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研究成果の概要（和文）：３次元トポロジカル絶縁体の中でもバルク絶縁性を有するBiSebTeSeを対象材料に、このト
ポロジカル絶縁体表面のスピン運動量ロッキングに起因するスピン偏極状態を観測することを目的として研究を遂行し
た。当初想定していた手法ではないものの、この材料系において150Kまでのスピン偏極状態の観測に世界で初めて観測
することに成功し、米国化学会の権威ある学術誌であるNano Letters誌（インパクトファクター：12.9)に論文は掲載
され、多くの招待講演依頼を受けるなど、研究成果は大きな関心を集めることができた。

研究成果の概要（英文）：We have selected BiSeTeSe, the bulk-insulative 3-dimensional topological 
insultor, as a model material of my experiment. The purpose of my study is to detect a surface 
spin-polarized state ascribed to the spin-momentum locking. Although the experimental procedure was 
changed from the planned procedure, I have successfully detected the surface spin polarization up to 150 
K. This is the first experimental demonstration of the detection using BiSbTeSe, and the detail of the 
results was described in a paper, which was published in Nano Letters (an ACS journal, the impact factor 
is 12.9). My result has been attracting much interest.

研究分野： 固体物理

キーワード： トポロジカル絶縁体　スピン偏極状態　スピン運動量ロッキング
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様	 式	 Ｃ‐１９、Ｆ‐１９、Ｚ‐１９（共通）	 

１．研究開始当初の背景 
	 トポロジカル絶縁体は金属とも半導体と
も異なる固体の新しい相として近年世界的
に大きな関心を集める材料である。そのバン
ド構造は材料のバルク由来の半導体的なパ
ラボリックバンドと、表面（ないしエッジ）
に由来するディラック的な線形バンドから
なり、特にディラック的な線形バンドはグラ
フェンと同じくゼロギャップであるだけで
なく、２本のバンドがそれぞれ 100%スピン
偏極していることから、例えば３次元トポロ
ジカル絶縁体ではその表面にアップスピン
とダウンスピンが互いに逆方向に流れる純
スピン流が存在することが知られている。こ
の特徴的なバンド構造は、電流を流す方向を
決定すれば一意的にスピンの方向は決定さ
れることを意味しており、これをスピン運動
量ロッキング(spin momentum locking)を呼
ぶ。トポロジカル絶縁体の有するこの魅力的
な特性は特にスピントロニクスにおいて重
要な特性となる。即ち、純スピン流を介した
エネルギー散逸を極限まで抑制した情報伝
播は、次世代のスピントロニクス素子の狙う
ところであるからである。本提案の面白みは
この表面スピン偏極状態（＝純スピン流）の
観測と情報伝播への応用可能性にあり、この
ようなスピントロニクス的観点から従来大
きな期待を集めながら未達成であったスピ
ンデバイスの表面スピン偏極状態の実験的
な観測を目指すこととした。 
	 尚、２次元トポロジカル絶縁体においては
HgTe 系で既にエッジスピン流の観測に成功
したとの報告があるが、２次元トポロジカル
絶縁体はエッジチャネルの数は極めて少な
く、そのため応用展開には不適なため、本研
究では最初から対象とせず、３次元トポロジ
カル絶縁体を用いた実験のフォーカスを絞
った。 
 
２．研究の目的 
	 本研究の目的はトポロジカル絶縁体のス
ピントロニクス応用の観点から、上記の表面
スピン偏極状態を実験的に観測することに
ある。そのためにはフェルミ準位がバルク絶
縁状態にある好適な材料が必要であるが、
BiSbTeSe はこの条件を満たす（さらにバル
クバンドギャップがトポロジカル絶縁体の
中でも最大級）理想的な３次元トポロジカル
絶縁体であるために、この材料を対象として
研究を遂行することとした。 
	 また、BiSbTeSe だけでなく、その他の公
的なトポロジカル絶縁体を探索し、さらに安
定な表面スピン偏極状態を生成・観測するこ
とも極めて重要である、という観点から、特
に近年広島大学木村昭夫教授グループにお
けるスピン分解光電子分光法を用いた研究
でバルク絶縁 3次元トポロジカル絶縁体であ
る期待の大きい TlBiSe において、その表面
に確かにトポロジカルエッジ状態が存在す
ることを電気伝導の観点から示し、その材料

