaches to Vg = 0 by253

increasing magnetic fields. The same trend is observed254

in 178-nm-thick sample (Appendix A).255

In the case of monolayer or bilayer graphene, such a256

peak structure reflects energy-dependent density of states257

D(E), and the peak appears when the chemical potential258

is tuned to the Dirac point. However, this interpretation259

does not work in the present thin-film graphite system,260

since the overall chemical potential cannot be controlled261

owing to the screening effect. In fact, gate-voltage de-262
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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
among 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
uniformly-doped model are also shown with dashed lines. (e) T/B dependence of ∆R of Shubnikov-de Haas oscillations at
some magnetic fields. Markers with red, green, and blue indicate data at gate voltages Vg = +80, 0, and -80 V, respectively,
as shown in Fig. 2(f). ∆R for different magnetic fields and gate voltages are scaled. All the data can reasonably well fit 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 broken lines
in Fig. 2(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 6= 1. Only the bright region around r = 1 is expected to be observed in the present experiment [Fig. 2(g)]. In Figs. 2(g) and
2(h), right and left directions along horizontal axis correspond to electron and hole doping, respectively.

pendence is absent under B = 0. Therefore, this peak263

structure is not derived from the carrier doping in the264

interface part, but originates from the bulk part, as is265

the case of SdH oscillations.266

Instead, the two-carrier model, shown in Eq. (1)267

is preferable. Although such a semiclassical model is268

not strictly adequate to the quasiquantum limit as in269

graphite under high magnetic field, the model is success-270

ful in qualitatively describing the behavior as in the case271

of a Weyl semimetal10. An example of the calculated272

∆ρ/ρ0 as a function of r for the case of m = 0.2 and273

µ = 0.5 T−1 is illustrated with solid lines in Fig. 2(h).274

The calculated results succeed in qualitatively reproduc-275

ing the experimental results in Fig. 2(g). An unsaturated276

MR for B → ∞ is realized only when the carrier compen-277

sation ne = nh is satisfied, which means that ∆ρ/ρ0(r)278

has a maximum at r = 1 under high-enough magnetic279

field. However, ∆ρ/ρ0(r) peaks at r 6= 1 for lower mag-280

netic fields when m 6= 1, as can be seen in the case of281

B = 5 and 10 T in Fig. 2(h). Our experimental results282

imply that the MR peaks at Vg higher than the range of283

the measurement at lower magnetic fields, which corre-284

sponds m < 1 in Eq. (1).285

As a result, the observed gate-voltage dependence of286

MR is consistent with a small amount of carrier dop-287

ing in the two-carrier model. As discussed above, this288

interpretation does not conflict with gate-voltage depen-289

dence of SdH frequencies, since a small amount of carrier290

doping possibly exists in the bulk region. Although the291

observed behavior is not fully explained by this model,292

for example, negative differential MR in B ≈ 23 − 29 T293

under positive gate voltage and absence of quantitative294

agreement, the trend of the gate voltage dependence is295

qualitatively reproduced by the simple two-carrier model.296

As is seen in the first and second region, the effect of297

applying gate voltage is carrier doping and band bend-298

ing along the stacking direction. These two effects might299

shift the semimetal-insulator phase transition in the fol-300
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lowing ways. If the band-bending effect dominates, the301

