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次世代高速動作デバイスの実現に向けて

メゾスコピック・ナノスケール構造体における量子輸送の理解

デバイス動作の速度や安定性に関係
基礎的理解は未だ不十分

十分な基礎的な理解
理論・シミュレーションは
現実的な系の解析
実験との比較が可能

定常状態

非定常状態

近年、実験・理論の双方の立場から精力的に研究され始めている。

quantum point contactquantum point contact

重要



量子ポイントコンタクトにおける
交流線形応答の実験

transmitted by a second coaxial cable to a room
temperature voltage amplifier. A voltage is generated
across the 50O input impedance of the amplifier and
amplified by 70 dB. The equivalent input current noise is
in ! 7 pA=

ffiffiffiffiffiffiffi
Hz

p
. The amplifier output voltage is measured

phase sensitive using a network analyser. We performed a
standard (thru) calibration of the setup.

Fig. 2a shows the comparison of the low frequency (dc)
conductance with the real partRðGÞmeasured at 200MHz.
Both are identical—we do not observe any change of RðGÞ
in the measured frequency range fo300MHz in agreement
with a previous measurement [4] and with theory [2].

We now concentrate on the imaginary part IðGÞ of the
conductance. As discussed in Ref. [4], the necessary phase
accuracy is hard to achieve with an independent calibration
measurement and it is difficult to remove the contributions
of parasitic capacitances. But for a simple test of the
prediction of Christen and Büttiker we do not necessarily
need to measure the total value of IðGÞ—it would be
sufficient to determine the stepwise change of IðGÞ when
adding an extra channel.

Therefore we use a scheme to determine a relative phase
calibration using a measurement where the individual
contribution of the channels are washed out: for a rather
large dc bias voltage of 10mV the differential conductance
does not show any structure. We use such biased
measurements at high frequencies to determine a reference
phase fbiasðjGj; f Þ which is a function of the absolute
conductance value jGj and the frequency f. Now we can
correct the zero-bias measurements of GðV g; f Þ using this
phase reference and we determine a complex conductance
Grel ¼ G exp½&ifbiasðjGj; f Þ'. This procedure corrects for
phase shifts due to standing waves caused by imperfect
impedance match of the coaxial cables which depend on
the total conductance of the sample in between the cables.
The resulting imaginary part IðGrelÞ does not preserve the
correct total value of the QPC conductance but still reveals
the structure for the addition of conductance channels.

The result of this procedure is shown in Fig. 2b. We
observe clear steps in IðGrelÞ when adding additional

channels to the QPC. The frequency dependence of the step
height D ¼ DIðGrelÞ for the step at Vgate ! 1:5V is shown
in Fig. 2c. D ¼ DIðGrelÞ behaves clearly linear with positive
slope and therefore has a capacitance-like character with
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Fig. 1. AFM patterned quantum point contact (centre) and setup for high frequency conductance measurements.
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Fig. 2. (a) Comparison of DC conductance with real part RðGÞ measured
at 200MHz. (b) Imaginary part of conductance Grel as described in the
text. (c) Frequency dependence of step height in IðGrelÞ with linear fit.
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1. コンダクタンスプラトーは低ゲート電
圧領域では明瞭、高電圧側で不明瞭Gate voltage (V)
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[1] F. Hohl, et al., Physica E 40, 1760 (2008).

量子ポイントコンタクト(QPC)に
おける交流応答の実験結果 [1]

2. 交流周波数300MHzまでのACコンダク
タンスとDCコンダクタンスがほぼ一致

4. サセプタンスの階段の高さは交流
周波数に比例

3. サセプタンスはゲート電圧の変化に
対して階段状に変化



量子ポイントコンタクトにおける
交流線形応答の数値シミュレーションSASAOKA, YAMAMOTO, WATANABE, AND SHIRAISHI PHYSICAL REVIEW B 84, 125403 (2011)
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FIG. 2. (Color online) (a) Conductance and (b) susceptance of a
QPC as a function of the height of the potential barrier induced by
the gate voltage Vb. The solid, dotted, and dashed curves correspond
to ac-bias frequencies of ν = 100, 200, and 300 MHz, respectively.
Open squares in (a) denote the dc conductance. The inset shows
the ac-bias frequency dependence of the susceptance for susceptance
steps of Vb = 10 mV (circles) and −10 mV (triangles). The step edge
height is proportional to the ac-bias frequency in the low-frequency
regime that is shown in the inset.