を本研究に展開する、という観点から実験も
遂行した。 
 
３．研究の方法 
	 固体中の純スピン流の観測にはいくつか
方法があるが、本研究では当初スピンホール
効果（ホール効果のスピン版とも言える効
果）の逆効果である逆スピンホール効果
(ISHE)によってトポロジカル絶縁体表面の
純スピン流を電流に変換して起電力として
観測することを目指した。試料構造の最適化
などを進めていく中で、観測の効率を考える
と ISHE を用いるよりも、spin	 momentum	 
locking によって生じたスピン蓄積に起因す
る電気化学ポテンシャルを電気的に計測す
るほうが有利である、という結論を得た。そ
こで素子構造を変更して、いわゆる局所３端
子法という電気的手法によって、表面スピン
偏極状態の観測を目指した。この手法は研究
代表者が従来からシリコンやグラフェンに
おけるスピン注入・スピン計測で実績のある
手法であり、既に実験系も十分に整備されて
いたことから、このような研究アプローチの
変更にも迅速に対応することが可能であっ
た。	 
	 TlBiSe を用いた研究に関しては、その表面
の電気伝導や磁気抵抗効果を観測すること
がトポロジカルエッジ状態の証明には有効
であることから、試料表面に電極端子を作成
し た も の を Quantum	 Design 社 製
PPMS(Physical	 Property	 Measurement	 
System)装置に入れ、低温強磁場下での磁気
抵抗効果の観測と Schbnikov-de	 Haas 振動
（量子振動）を観測することを目指した。	 
	 
４．研究成果	 
	 電気的な表面スピン偏極状態の計測につ
いては、spin	 momentum	 locking に起因する
磁気抵抗のヒステリシスの観測が重要な実
験的証拠となるが、150K までの磁気抵抗ヒス
テリシスを成功裏に観測することができた。
ここで測定温度は 4.2	 K であり、磁場は±
1000	 Oe の範囲で正負にスイープしている。
図に示されているように、明瞭な磁気抵抗効
果が観測されているが、これは電流の流れる
向きによって固定されたスピンと、強磁性電
極（図中の 2の電極）のスピンの向きによっ

Moreover, the reversal of the rectangular hysteresis feature is
also observed when the current−voltage scheme is changed as
shown in Figure 2c and d. Such a behavior indicates that the
direction of the spin polarization reverses with the current
direction, which is a natural consequence of the spin-
momentum locking in the surface state. In this respect, it is
important to note that the sign of the spin-dependent signal is
consistent with the left-handed helicity of the topological
surface state of BSTS above the Dirac point.4 Furthermore, we
have also measured R2 vs H for the case when H is parallel to
the current. As shown in Figure S4 of the Supporting
Information, the rectangular hysteresis is not observed in this
geometry, which strongly supports our conclusion.
In passing, because the dip features marked by thick arrows

in Figure 2a and b are attributed to the anisotropic
magnetoresistance (AMR) of the Py electrode, one can be
confident that the rectangular hysteresis feature is not due to
the AMR effect of the Py electrode. This rectangular hysteresis
behavior was reproduced in several BSTS devices. Therefore, it
is reasonable to conclude that the charge-current-induced spin
polarization is detected at the TI/ferromagnet interface in
terms of a peculiar magnetoresistance feature.
Temperature and Current Dependences of the Spin

Signals. The temperature dependence of the magnitude of the
spin signal was also investigated in devices A and C. The R2 vs
H curve measured at 300 K in device A at I = +100 μA is shown
in Figure 3a. The rectangular hysteresis behavior has
disappeared, whereas the AMR signal is kept being observed.
In device C, neither the rectangular hysteresis nor the AMR
signal was observed at 300 K [the inset of Figure 3b]; in fact,
the temperature dependence of the magnitude of the spin
signals, ΔV2, in device C [main panel of Figure 3b] indicates
that ΔV2 decreases monotonically with increasing temperature
and vanishes at around 150 K. Although the bulk conduction
usually becomes dominant at 300 K even in a bulk-insulating