phase boundary shifts towards higher magnetic field ow-302

ing to the reduced effective thickness d−λ, as in the case303

of thickness-dependent shift in Ref. 36. If the carrier-304

doping effect affects the phase transition, on the other305

hand, the phase transition line is expected to be shifted306

to both higher and lower magnetic fields depending on307

the doped carrier type. Suppose that the Landau sub-308

bands at a given magnetic field Ba close to Bc are doped309

by holes as a manner of rigid-band shift. If we focus on310

one of the subband (n = 0, ↑) [see Fig. 1(a)], the doped311

subband is similar to the non-doped one at the mag-312

netic field higher than Ba. As a result, the phase tran-313

sition is expected to shift to higher magnetic field with314

introducing hole carrier. A part of the shift observed in315

neutron-irradiated graphite is believed to be due to hole316

doping19,23,24.317

However, the shift of the critical magnetic field is found318

to be negligibly small in the present study in both 70319

and 178-nm-thick samples, as shown in Fig. 3. The ab-320

sence of gate-voltage effect on the phase transition can321

be explained as follows. A short λ means that the ef-322

fective thickness d − λ is not changed much, resulting323

in the negligible reduction of effective thickness. In ad-324

dition, a small amount of doped carrier densities in the325

bulk region is not enough to shift the phase boundary.326

In the uniformly-doped model, the doped carrier density327

is on the order of 1016 cm−3 at Vg = 100 V. In real-328

ity, however, the doping effect is largely reduced by the329

screening effect in the bulk region. In fact, in the case of330

neutron irradiation experiments, the amount of carrier331

doping nh − ne = 3 × 1016 cm−3 is necessary for sig-332

nificant effect, which will not be achieved in the current333

solid-gate FET system owing to the screening effect. It334

should be noted that there is room for further research335

into tuning the phase transition by stronger gating or in336

a thinner sample whose thickness is comparable to λ.337

Finally, it should be pointed out an intriguing phe-338

nomenon observed in the second region. Oscillatory be-339

havior at 10 T ≤ B ≤ Bc is discovered. An example is340

represented in Fig. 4(a). The observed oscillations be-341

tween 10 T and Bc were highly reproducible and more342

prominent at positive gate voltages. The amplitude is343

systematically changed by gate voltages, as shown in the344

inset of Fig. 4(b). In order to determine whether it is SdH345

oscillations, a smoothed background Rbg is subtracted346

from the raw data R. As shown in Fig. 4(a), it is found347

that ∆R = R − Rbg is periodic in B, instead of 1/B348

known in SdH oscillations, demonstrating that the origin349

is different from that of SdH oscillations. A single period350

∆B ≈ 2.5 T is found, which is stable for varying gate351

voltages and temperatures, but different from that in the352

other sample (∆B ≈ 1 T in 178-nm-thick sample). We353

note that these two samples are mounted and measured354

at the same time, so that an artifact, such as mechanical355

oscillation of the system, is excluded from the origin. On356

the other hand, the amplitude of the oscillations is almost357

constant at 10 T ≤ B ≤ Bc, and monotonically shrinks358

with reducing gate voltage, as shown in Fig. 4(b). This359

strong gate-voltage dependence is in contrast to noise-360

like features found above B ≈ Bc, which is similar to the361

behavior reported by Timp et al.
17. Note that they found362

oscillatory behavior periodic in B only above Bc, and at-363

tributed to spin-orbit splitting of π-bands in graphite or364

in-plane modulation derived from CDW.365

An oscillatory behavior periodic in B is normally as-366

sociated with Aharanov-Bohm effect. By assigning one367

cycle of oscillation with a flux quantum φ0, an effective368

area of interference S = φ0/∆B is 170 nm2 for the 70-nm-369

thick sample and 410 nm2 for the 178-nm-thick sample.370

In-plane carrier modulation is one of the candidates to371

give this S. Fukuyama discussed the in-plane CDW in-372

stability under high magnetic field51, but this oscillation373

starts from 10 T, far below Bc. Recently, very similar374

behavior is reported in HOPG bulk crystals (Ref. 52),375

where multiple periods with ∆B = 1− 4 T are observed,376

and those oscillations are almost quenched by raising377

temperature to 4.2 K. The amplitude of the conduc-378

tance oscillations was found to be δG = 1/R− 1/Rbg ≃379

2 − 3 e2/h, which is relatively close to our observation380

(δG ≃ 0.1 − 0.2 e2/h at T = 0.35 K). By contrast, in381

the present thin film of Kish graphite, the oscillations382

are composed by a single period, and temperature depen-383

dence of the amplitude is absent below 4 K. Rischau et al.384

addressed that the origin of it is attributable to moiré su-385

perlattice formed at the interface between two crystalline386

regions52. In fact, the importance of such an interface for387

the transport property is discussed in Ref. 53. However,388

in contrast to HOPG, such a mosaic pattern would be389

absent in the case of Kish graphite owing to the differ-390

ence of crystal perfectness. In addition, if the mechanism391

of moiré pattern were realized even in Kish graphite, sev-392



6

1.4

1.3

1.2

1.1

1.0

0.9

0.8

R
 (

k
Ω

)

3025201510
B (T)

-40

-20

0

20

40

∆
R

 (Ω
)

Kish graphite
d = 70 nm

Vg = +80 V

cos(2πf(B-δ))

T = 0.35 K

(a)

F
T

 a
m

p
lit

u
d

e
  
(a

rb
. 

u
.)