λF of a GaAs/AlGaAs heterostructure is typically much
longer than the QPC length Lx in the present simulation
(see Sec. II B). This conductance behavior is consistent with
the experimental data obtained by Hohls et al.,8,9 whereas
it differs from previous theoretical results obtained under
the condition λF " Lx imposed by the WKB5 and adiabatic
approximations.6

In addition, there is no notable difference between the
conductances under ν = 300 MHz (solid curve) and the dc
conductance (open squares) in Fig. 2(a). This implies that the
ac-bias frequency, ν = 300 MHz, is sufficiently low to neglect
the frequency dependence of the conductance. This result
is consistent with experimental data8,9 as well as previous
theoretical results.5,6

As Fig. 2(b) shows, the susceptance also depends on
the barrier height Vb. Here, the solid, dotted, and dashed
curves correspond to ac-bias frequencies ν = ω/2π = 100,
200, and 300 MHz, respectively. The susceptance exhibits a
stepwise structure with respect to Vb. In contrast to previous
theoretical studies,5,6 the susceptances in Fig. 2(b) do not

exhibit sharp peaks at the step edges corresponding to van Hove
singularities. The unphysical susceptance peaks disappear due
to the wavelength of an electron flowing through the QPC
being much longer than the channel length of the QPC at
van Hove singularities with zero wave number k = 0. That
is, the WKB5 and adiabatic approximations6 are unsuitable
for describing the behavior of susceptance edges, as Büttiker
states in Ref. 5.

Another important phenomenon is dependence of the sus-
ceptance on the ac-bias frequency ν, which is in sharp contrast
with the conductance in Fig. 2(a). The inset of Fig. 2 shows the
ν dependences of the susceptance at Vb = 10 mV (circles) and
−10 mV (triangles). The susceptance at Vb = 10 mV increases
linearly with ν, whereas that at Vb = −10 mV decreases
linearly with ν. The linear dependence of the susceptance on ν
implies that 300 MHz is sufficiently low to neglect higher-order
components of the susceptance with respect to ν. The linear
dependence of the susceptance on ν implies that 300 MHz
is sufficiently low to neglect higher-order components of the
susceptance with respect to ν. This coefficient corresponds
to the emittance E, which was originally defined in terms of
the partial density of states.24,26,27 This is also consistent with
previous experimental observations.8,9 The difference between
the signs of the susceptances at Vb = ±10 mV is important in
connection with point (v) mentioned in the introduction. Thus,
our answer to the problem (v) is the same as the theoretical
arguments given by Büttiker5 and Aronov et al.6 As a result of
our work, we found from Fig. 2(b) that the inductive-capacitive
transition point is independent of the ac-bias frequency ν. The
question now arises: what does the IC transition point depend
on? In the next subsection, we show that it depends on the
curvature of the confinement potential.

B. Effects of confinement-potential curvature on ac response

The curvature of the confinement potential is expressed by
the parameter % in Eq. (2). Figures 3(a) and 3(b), respectively,
display the conductance and susceptance for % = Ly/4 (solid
curve), Ly/5 (dotted curve), and Ly/6 (dashed curve) for ν =
300 MHz, where Lx = Ly = 30a with a = 2.5 nm.

