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œŭ�͛́ˤ�͛!̡MΞĒ"ΧřR̊互ƺҦǩ̛̏ŭġ�Ŵϒ:"ƲċΧ

qҗ̦ɕ̛为ŭǦ̛R̊"ªɲѨϠ̛ṉ̌ͅŴǷ?’Ƴ̛҅Ʒ̋Ñɦ�җ̦ſ

Ӂȏɻȅʦ̛Jɓăƙ"đͥɕŠ̛˺̆̄Ј\»ΡǦ˺В7Jɓˏ̄"˒ ¡̆

ϧ©ˤăǦÛÖŴ不͋ƤͽǾ:�Ŵ�ʀɑͅŴұņ̛̮͎ˮ˪��

ɺϱɏ7"ǿcňLęɟƃƺʽ¾̆ϱ"a*6̮͎Ͻҵ:À¡˪"\͙'

ǩừ̆ϦƺͩĻ̮͎G»ΡǦ为ŭʀɑĺǌ�ļ于Û,̛'ͩÂОǣÛÖ

Ŵ不͋"~Ŧ互ʞЀʿR̊��̏ŭăƋ’�ΰȝȈ̡Ć͛�ɺϱɏ̛;Ϡ°Ɓ

ʜщŦ,$�

	��ǿc̮͎GK·ʀɑMoS27互ʞЀʿR̛̊ϣǙa’̏ŭÛÖŴ不͋�

事�"ǿcȺ̽GЀʿR̀ƈǝϢ̏ŭǩВ̛�З§ͩ"ò�˝ưŁ̛ΧƩγɋ

’Ѝѧɬ̀ɲÜLЀʿǌƺ̛ŏÙ"©ɼÌĺLƩҁ’Ʃ°У上̛ìĔ�专z̋�

ǿcȸ½"ċaÉ̋ňLƷÖʃd,互ʞЀʿЅ̛ĆäѨʇΧƩ;ʇ"~ŦƩҙ

Śƍ"γɋ§ͩ͛�©ʞ"ǿcă̄K·ʀɑ7̛̏ŭÛÖŴ不͋ċaі不ɄĆ

”γ�]ҁ̡̛uƢ专ϒОǣĻϾȴ"©Ҧǩ�̏ĤƷ˻ǕZLĵww̡’ʬ

̡]ҁ"ɣ̽½˾˻̛˺̆ǩВ�тPă̄ƈɸʄňLK·ʀɑ̛�̏ŭĮdɲ

'Ž̛ĚăġƪÜ��


#ǿcȲ͎Gíő̻͵ͤ͡ SWCNs!7�̏ŭăƋ̛ǝϢ①��ĺſӁ

7ĊĺêƉwŃ SWCNs 7ϢƆËʆǌ�ļ,̛互ƺҦǩ̏ŭăƋ"Μ主ƚŃ

SWCNs ̛ϖ̄óͥsLɥі主ƚ͵ͤ;ʇ�ǿcÉ͙̋'ǩù̆ʝȞă̄"主

ƚŃġêƉwŃ̻͵ͤ͡Ȃ˱JĔ̛ļăƋϒ:˜LДͤҨҍп˾˻̛̏ŭ;

ʇ�ĺ主ƚ͡7"互Χ为ïȮǦ̛У上̍L©ǩ̛ΧƩγɋΜϛ̀ʠ"Μтƈ

LО互̛Ҧǩ̏，ί§ѨϠ�Ҕʢ]ŗ"ǿcƙ̽GÛǦ̛ļăƋ①ʏ"©ƈ

ƷſҎļăƋ不̛͋ɝɷҊʦ"̍ w̛ͩùŭġ̏ŭ;ʇ¦ĔµŽ"ɲÉLȺ̽

ǌļ̏ŭҚ̛͐ſ͏ҁ①���

(��ǿcÉ̋ęɟƃƺʽ¾¿ŭÛÖŴʝȞȺ̽Gĺ͙KͥŗƏê主ƚ
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WTe2 7ċaі不ɄĆ�Ȫ�̛ˤ�—ɍϾȴ©̡Ć不͋�ǿcȸ½ĺŗƏ˪