TI, in our devices the fraction of the surface conductance in the
total conductance is expected to be not reduced significantly
because the total resistance of our BSTS flakes changes by less
than a factor of 1.3 between 4.2 and 300 K. Also, it is useful to
note that, whereas the entering into the surface-dominated
transport regime occurs at 50−100 K in BSTS,15 ΔV2 keeps
increasing with decreasing temperature even below 50 K [see
Figure 3b]. Therefore, the disappearance of the spin signal in
BSTS should be due to a mechanism other than the dominance
of the bulk transport. In this regard, a possible origin is the
reduction in the spin polarization of Py,24−26 but it would be
useful to test other ferromagnets or to insert a tunneling barrier
for elucidating the key factor to prohibit the detection of the
spin polarization at room temperature in the present devices. In
passing, the difference in the observability of the AMR signal
between samples A and C is most likely due to a difference in
the shape of the Py electrode; remember, when a Py electrode
is sharp and smooth, the shape magnetic anisotropy becomes
stronger, which leads to a steep magnetization change. As a
result, the AMR signal whose origin is resistance reduction
when the magnetization direction is perpendicular to the
charge-current direction is diminished.
The dependence of ΔV2 on current I in the device B is

shown in Figure 3c. One can see that the relationship is
essentially linear. From the spin-charge coupled transport
equations given by Burkov and Hawthorn,9 magnetoresistance
in the FM/TI surface state/NM structure is expressed as

π ηΔ = ℏV I
e k w
8

2 2
F (1)

where η is the spin polarization of the injected/extracted
current from the Py electrode, ℏ is the reduced Planck constant,
e is the elementary charge, kF is the Fermi wavenumber, and w
is the width of the TI channel. Because ΔV2 is proportional to I
in eq 1, our result in Figure 3c is consistent with the theoretical

Figure 2. Electrical detection of the spin polarization in the surface state of Bi1.5Sb0.5Te1.7Se1.3. (a, b) Magnetic-field (H) dependences of the interface
resistance R2, measured at 4.2 K in BSTS device A at bias currents of (a) +100 μA and (b) −100 μA; the thickness of the BSTS flake was 34 nm. (c,
d) R2 vs H curves for device B made with a 23 nm-thick BSTS flake, measured at 4.2 K for I = −100 μA. The charge current was applied from contact
2 to contact 1 in (c), and from contact 2 to contact 3 in (d).
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て現れる磁気抵抗効果である。2 の強磁性電
極の磁化の向きは外部磁場で制御するが、強
磁性体には保磁力が存在するため、保磁力の
大きさに対応する外部磁場でスピンの向き
が反転するため、このような磁気抵抗効果が
現れると理解できる。	 
	 更に重要な対照実験として、電流の流れる
向きを反転させ、磁気抵抗効果の極性が反転
するかどうかを確認したところ、それに対応
しての極性も反転することがわかった（下
図）。	 

さらに観測のための強磁性電極の磁化配置
とスピンの向きの対応もとれたために、観測
した信号は間違いなく BiSbTeSe における
spin	 momentum	 locking による表面スピン偏
極状態に起因するものと結論できる。本研究
成果を Nano	 Letter 誌に掲載する直前に、米
国海軍研究所のグループから BiSe を用いた
類似の実験結果が報告されたが、磁化とスピ
ンの方向の対応がおかしいなどの指摘もあ
ること、また BiSe は意図しないドーピング
の影響からバルク絶縁性を有さないトポロ
ジカル絶縁体であり、デバイス応用には適さ
ないことから、本研究成果は十分な信頼性を
有する初めての報告として大きな関心を集
めるに至った。	 
	 TlBiSe の研究では、まずこの試料の抵抗の
温度依存性から 50	 K 以下の低温でトポロジ
カル絶縁体の特徴である金属的伝導状態が
観測された。その試料を用いて磁気抵抗を観
測したところ、低温強磁場下で Schbnikov-de	 
Haas 振動が観測された。その振動周期から
TlBiSeの有する表面伝導状態のBerry位相が
0 ではなく-0.5 であることが明らかとなり、
0 ではないことからこの状態が確かにトポロ
ジカルエッジ状態であることが電気伝導測
定の観点から示すことができた（右上図）。
また、Schbnikov-de	 Haas 振動の温度依存性
から Onsager の関係式を用いて、この状態の
フェルミ波数とキャリア密度を定量的に求
めることにも成功したほか、cyclotron 質量
が 0.03 という、他の既知の 3 次元トポロジ
カル絶縁体と比較しても非常に小さい
cyclotron 室論を有しており、それがこの試
料の高い移動度の起源であることも明らか
となった。この結果は Dingle 温度の評価か
ら見積もられる運動量緩和時間から考えて

も妥当であると考えられる（下図）。この
実験結果は Physical	 Review	 B 誌に Rapid	 
Communications として掲載されている。こ
の一連の研究で TlBiSe は BiSbTeSe につぐ、
第二のバルク絶縁トポロジカル絶縁体で
あることが示された。この結果をもとに
TlBiSe を用いて BiSbTeSe と同様のスピン
トロニクス素子の作製も試みたが、現時点
では TlBiSe の結晶構造が BiSbTeSe のそれ
と異なるという理由から、素子作製に必要
な大面積かつ薄膜の試料は作製できてお
らず、これは今後の解決すべき課題である。	 