As Fig. 3(a) shows, the conductances decrease mono-
tonically with decreasing %. This means that the electron
transmission decreases with decreasing contact width. This
can be understood from the local density of states (LDOS) at
the center (x = 0) of the QPC. It is intuitively obvious that the
LDOS decreases with decreasing contact width, as shown in
the inset of Fig. 3(a). Due to the reduction in the LDOS, the
electron transmission decreases as % decreases.

Next, we focus on the % dependence of the susceptance,
particularly of the IC transition point. The emittance increases
with decreasing % for a fixed barrier height Vb, i.e., the split
gate voltage adds a capacitive contribution to the emittance
even when the geometrical capacitance is not taken into
account. If the geometrical capacitance is taken into account,
a stronger capacitive contribution to the emittance is expected
with decreasing %.28

The IC transition point moves toward higher Vb as %
decreases. However, the IC transition occurs immediately after
the conductance exceeds 2G0 for any value of %. This critical
conductance value corresponds to half the number of energy
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我々のシミュレーション結果は実験
結果 [2]と定性的に一致
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QPCにおける交流線形応答シミュ
レーション [1]

• 有効質量近似
• 非平衡グリーン関数(NEGF)法

先行理論研究[3,4]は、条件
Fermi波長＜＜QPCの進行方向の長さ

を用いたため、実験で見られる特徴のい
くつかと不一致



研究動機
しかし、”線形”交流応答に関する研究だけではナノデバイス設計は
不可！

デバイス動作に誤作動を与える因子についての理解も必要

例：非線形性に起因する高次高調波、ノイズなど

Quantum Dot非線形応答の研究はまだ僅かで、
その理解は不十分

ナノ構造体における非線形応答の
基礎理解

本研究の目的

(シンプルなモデルとして
量子ドット(QD)を選択)



計算モデル

Time

Voltage

: エネルギー準位 : Fermi 準位

: 左/右電極との接触強度

✓電極によるエネルギーシフトとスピン自
由度はなし
✓対称的な接触

交流電圧

単一エネルギー準位をもつ量子ドット

✓反対称的に印加
✓時刻t=0までQDは平衡状態



非平衡グリーン関数法

QDから左/右電極に流入する伝導電流

通常、時間積分を解析的に実行

[1] Ned. S. Wingreen, et al., Phys. Rev. B, 48, 8487 (1993). 
[2] A-P. Jauho, et al., Phys. Rev. B, 50, 5528 (1994).

本研究では、時間依存電圧を考慮するため、この積分を数値的に実行

線形応答の表式ではなく、過渡電流に対する表式 [1,2] を使用

ただし、

絶対零度
Wide Band Limit (WBL) 近似

その他の条件



交流電圧スイッチング後の時間依存電流
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破線: 線形応答からの評価
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十分な時間経過後の電流のスペクトル
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•量子ドットが対称的
•印加電圧が反対称的

AC振動数が低下するに
つれて、増加

Fourier 変換

偶数次高調波成分　なし

奇数次高調波成分　あり

次数の増加に対して減少

理由



奇数次高調波
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高次成分は線形成分と比較して非常に小さい値 線形応答

n-th order
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交流振動数が高い場合

交流振動数が低下するにつれて

矩形波のFourier 係数

高次成分は増加 3,5,7次成分の順に矩形波のFourier係数1/nに
接近
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交流周波数が小さい場合

微細な電流振動 [1]
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ほぼ直流定常電流値

干渉
電子の往復運動 (round-trip motion)
による電流オーバーシュート

原因：電極中の波動関数と共鳴準位
中の波動関数の位相差から生じる時

間的干渉効果 [1] H. Ishii, et al., phys. stat. sol. 4, 481 (2007).



まとめ

断熱的な印加(定常状態を保ちつつ、
ゆっくりと変化)

振幅/周波数

•奇数次高調波の出現
•偶数次高調波はない

線形応答小

大

非線形性

空間対称性をもつQDにおける非線形交流応答

矩形波　＋　微細な電流振動
電子の往復運動が起源

ただし、QDと電極の接触強度が弱い場合