ҍп̛б，ŭˤăJtϠ§ˀŗƏ˪̛ȅǩсϠ^ͺ¿ʈ©ҍп̛ʿ¾ɍùŭ

Ъ中˻Ǖ"3ΛѣƌƉΰб，ŭˤăЦư̈̄JĔђȟǩ�©ʞ"ǿc½ WTe2

7�ΰȝȈ̡Ćƈ�Ȫ�ʆäɖėġ�ŭΧ为�З̡̛①�Ϸƞz:˒¡̆ϧ

ŗƏ˪̛Šǂǩȸ�Ğϱ�Ȯ��

ǿcƈ»ΡǦ˺В7Řή̍ƺ̡̛Mz̋专ϒGȲͫ"\ÛÖŴ̛Ϧƺͺΰ
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Abstract 

Under strong field irradiation, different degrees of freedom (e.g. photons, 

electrons, phonons and plasmons) are coupled in condensed-matter systems. The 

complex interactions will lead to highly nonlinear electronic and photonic behaviors 

and sometimes induce the emergence of new quantum states, which have basic 

scientific significance and broad application prospects. With the continuous 

development of experimental techniques, various kinds of novel strong-field 

phenomena are observed in solid-state materials. Deep understanding of the 

underlying excited-state dynamics has become a research hot topic in the field of 

optics and material science. 

In this thesis, based on ab initio time-dependent density functional theory 

(TDDFT), we focus on the ultrafast processes driven by strong-field in 

condensed-matter materials. The systematic studies on high-harmonic generation 

(HHG), photoemission and topological phase transitions aim at clarifying the inherent 

linking among the structure and electronic properties and dynamics upon excitation. 

The main contents of this thesis are listed as below. 

1. In MoS2 monolayer, we studied the dependence of HHG yields on electronic 

properties and the ultrafast control of the underlying dynamics. Firstly, we reveal that 

flatter band dispersion and Berry curvature enhance the harmonic yields due to the 

cooperative effect of intraband and interband transitions. Band structure, including 

band gap and energy dispersion, can be retrieved with high reliability by monitoring 

the strain-induced evolution of HHG spectra. Secondly, we demonstrate that the 

sub-cycle electron dynamics in MoS2 can be controlled via varying the relative phase 

of the two-color laser components. Two-dimensional materials provide a unique 

platform where both bulk-like and atomic-like electron dynamic behaviors can be 

achieved. These findings will help design two-dimensional-material based 

optoelectronic devices. 
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2. We investigated the photoemission dynamics from single-walled carbon 

nanotubes (SWCNs). In experiment, extreme strong-field photoemission with 

astounding nonlinearity was reported in semiconducting SWCNs, whereas metallic 

SWCNs behave similar with conventional metallic nanostructures. Based on first 

principle simulations, we reveal that the distinct photoemission behaviors between 

metallic and semiconducting SWCNs are closely related to their unique electronic 

properties near the Fermi level. In metallic nanotubes, the excitation of high-energy 

occupied states is forbidden due to the linear energy dispersion, which is necessary for 

the emergence of the ultra-high nonlinearity. Furthermore, dynamic field emission 

patterns in the early stage of the photoemission are provided, which are determined by 

both the atomic and electronic structures of SWCNs, showing real-space pictures of 

the field emission characteristics. 

3. Using TDDFT molecular dynamic simulations, we demonstrated that the 

topological phase transition direction of type-II Weyl semimetal WTe2 can be 

controlled by tuning the parameters of linearly polarized laser pulses. We 

demonstrated that the carrier excitations pathways around the Weyl points not only 

depend on the chirality selection rule, but also determined by the symmetry features 

of atomic orbitals comprising Weyl bands. We provided phase diagram of laser-driven 

WTe2 topological phase transition on the dependence of photon energy and incident 

angle. Our work provides a new insight into controlling Berry flux field singularity 

around the Weyl nodes. 

We explored excited-state dynamics in different kinds of solid state materials, 

which involve complex interactions under strong field. These works will make a 

contribution to the further application in ultrafast optoelectronic devices. 