-100 -50 0 50 100
Vg (V)

d = 70 nm178 nm

T = 0.35 K

(b)

-20

-10

0

10

20

∆R
 (

Ω
)

3025201510
B (T)

Vg = +80 V

-80 V

FIG. 4. (a) In-plane resistance R, smoothed background Rbg,
and the oscillatory component ∆R = R−Rbg as a function of
magnetic field B. ∆R is in reasonably good agreement with
cos(2πf(B−δ)), where f ≈ (2.5 T)−1 is the frequency and δ is
a phase factor. (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 70-nm-thick sample. The
amplitude of Fourier transform is depicted in the main panel.

eral periods of ∆B should be observed, which conflicts393

with our observation. We leave this as an open problem394

since unveiling the origin of this behavior is beyond the395

scope of this paper. Since this feature appears just after396

the quasiquantum limit is realized, it might be originated397

from the quantum effect.398

V. CONCLUSION399

In conclusion, by measuring magnetotrasport proper-400

ties under dc magnetic field in FET-structured graphite401

with thickness of 70 nm and 178 nm, it is confirmed that402

the thickness dependent phase transition is evident. In403

addition, a spatial modulation along the stacking direc-404

tion is successfully introduced in thin-film graphite of the405

order of 100 nm. The gate-voltage dependence of SdH os-406

cillations is small and is ascribed to the strong screening407

effect. The bulk part dominates the transport proper-408

ties. By contrast, the magnitude of MR is highly tun-409

able with gate voltage. The nonmonotonic gate-voltage410

dependence of MR is qualitatively reproduced by the411

conventional two-carrier model. These results indicate412

a small amount of charge doping even in the bulk region413

in spite of the screening effect. The semimetal-insulator414

transition is expected to be affected by the reduction of415

effective thickness or by the carrier doping effect, but nei-416

ther of them are observed in the current solid-gate FET417

system. This robustness possibly provides the lower limit418

of the key ingredient for the phase transition. Besides, an419

oscillation, periodic in magnetic field, is observed espe-420

cially under positive gate voltages in the range of quasi-421

quantum limit, the origin of which is an open question.422

Although the shift of the semimetal-insulator transition423

is not significant in our samples, thin-film FET structure424

opens up the possibility of the continuous variation of425

the critical condition for the phase transition by stronger426

gating or by using thinner films, which will clarify the427

evolution of the electronic state in the quantum limit.428
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Appendix A: Magnetoresistance in 178-nm-thick441

sample442

The trend discussed in 70-nm-thick sample (main text)443

is observed also in 178-nm-thick sample. In-plane resis-444

tance as a function of magnetic field is exemplified in445

Fig. 5(a), which is similar to that in 70-nm-thick sam-446

ple [Fig. 2(a)]. The obtained plots for cyclotron mass447

and Dingle temperature are also similar to that in 70-448

nm-thick system [Figs. 2(d), 2(e), and 2(f)]. As can be449

seen in Fig. 5(b), the gate-voltage dependence of in-plane450

resistance is clear. This system also shows a maximum451

under high magnetic fields, as marked with an arrow.452

Appendix B: Uniformly-doped model453

If the screening effect is absent, carriers would be uni-454

formly doped, which should be observed in SdH oscilla-455

tions. A single carrier system is assumed for simplicity.456
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The observed frequency in SdH oscillations is of three di-457

mensional, but the amount of doped carriers should be458

counted by areal density, since it is from electrostatic way459

in FET structure. Since carriers are assumed to be doped460

homogeneously in this model, areal density of doped car-461

riers n′

2D should be treated as volume density of doped462

carriers n′

3D = n′

2D/d. The total three-dimensional car-463

rier density is written as n3D = n3D +n′

3D, where n3D is464

volume density of carriers in non-doped system. By uni-465

form doping, the volume in reciprocal space enclosed by466

Fermi surfaces should change and the Fermi wave vector467

kF also changes as kF = αkF , which results in the change468

of carrier density (n3D → n3D = α3n3D) and extremal469

cross section (SF → SF = α2SF ). The enhancement fac-470

tor α is obtained as α = (1 + n′

2D/n3Dd)
1/3

by solving471

the relation n3D = n3D + n′

3D = α3n3D. Since the fre-472

quency of SdH oscillations BF is proportional to SF , the473

SdH frequency under gate voltage BF is expressed as474

BF =

(

1 +
n′

2D

n3Dd

)2/3

BF , (B1)

where BF is the SdH frequency in the non-doped system.475

By substituting typical values, n3D = 8×1018 cm−3, d =476

70 nm, and n′

2D = 7× 1012 cm−2 at Vg = 100 V, a factor477

of the change in frequency is evaluated as BF /BF = 1.08,478

which is plotted in Fig. 2(d).479
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FIG. 5. (a) In-plane resistance of 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 178-nm-thick
sample. The peak at B = 25 T is indicated by an arrow.
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