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1927年索尔维会议

致敬量子力学的先贤们！
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微观世界的崂山道士 —

量子隧穿现象
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课题组的一些近期工作

 Yong Yang, Penetration of arbitrary double potential barriers with probability unity:

Implications for testing the existence of a minimum length. Phys. Rev. Research 6,

013087 (2024).

 Y. W. Tong and Yong Yang*, Hydrogen diffusion on graphene surface: the effects of

neighboring adsorbate and quantum tunneling. J. Phys. Chem. C 128, 840 (2024).

 C. Bi and Yong Yang*, Atomic Resonant Tunneling in the Surface Diffusion of H

Atoms on Pt(111). J. Phys. Chem. C 125, 464 (2021).

 Yong Yang* and Y. Kawazoe, Adsorption and Diffusion of H Atoms on β-PtO2

Surface: The Role of Nuclear Quantum Effects. J. Phys. Chem. C 123, 13804 (2019).

 X. F. Yu#, Y. W. Tong#, Yong Yang*, Activated dissociation of H2 on the Cu(001)

surface: The role of quantum tunneling. Chinese Physics B 32, 108103 (2023).

(Suggested by Editor)

 X. F. Yu, Y. W. Tong, Yong Yang*, Quantum tunneling in the surface diffusion of

single hydrogen atoms on Cu(001). Chinese Physics B 32, 086801 (2023). (Suggested

by Editor)

 C. Bi, Q. Chen, W. Li and Yong Yang*, Quantum nature of proton transferring across

one-dimensional potential fields. Chinese Physics B 30, 046601 (2021). (Suggested by

Editor)
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微观粒子的波粒二象性

 de Broglie Wavelength of a particle

𝝀 =
𝒉

𝒑
=

𝒉

𝟐𝒎𝑬𝒌
~ 

𝒉

𝟐𝒎𝒌𝑩𝑻

T ~ 300 K, the wavelength of electron, H, O, Pt atoms: 

λe ~ 76.3 Å → large wave characteristics expected!

Solving the wave equation—Schrödinger Equation.  

λH ~ 1.78 Å → comparable with bond lengths!

λO ~ 0.45 Å → smaller than atomic radii.  

λPt ~ 0.13 Å → much smaller than atomic radii.  
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波粒二象性的物理呈现

 集体运动的元激发: 等离激元、声子、旋子

 单粒子运动：衍射、干涉、隧穿/隧道效应

 核量子效应 (凝聚态体系)

Quantum Many-body System: ),...2,1(),...,2,1(ˆ NENH  =

Interacting quantum particles 
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Traditional Born-Oppenheimer Approximation: The Quantum motions of 

Light Nuclei Such as H are Omitted!! 
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量子隧穿的历史回顾(1920~30s)

 金属低温表面的电子场发射；Alpha 衰变
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量子隧穿的历史回顾 (1950~60s)

Nobel in Physics 1973
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量子隧穿的历史回顾 (1970~80s)
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 共振隧穿 (Resonant Tunneling, RT)

在特定条件下，入射粒子以100%的概率穿透遇到

的势场（势垒、势阱）；物理模型—双势垒

量子隧穿的特殊情形 — 共振隧穿

透射物质波幅
度的共振增强
→ 100%透过

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST

Center for Fundamental Physics, AUST



共振隧穿的实验研究
 电子发生RT的可能实验证据—I-V曲线的振荡行为，以及对

应的负微分电阻；机理尚存争议 (sequential tunneling, ST也
能解释上述实验观测 )；原子分子的RT？尚未有实验观测！
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共振隧穿的理论研究

任意形状的双势垒，发生共振隧穿的物理条件？
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任意形状势垒的隧穿 — 转移矩阵方法

TMM: Numerically Accurate at Quantum Level!!Center for Fundamental Physics, AUST
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氢原子在Pt(111)面的共振隧穿
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任意形状双势垒的共振隧穿

对任意形状的同构双势垒，只要适当调整势垒
间距，就可以实现共振隧穿！ Phys. Rev. Res. 6, 013087(2024)
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双势垒共振隧穿的一些特征
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共振峰位的特征分析
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位置和能量展宽的影响
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描写微扰的一般表达式
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Casimir力的影响的评估
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V0 = 1 eV, 影响可以忽略
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引力波的影响的评估
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势阱能级展宽的影响
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 定理成立的内含前提条件 — 实空间是连续的！

换言之，我们总可以通过有限的实际操作，以任意小的变
化步长，得到理论预测的势垒间距wn，从而实现共振隧穿

对于宏观世界，实空间的连续性是不证自明的

对于微观世界，实空间的连续性尚存疑问；一些试图统一
量子力学和引力的理论认为，存在一个最小空间尺度，通
常取为普朗克长度：

共振隧穿和实空间连续性
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共振隧穿和最小空间尺度

 最小空间尺度(Lmin)的存在意味着 实空间是不连续的！

换言之，实际操作中，我们不能任意小的变化步长，而只
能以最小空间尺度(Lmin)的整数倍作为步长来调整势垒间

距w。这给共振隧穿的实现带来如下物理约束：

粒子质量、势垒高度、势垒宽度的上限
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 矩形双势垒，E = 0.5V0 (半势垒高度), Lmin= lP

共振隧穿的势垒高度上限

V0 > Vmax, 无可观测共振隧穿！
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不确定原理的物理约束

 不确定原理 (uncertainty principle) 的约束
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不确定原理的物理约束—解决方案
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实验检验体系的物理约束

 很小的ΔE: 入射粒子束具有高度能量单色性

 量子干涉: 入射粒子束波函数的高度相干性

满足条件的物理体系 (动量空间的凝聚)：
1、超导电子对

2、玻色爱因斯坦凝聚体
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原子世界的崂山道士
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二十世纪物理学的三个主旋律

“Thematic Melodies of Twentieth 
Century Theoretical Physics:”

 Quantization（量子化）

 Symmetry（对称性）

 Phase Factor（相位因子）Center for Fundamental Physics, AUST
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包含引力的量子理论？！
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More Details of the Work
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小 结
 对量子隧穿的研究做了简要回顾

 基于转移矩阵方法，得到了任意形状双势垒共振隧穿的一
个定理，并应用于研究电子和质子的共振隧穿。

 计算表明，共振隧穿对势垒的间距、粒子的能量单色性非
常敏感

 如果实空间是连续的，则总可以通过调节势垒间距实现共
振隧穿

 如果存在一个非零的最小空间尺度，则发生共振隧穿的势
垒高度、宽度以及粒子质量等物理参数存在一个上限。
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基础和应用两方面的意义

 基础方面

1. 再次证明微观粒子波函数相位的重要性

2. 通过检验最小空间尺度存在性，在量子物理和可
能的量子引力理论之间建立起内在联系

3. 检验量子力学在多大/多小尺度上适用

 应用方面

1. 基于双势垒共振隧穿的超高精度测量

2. 量子阱结构束缚态能级的人工调控

3. 基于共振隧穿的同位素分离提纯
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谢 谢！
热烈祝贺安徽理工大学基础物理研究中心揭牌成立！

预祝中心群英荟萃、日新月异、越办越好！
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