 

Key Words: Strong-field Physics, Excited-state Dynamics, Condensed-matter 

Materials, Time-Dependent Density Functional Theory 
�
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1905 Ʊ�̏ɈƷ̛ȸ½[1]ʡ、ȯНGп̄`˺̆Ŵƈ�ġ˺В̡Mz̛̋

̮͎ˮˣ"Vcі不�ŴȅʦƈŻϢ’ǝϢ1̛̑ϫϴɜ̝Ù˒�ƒ©ɢĺ不û

̛¼èƱѧ"җ̦1̑事Čˤ�Į̛ǾØ̮Ì[2]"iŘˤ�ȏɻ"~ŦĖϾ 1[3]�

久ʝ[4]’ĨĩɆŚ[5]͛ϛ也ΆƷ̋Ëˤ�Į̛̮ă7�̟Ñ"VcƤͽċaμǛ

ˤ�ǌƺ互三10$%	W/cm+�Ψ´ƂƺX:O予͆ 10,$-͆!为Ͳ̛ОǌО̛̬

ˤ�Ψ´�˺ ВĺО̬ǌˤ�Ψ´е˲,R̛̊'ͩÂɕŠɲС̛˺̆̄Јȉǁ

Gǌļ˺̛̮͎̆Ś乎��

ĺǌļ˺̆7"˺В̛与Û˼Ǧ̍°Ѣĵɲ̛ƚǩ ňǦǩВ!’©.ˤ�

̡̛Mz̋¦ĔµŽ"ΜĖΛǔǔɭ:ѨϠ�ǌļƌƉΰn为ŭǝȋ̆ϱ̛ŝ

Ɉ"Ʋqҗ̦'ͩÂ互ҊҦǩɈƷ̛½̄"~Ŧ互ʞЀʿR̊�High Harmonic 

Generation, HHG �̏ŭҚ͐̏́ Tunneling Ionization!�ǌļ�̏ŭăƋ�ĵ

w;ʇ̡Ć͛�ĺŖɽ̛˺̆wͩ7"Ř̈́ͦŭ’¹ͦŭ ~Ŧ�ŭ�̏ŭ�œ

ŭ�͛ ́ˤ��̼ Ȫŭ!̛ z̡̋Mͯΐ":ĞϧđͥҦǩɈƷ̛ǝϢɼÌ"

iŘҦǝȋ̛̆ϱɖʼϛ̡΄ȸ½"两；8ƄGǌļ˺̆ұņ̛̮͎ɖė[6-11]��

Ĕɟ"О̬Ψ´̛ăƙ}ɟҁƔƺ:予͆̉ίҌ͆ 10,$.͆!为Ͳ̛Оǣ

ÛÖŴ不̛͋ȲˉǾ:GċΧ�① 1.1 ƙ̽Gđͥʀɑwͩ7ňɺÛÖŴ不̛͋

Χ为’ɟҁƔƺ�ċạË"т̈́ÑȄɸɲ̛ɟҁ¿万̀:̮͎đͥʀɑ°Ѣ6

wȀҜw̛¹ͦŭ与Ûȸ�GǌɲÖƞª�җ̦ˤ�ȏɻ̛ăƙ"̮ ͎ΛcJX

ċaі不˂．�ȲˉȏɻȲˉäŴѺ̛ǐǾġɓϜ ̜͆"10,$+͆![12]"Μ0ƈ

ùŭ¿ŭwͩ7ОǣÛÖŴ不̛͋Ȳˉ"~Ŧб，ư̆�ʟ不͋[13]�¿ŭ7̛

̏λЬ͉[14-15]͛ƤͽǾ:ċΧ�пƱʄ"É̋Ҍ͆ˤ�ȏɻ̮͎»ΡǦ为ŭʀɑ

wͩ7̛ОǣÛÖŴ不͋两；ąËVc̛§ˀ[16-18] ① 1.2!��

̡ʪùŭ¿ŭwͩ"»ΡǦwͩɲ̦ҦƫŘʏ̛ɨwʇŃ’̏ŭ;ʇ"Ɖΰ

©.�ļ]ҁ̡̛Mz̋ɭÙŖɽқǼ"˺ ̆不͋EɭÙ8Ƅ"тě。GiŘʄ
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ήʀɑͅŴ��Ŵұņ̮͎VĞ̛̟�"ƤͽǾ:ǎÑ˺̆Ŵ̛̮͎̑ˮ˪�Ŧ