Moreover, the reversal of the rectangular hysteresis feature is
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shown in Figure 2c and d. Such a behavior indicates that the
direction of the spin polarization reverses with the current
direction, which is a natural consequence of the spin-
momentum locking in the surface state. In this respect, it is
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increasing with decreasing temperature even below 50 K [see
Figure 3b]. Therefore, the disappearance of the spin signal in
BSTS should be due to a mechanism other than the dominance
of the bulk transport. In this regard, a possible origin is the
reduction in the spin polarization of Py,24−26 but it would be
useful to test other ferromagnets or to insert a tunneling barrier
for elucidating the key factor to prohibit the detection of the
spin polarization at room temperature in the present devices. In
passing, the difference in the observability of the AMR signal
between samples A and C is most likely due to a difference in
the shape of the Py electrode; remember, when a Py electrode
is sharp and smooth, the shape magnetic anisotropy becomes
stronger, which leads to a steep magnetization change. As a
result, the AMR signal whose origin is resistance reduction
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charge-current direction is diminished.
The dependence of ΔV2 on current I in the device B is
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essentially linear. From the spin-charge coupled transport
equations given by Burkov and Hawthorn,9 magnetoresistance
in the FM/TI surface state/NM structure is expressed as
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where η is the spin polarization of the injected/extracted
current from the Py electrode, ℏ is the reduced Planck constant,
e is the elementary charge, kF is the Fermi wavenumber, and w
is the width of the TI channel. Because ΔV2 is proportional to I
in eq 1, our result in Figure 3c is consistent with the theoretical

Figure 2. Electrical detection of the spin polarization in the surface state of Bi1.5Sb0.5Te1.7Se1.3. (a, b) Magnetic-field (H) dependences of the interface
resistance R2, measured at 4.2 K in BSTS device A at bias currents of (a) +100 μA and (b) −100 μA; the thickness of the BSTS flake was 34 nm. (c,
d) R2 vs H curves for device B made with a 23 nm-thick BSTS flake, measured at 4.2 K for I = −100 μA. The charge current was applied from contact
2 to contact 1 in (c), and from contact 2 to contact 3 in (d).
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FIG. 2. (Color online) (a) Magnetic field dependence of the
∆ρxx = ρxx(B) − ρxx(0) for the sample #2 at 10 K for several
different field angles (θ ). A schematic of the measurement setup
is also presented. The weak antilocalization expected in the system
was not observed within our experimental resolution [4]. (b) The
µ0H ⊥ (001) = µ0Hcosθ dependence of the ∆ρxx . (c), (d), and (e)
Inverse magnetic field (1/µ0H ) dependence of (c) the σxx = 1/ρxx

with a constant offset at several different temperatures, (d) dσxx/dB

at 8 and 50 K, and (e) the Landau-level fan diagram determined
from the σxx in 8 K. The vertical dashed lines in (c) represent the
SdH peaks. A schematic of the measurement setup is also presented
in (c). The dashed curve in (d) is the fitting for the 8-K data with
a sine curve, giving a frequency F = 209 ± 3 T. See the text for
details. The solid line in (e) is the fit of N = F/(2πBN ) + β, giving
β = −0.47 ± 0.06. The arrows in each figure indicate the same SdH
field, corresponding to N = −5.5.

Obviously, the oscillations were well defined with a single
frequency, which arose from the single Fermi surface lying
at the top surface. The Landau-level fan diagram indexed by
the relation: N = F/(2πBN ) + β (solid line) is presented in
Fig. 2(e). By considering the conduction of holes, the β value
with negative peak indices is to be −1/2 owing to the π
Berry phase. As indicated in the figure, fitting the peak indices
resulted in β = −0.47 ± 0.06. The result of β value, close
to −1/2, indicates the oscillations originate from the surface
helical state. Note that β has a relation ϕ = 2π (β − 1/2), and
the ϕ value obtained was also consistent with the π Berry
phase.

