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Quantum Size Effect on Field-Induced Phase Transition in Thin-Film Graphite: Experimental Confirmation of Density Wave Formation
Taen, T., Osada, T., Uchida, K. (ISSP, U. Tokyo), and Kang, W. (Ewha Womans U.)

Introduction

Graphite shows a semimetal-insulator transition at around 30 T, but the origin of it is still not clear. We investigated thickness and gate-voltage dependence of this phase transition to confirm that this transition is attributable to the formation of density-wave state. According to the density-response function calculation, the insulating phase in thin film becomes unstable by quantum size effect. An application of gate voltage induces the band bending, so the effective thickness and/or carrier density in the vicinity of the surface can be controlled.
Experimental


In-plane resistance of the thin-film graphite under magnetic fields up to 35 T was measured in the DC field facility Cell 12 of the NHMFL. Thin-film graphite samples were prepared on Si/SiO2 substrate by the mechanical-exfoliation method in the configuration of FETs, which enables the application of gate voltage.
Results and Discussion


Figure 1(a) shows in-plane resistance (R) as function of out-of-plane magnetic field (B) at T = 0.35 K under various gate voltages (Vg) in the sample with thickness d = 70 nm. For all gate voltages, a large magnetoresistance was observed by applying magnetic field, accompanied by clear Shubnikov-de Haas (SdH) oscillations up to 10 T, followed by semimetal-insulator transition around 30 T. These trends are similar to the bulk result, but the transition occurs at higher magnetic field [see Fig. 1(b)], which reflects the quantum size effect. Regarding gate-voltage dependence, the effect on the resistance is negligible at B = 0. However, under the finite magnetic field, the monotonic gate-voltage dependence of the resistance is evident. In addition, by applying positive gate voltage, we found that SdH oscillations become prominent and additional fine structure evolves between 10 and 30 T. On the other hand, the critical magnetic field of the phase transition is weakly dependent on the gate voltage. The phase transition lines at Vg = -80, 0, and +80 V in 70-nm thick sample are indicated in Fig. 1(b). This gate-voltage dependence should be explained by the band-bending and carrier doping effects.
[image: image1.emf]1.5

1.0

0.5

0

R 

(k



)

35 30 25 20 15 10 5 0

B (T)

T  = 0.35 K

Kish graphite

d = 70 nm

V

g

 = 

+80,

+60,

+40,

+20,

0,

-20,

-40,

-60,

-80 V

(a)

       [image: image2.emf]4

3

2

1

0

T 

(K)

35 34 33 32 31 30 29 28

B (T)

Kish graphite

d = 70 nm

V

g

 =

 +80 V

     0 V

  -80 V

(b)

bulk

[JPSJ 

68

, 1300 (1999).]


Fig. 1 (a) In-plane resistance as function of out-of-plane magnetic field at T = 0.35 K under various gate voltage in 70-nm thick graphite. (b) Phase transition lines at Vg = -80, 0, and +80 V in 70-nm thick graphite sample.
Conclusions

The critical magnetic field of the phase transition around 30 T in thin-film graphite is higher than that in the bulk system. This shift is qualitatively explained by combining the density-wave model and quantum size effect. Hence we confirmed that the field-induced phase transition originates from the density-wave state. In addition, we found several new features when applying positive gate voltage. The weak gate-voltage dependence on the phase transition is identified, which should reflect band-bending and carrier doping effects.
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