Y"ǣ丧ăƙ̛ſӁͅŴJɓÍɕVcƈǌļ于Û,为ŭϒ:̛ϫϴ"˱Μ"̍

L̆ϱɖʼ̛ΒB"Vc̠ȳ\为ŭÖŴ½ă̶ͧ̆ϧ©ǝϢ不͋"ƒ©ɢÛÖ

Ŵ˻ǩ"сҨ9ǘŘĳқ"тɖҨ̛̮͎сǘƎ�ĺɺɏ7"ǿcƌ;Ē¼6ª

w̛~ŭ"ϸͺZͼŦxňLęɟƃƺʽ¾̆ϱ TDDFT!"É̮͎̋ή;ǁ

ă̛Юd TDAP ̮͎Řή̍ƺ˺̆ǩВĺ�ļ,̛ÛÖŴϒ:�̍LVcƈ»

ΡǦwͩǌļɈƷ̛̆ϧŚŘňLùŭ¿ŭwͩ7ÛÖŴ不̛̪͋ϴ�ŕ"Ȅa

ĺɺ͖ȳ,ʄ̛͖ε7"ƌ事�͟íZͼùŭ¿ŭwͩ7ѨϠ̛ÛÖŴ不͋’̡

§ʜǤ"ΜĖ±。½ǿcϽҵ̛̮͎Σɦ��

�

�

 

 

① 1.2  ǝϢ不͋Ȳˉȏɻ̛ăƙ[9]� 

Figure 1.2 Evolution of techniques for real-time observation of microscopic processes [9]. 

① 1.1  ňɺÛÖŴ不̛͋ɟҁ’Χ为Ɣƺ[9]� 

Figure 1.1 Time and energy scale of typical dynamics processes[9]. 
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� � ���t>ðNòZĎILÖÔu�

ÙȡŚͅŴƀ Corkum L 1993 Ʊȸ½ĺǌ�ļ,ȷщùŭ7̏ŭ与Ư̂ê

ͽ«*ʣʝŃ[19]�ϷʝŃ7"̏ư̆与Û不͋ċa¿Ǿ*ʣ"ªwȷщ:��

�	 ʂΎĺùŭ°Ѣ̛̏ŭʿãĺǌˤ�̏ļ̛z̋,ɲ'Ž¼̀ă̊Қ͐

̏́"ĺˤ��Ȫɖė}ùŭʐ'�̛àńϛɠɣöv̛ɟÏ\ňǦУ

上ËхΆǦ�̍LË三хΆǦ̛̏ŭ.ùŭʐ̛Ф́в且"ıʢċaƌ

©Ϥ:ή̍̏ŭ"ǥ̓ùŭʐ̛ƶ]àƈ̏́Ė̛̏ư̆ǒĤ��

�
 ̏́Ė̛пή̍̏ŭƌĺ�ļ7Ù丧ƲμǛ'Ž̛ÛΧ"ĺϷ不͋7̏

ư̆与ÛϣǙċa̋ͽ«̛˹үÖŴȷщ��

�( ǎˤ�̏ļ̛�ȪɖėĂėɟ"Ѣ¿̏ŭǁŨº丧ƲɰͻǁŨĂė与Û"

ĺϷ不͋7ƌġʧʐă̊ǋǩȀҦǋǩ̹Ⱦ"ѦɆ½互Χ为̏ŭȀ�ŭ��

�

�

�

ĺêͽ«̛*ʣʝŃ7Ҙę̦36пs"¿Êɢí̏ŭпs Single Active 

Electron"SAE!’ǌļпs Strong-field Approximation, SFA!�ÑΛ�ϲùŭ

Ȁ¿ŭĺvҳ�ļ,Ċɲí6̏ŭϛ̏́"Μ©ŵ̏ŭʇǾƈùŭʐ̛ƘφɈƷ"

R̊'6ɲɈ̛í̏ŭàļ"©Ǿ͔ʃdɢŘ̏ŭˤă̛Χ为且ŚL¡Ƌ�ŭΧ

为’í�ŭˤă̛Χ为[20,21]�ΜĖΛÄ�ϲ̏́Ė̛̏ŭĺ�ļ7̛与ÛJ±ą

Ëùŭʐƶ]à̛ǒĤ"©җɟҁ̛ˡäĊ̍�ļ7̛̏ļµŽ[22]� 

① 1.3  êͽ«̛*ʣʝŃ� 

Figure 1.3 Semiclassical three-step model. 
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ĺ*ʣʝŃ7"ʑȮ�ļ—ɍ ǌƺ�ҳ̀�ʿǐ!’ùŭ¿ŭɺǕƚǩ̛