The cross section of the Fermi surface (A) was deter-
mined using the Onsager relation: F = !A/2πe. Since the
deformation of the Fermi surface in TlBiSe2 is known to be
small [15], the circular assumption with the relationships A =
πk2

F and A = (2π )2ns can be applied. Here ! is the reduced
Planck constant, kF is the Fermi wave number, and ns is the
surface carrier density. The A yielded kF = 8.0 × 106 cm−1

and ns = 5.1 × 1012 cm−2. The kF value is compared with

FIG. 3. (Color online) (a) Oscillatory component of the σxx ,
deduced from the data in Fig. 2(c). The solid lines show the fit with the
standard Lifshitz-Kosevich (LK) theory [11]. The peak corresponding
N = −5.5 is indicated by a dashed line. (b) Temperature dependence
of the oscillation amplitude of the peak. The solid line is the fit with
the LK theory, resulting in a cyclotron mass mc = (0.03 ± 0.01)me.
(c) Temperature dependence of the Dingle temperature (TD). Each TD

value was deduced from the data presented in Fig. 3(a). The TD at
10 K was 4.2 ± 0.3 K. The dashed line indicates a linear temperature
dependence of TD observed below 40 K.

the ARPES results (see the ARPES spectrum presented in
Fig. 2(e) in Ref. [7]). By considering the relation EF < EDP,
the kF value obtained corresponded to EF − EDP = −0.20 eV.
The Fermi velocity (vF) was also obtained as vF = 4.1 ×
107 cm/s, which was close to the velocity at EDP: vDP = 3.9 ×
107 cm/s [7]. The fact confirms the Dirac surface state origin of
the measured SdH oscillation and indicates the small distortion
from the linear dispersion relation: E(k) = EDP + vDP!k at
the kF.

For further analysis of the surface hole-Dirac fermions,
the oscillatory component of σxx was deduced from the data
in Fig. 2(c) by subtracting the second polynomial fit for
σxx . The resultant oscillatory component of σxx at several
different temperatures is presented in Fig. 3(a). The fits with
the standard Lifshitz-Kosevich (LK) theory are also presented
with solid lines [11]. The temperature dependence of the
oscillation amplitude, deduced from the peak at N = −5.5,
is presented in Fig. 3(b). The solid line is the fit using the
LK theory under a constant magnetic field: ∆σxx ∝ λ/sinhλ
with λ = 2π2mckBT/(!eB), where mc is the cyclotron mass
and kB is the Boltzmann constant. The fitting results for
mc = (0.03 ± 0.01)me, where me is the electron rest mass. The
Dingle temperature (TD) at each temperature was also deduced
from the fitting, yielding TD = 4.2 ± 0.3 K at 10 K. A positive
temperature coefficient of TD was observed, as indicated in
the figure. The TD determined the lower bound of the lifetime
τ = !/(2πkBTD) [16], and the linear temperature dependence
of TD implies 1/τ ∝ T , which is consistent with a metallic
behavior. The TD value at 10 K yielded τ = 2.9 × 10−13 s,
surface mean free path l = vFτ = 120 nm, and mobility
µs = el/(!kF) = 2200 cm2/V s of the surface holes. The
µs in addition to the ns yielded the sheet conductance
Gs = nseµs = 1.8 × 10−3/*, and the Gs determined the
lower bound of the surface contribution to the total conductiv-
ity as Gs/σxxd = 2.3%. Note that d = 0.21 mm is the sample
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図(a)TlBiSe の磁気抵抗効果。磁場試料垂

直方向に印加している。(b)磁場角度依存

性。(c)磁気抵抗効果に現れる Schbnikov-de 

Haas 振動の温度依存性。(d)Schbnikov-de 

Haas 振動周期の外部磁場依存性。

(e)Landau Fan Diagram。Berry位相がゼロ

ではないことが切片から理解できる。 
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FIG. 2. (Color online) (a) Magnetic field dependence of the
∆ρxx = ρxx(B) − ρxx(0) for the sample #2 at 10 K for several
different field angles (θ ). A schematic of the measurement setup
is also presented. The weak antilocalization expected in the system
was not observed within our experimental resolution [4]. (b) The
µ0H ⊥ (001) = µ0Hcosθ dependence of the ∆ρxx . (c), (d), and (e)
Inverse magnetic field (1/µ0H ) dependence of (c) the σxx = 1/ρxx

with a constant offset at several different temperatures, (d) dσxx/dB

at 8 and 50 K, and (e) the Landau-level fan diagram determined
from the σxx in 8 K. The vertical dashed lines in (c) represent the
SdH peaks. A schematic of the measurement setup is also presented
in (c). The dashed curve in (d) is the fitting for the 8-K data with
a sine curve, giving a frequency F = 209 ± 3 T. See the text for
details. The solid line in (e) is the fit of N = F/(2πBN ) + β, giving
β = −0.47 ± 0.06. The arrows in each figure indicate the same SdH
field, corresponding to N = −5.5.