JĔ"̏ ŭ与Û不͋7̛ʨ'ʣѣχę̦Ҧƫ8Ƅ̛˺̆ϣǙ"ȳ,ʄǿcƌƈ

*ʣʝŃ̛ʨ'ʣ�¿ϧZͼ� 

事�"ƈL̏ư̆̏́不͋"ʑȮ�ļǌƺ�ҳ̀’ùŭàń̡̛ƈŚƍ"

̏́ɼÌċ;Ϡ¿:Ř�ŭ̏́ Multiphoton Ionization"MPI!’ǌļҚ͐

 Strong-field Tunneling!3̈́ʆҒǲ¶[22,23]"ċ̍ɚ为ʹ̛ Keldysh —ɍ/ϔ为

[24]: 

																																																																															/ =
12
34

=
56
289

…………………………………… (1.1) 

																																																																																							89 =
=+34+

4?2+ …………………………………… (1.2)	

©7"34’2¿Êɢˤ�Ψ´̨̛ɟļǌƮ�’ҳ̀"1:ŔLʂΎǦ̛̏ŭÛ

为"	56 =
@A

+
�:ùư̆̏́Χ"	89:ɲВÛÖΧ"`ϖ̏ŭĺ�ļ7ȪκȄμǛ

̛ưĽΧ为�̏ư̆Қ͐ɟҁĺ¹ҥǦпs,ċaŽ?:B ∝ 1 34"Μˤ�̛ğ

ɷD ∝ 1 2"ıʢ Keldysh —ɍ/ſҎ+`ϖ̦̏ŭҚ͐ɟҁ’�ļğɷ]ʪ�

ǎ/ ≪ 1ɟ"ĺ̏ư̆Қ͐不͋7�ļǌƺċaϤ:'6ƫɍ"̏ư̆ȪκΧ互

L̏́Χ"©ϒ:͘ĒҚ͐̏́①�"Қ͐¼̨̀̍ɟ�ļƮ�34µŽ�Ă]"

ǎ/ ≫ 1ɟ"̏ư̆ȪκΧƍL̏́Χ"�ļƈùŭàń̛ǒĤċaÉ̋ǝȋϱ

ȷщ"͘ĒŘ�ŭ̏́①��ĺ3Λ]ҁсůĺ҄+̏́ç Above Threshold 

Ionization, ATI!"ĺϷçņ°̏ŭμƯ̈̀Ř�ŭΧ为互L ɴàńȄҠϠ̛Χ为"

©̏́ɼÌ.Ř�ŭ̡̏́s[25]� 

ĺŘ�ŭ̏́’ļΰ̏́ɼÌ,"̏ŭ��ŭ]ҁ̡̛Mz̋ɲɠɣƢÊ�

ĺŘ�ŭçņ"̏ ŭR̀ Y ƈ�ǌ I ĝƭʞ�ЗG ∝ 5H"ƭʞ N ĄµL̏́不͋

ɢ¼ҊҦǩĤƷ�˱Μ"ĺҚ͐̏́çņ"Ȫκ̛�ļ}ùŭƶ]à̛ǐ˼ă

̊Ȋɬ"Ɖΰ̏ŭ̏́ҠϠ ɴ̛̤͏àńºƍ"\ΜɲɭŚ̛¼̀ȧΩùŭſ

̛ʂΎ"ʢɟ̏ŭăƋƈ�ǌ̛ƭʞ�Зƌ�́5H"Ʋіƫqҗ̦ƭʞ̛ґv 

 ① 1.4 c!!�ĺǌ�ļz̋,"̏ŭ̏́Ċă̊ĺ�ļȪκɖė}àńґv0

�ǌ三Ë̏́҄�̛ɟÏ"R̊̏ŭʿã̛ȢΆɟҁіƫĺê6�Ŵğɷ°�ı

ʢ"̋ 'ʂО̛̬ˤ�Ψ´ċaR̊ɟҁƔƺĺO予͆为Ͳ̛̏ŭʂ�тʏ̛̏
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ŭʂċ̋LОǣ不̛͋Ȳˉ"~Ŧſɟ̛б，ŭˤă’Оǣ̛;ʇĆä͛�ıʢ"

ǌ�ļ于Ư̂̏ŭăƋɢОǣͅŴұņ̛̮͎Ѩ˪]'� 

 

① 1.4  JĔ̏́ɼÌ̛̽Ƿ①[26]�a. Ř�ŭ̏́’҄+̏́; b. ǌļ于Û,̛̏ŭ̏́; c. 

主ƚ͵ͤѭƐҍп̏ŭR̀җ�ǌ̛Ćä� 

Figure 1.4 Schematic diagrams of various electron emission mechanisms[26]. a. Multi-photon and 

above-threshold ionization; b. Optical field emission. c. Photoelectron emission from a sharp 

metal tip as a function of pulse energy. 

 
 

�

① 1.5  �ļ于Û,̏ŭ与ÛЪы̽Ƿ①[9]� 

Figure 1.5 Trajectories of electrons that driven by an ultrafast laser pulse[9]. 
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ǎ̏ŭϛ̏́Ė"©ĺ�ļ7̛与ÛЪыą�ļʿǐ̛Ͼȴ"Ŧ① 1.5Ȅ̽�

�ļ̛ʿǐ’ǌƺJXċaȴÌ̏ư̆̏́¼̀’ɟҁ"сċaµŽή̍̏ŭĺ

ſ͏ҁ̛与ÛЪы’.ʧʐ̹ȾŖĒ̛ɟҁ�̟ ÑVcċaі不ɄĆ�ļ̡u’

。¡͙Kʂ� ”γ�!͛ɖʼɄĆ�ļʿǐ"Ʋ̍ʢjä̏ư̆ÛÖŴ不͋�

̏ŭ.ʧʐ̛ŖĒ̹ȾlƉΰ互Χ�ŭ ŖĒ!’̏ŭ ǋǩȀҦǋǩ̹Ⱦ!̛

ă̊"¿ÊƈƷ互ʞЀʿR̊ High Harmonic Generation, HHG!’互Χ̏ŭă

Ƌ Electronic Photoemission!不͋�ǿcƌĺȳ,ʄ̛3ε7¿Êƈ互ʞЀʿ

R̊’Оǣ̏ŭăƋ�ͩZͼ��

� � ��ŐÕĩÛ8ï�

互ʞЀʿR̊ High Harmonic Generation, HHG!ɢȤҦǩZВĺОǣО

ǌˤ�ļ于Û,R̛̊且ͭŗ EUV!̡̛ƯЀʿеƋ[27]�JĔLvҊ̛Ҧ

ǩ不͋"ʪŦKʞЀʿR̊ Second Harmonic Generation, SHG!"HHG ɺВ+

qҗ̦ҦǩŬŹ̛ä不͋�̏ ŭĺǌ̛予͆Ψ´̛z̋,́ä"Ǿ:ή̍̏

ŭ"ĺˤ�ļz̋,Ȫκ"'ƍѢ¿̛̏ŭl.ùŭʐ̹ȾŖĒƲ0ѦɆ½Řy

̛Χ为"і不т'不͋"ΧřɲɈĻſ̄�ŭΧ为̛ЬȬ�ªɲҌ͆ 10-18 ͆!

ɟҁ¿万̛互ʞЀʿªɲΨ´ɟҁ̬��ŭΧ为互͛j˪"ĺ̊˺�˺̆�äŴ

͛ұņĽɲ̦Ƴ̛҅Ʒ̋Ñɦ�і不̮͎互ʞЀʿ.ùŭ�¿ŭ�ĵw̡̛Mz

̋"VcJXċa˒¡̆ϧđͥОǣÛÖŴ不͋"сċaſ̄ƈ͵ͤƔƺ˺Вɟ

ҁ¿万̛ϓƋǾ�[28,29]�Ҕʢ]ŗ"互ʞЀʿEċaz:̈́ŭΨ´’�˜"̋L

ªɲɟҁ¿万̛ʆ̬ʿѽϦ¿万�̏ŭΧЅb�ή̍̏ŭˤ�ϝΔ͛ͅŴϲɗ7"