Obviously, the oscillations were well defined with a single
frequency, which arose from the single Fermi surface lying
at the top surface. The Landau-level fan diagram indexed by
the relation: N = F/(2πBN ) + β (solid line) is presented in
Fig. 2(e). By considering the conduction of holes, the β value
with negative peak indices is to be −1/2 owing to the π
Berry phase. As indicated in the figure, fitting the peak indices
resulted in β = −0.47 ± 0.06. The result of β value, close
to −1/2, indicates the oscillations originate from the surface
helical state. Note that β has a relation ϕ = 2π (β − 1/2), and
the ϕ value obtained was also consistent with the π Berry
phase.

The cross section of the Fermi surface (A) was deter-
mined using the Onsager relation: F = !A/2πe. Since the
deformation of the Fermi surface in TlBiSe2 is known to be
small [15], the circular assumption with the relationships A =
πk2

F and A = (2π )2ns can be applied. Here ! is the reduced
Planck constant, kF is the Fermi wave number, and ns is the
surface carrier density. The A yielded kF = 8.0 × 106 cm−1

and ns = 5.1 × 1012 cm−2. The kF value is compared with

FIG. 3. (Color online) (a) Oscillatory component of the σxx ,
deduced from the data in Fig. 2(c). The solid lines show the fit with the
standard Lifshitz-Kosevich (LK) theory [11]. The peak corresponding
N = −5.5 is indicated by a dashed line. (b) Temperature dependence
of the oscillation amplitude of the peak. The solid line is the fit with
the LK theory, resulting in a cyclotron mass mc = (0.03 ± 0.01)me.
(c) Temperature dependence of the Dingle temperature (TD). Each TD

value was deduced from the data presented in Fig. 3(a). The TD at
10 K was 4.2 ± 0.3 K. The dashed line indicates a linear temperature
dependence of TD observed below 40 K.

the ARPES results (see the ARPES spectrum presented in
Fig. 2(e) in Ref. [7]). By considering the relation EF < EDP,
the kF value obtained corresponded to EF − EDP = −0.20 eV.
The Fermi velocity (vF) was also obtained as vF = 4.1 ×
107 cm/s, which was close to the velocity at EDP: vDP = 3.9 ×
107 cm/s [7]. The fact confirms the Dirac surface state origin of
the measured SdH oscillation and indicates the small distortion
from the linear dispersion relation: E(k) = EDP + vDP!k at
the kF.

For further analysis of the surface hole-Dirac fermions,
the oscillatory component of σxx was deduced from the data
in Fig. 2(c) by subtracting the second polynomial fit for
σxx . The resultant oscillatory component of σxx at several
different temperatures is presented in Fig. 3(a). The fits with
the standard Lifshitz-Kosevich (LK) theory are also presented
with solid lines [11]. The temperature dependence of the
oscillation amplitude, deduced from the peak at N = −5.5,
is presented in Fig. 3(b). The solid line is the fit using the
LK theory under a constant magnetic field: ∆σxx ∝ λ/sinhλ
with λ = 2π2mckBT/(!eB), where mc is the cyclotron mass
and kB is the Boltzmann constant. The fitting results for
mc = (0.03 ± 0.01)me, where me is the electron rest mass. The
Dingle temperature (TD) at each temperature was also deduced
from the fitting, yielding TD = 4.2 ± 0.3 K at 10 K. A positive
temperature coefficient of TD was observed, as indicated in
the figure. The TD determined the lower bound of the lifetime
τ = !/(2πkBTD) [16], and the linear temperature dependence
of TD implies 1/τ ∝ T , which is consistent with a metallic
behavior. The TD value at 10 K yielded τ = 2.9 × 10−13 s,
surface mean free path l = vFτ = 120 nm, and mobility
µs = el/(!kF) = 2200 cm2/V s of the surface holes. The
µs in addition to the ns yielded the sheet conductance
Gs = nseµs = 1.8 × 10−3/*, and the Gs determined the
lower bound of the surface contribution to the total conductiv-
ity as Gs/σxxd = 2.3%. Note that d = 0.21 mm is the sample

201307-3

図(a)N=-5.5 の量子振動の温度依存性。(b) 

Lifsitz-Kosevich 理論によるサイクロトロン

質量の見積もり。(c) Dingle温度の温度依存

性。 
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