ıʢƤͽǾ:ǎ`Оǣ�ŴġʀɑͅŴ̛ʐǟ乐ҵ]'��

� � � `}P}=ĉ4òŐÕĩÛ8ï�

1988 Ʊ"HHG 事ʞĺǴǩʬw7ϛϢƆË[30]�ͽ不ͅŴƀcŘƱ̛Jǽ̮

͎"̟ÑƤͽċaĺʬw7μǛΨƂƍL 100 as ̛í6О̬Ψ´[31]�ĺʬ̡Z

В7"ѥ̛̋ˤÞ�˜іƫĺͰŗʿʦ"�ļǌƺĺ 1014 W/cm2 ƟĎ�ſӁ7Ǜ

Ë̛互ʞЀʿ�Ѕѣªɲ̡s̛˻Ǖ"Ŧ① 1.6 Ȅ̽�җ̦�ŭΧ为̛ŏÙ"ċ

aƌ HHG ЅŚΰ¿:ȤɍϘºç�ưČç’Ȃʠç*6Ѣ¿�ɰÇ̛¼6vҊ
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ʞЀʿ̛ЬäɈ̀lǣ丧,ґ"җĖË三ЀʿǌƺҗҊʞĆäǺ̛ưČç"ĺ

Ϸçņ°Ѐʿ]ҁǓʢ¿͔�ϾÌ;ʇ˕ɧ"іƫƌưČç̛ɰŚ�ŭΧ为͈:

ȂɓΧ�Cutoff Energy, IJ �ͬȳ̦"ȂʠçǁŨ"�Ѕǐ˼ĆǛв:�˝"Ѐ

ʿ̛ǌƺl±ʞǣ丧,ґ�ĺùŭ¿ŭwͩ7"ȂɓΧ�ЗL�ļƮ��I4 a’

¡Ƌˤ�ʿѽ�K ̛ưɖ[27]"òIJ = 56 + 3.1789"89 = =+I4+K+ 16P+?Q+"©7"

56’89¿Ê:+ɏȸË̛7ǩùư̆́äà’̏ŭĺ̏ļ7Ù丧μƯ̈̀ɲВÛ

ÖΧ"=ġ?:̏ư̆̏λġВ为�ĺſӁ7:GμǛɭ互Χ̛�ŭ"іƫÉ̋

ǌ�ǌ�ѽʿѽ̛�˜ʄŏŚIJ�˱Μ"̍Lʬw̏́҄�̛ҒÌ"于Ûˤ�ǌ

ƺJΧО不 1015 W/cm2"ǘқ±专'ʣĻḭ̏Ҍ͆Ψ´̛ɟҁʆҒ�Ĕɟ"ʬw

HHG ſӁсҨ9̦ϻŘ̛Ȧȁ"~ŦŦxƌʬwҒÌĺĵŽ̛͏ҁ"ƌſӁ̃

Ơ̤̆͏ƺ专'ʣȸ互͛�ňLa+乐ҵ"VcǁŨȐ̟�Ьė©ŵ̛Ҧǩʀ

ɑwͩ��

① 1.6  «Ń̛互ʞЀʿЅ� 

Figure 1.6 Typical HHG spectrum��

� � � p=Ëº4òŐÕĩÛ8ï�

ή 2011 ƱН"'P»ΡǦw̡ʀɑ’K·ʀɑ7̛互ʞЀʿR̊ϛ也ΆȘ

中[32,33]"~Ŧ SiO2 [34]��① 1.7 �GaSe [35]�̭Ő˯[33]�íƗ MoS2
 [36]͛�ĵwʀ

ɑz:互ʞЀʿR̊˜ªɲɣρ̛jà�'ɖҨ"̡ʪʬw"ĵwªɲɭ互̛̏

ŭƃƺġğɷǩ;ʇ"ɲɶR̊Χ为ɭ互�ΨƂɭ̡̛̬ƯΨ´еƋ�ĉ'ɖҨ"

'αϫ:"ĵw7互ʞЀʿR̊НŨLeƩ̏ŭėƉƩ̛У上"җĖƌă̊̏ŭ

ĺΧƩ+̛Ȫκ�ҽЊ"ɰͻ.͏͍ŖĒ"еƋ½Χ为ĺ 10~100 eV ̛�ŭ"і
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不Ϸ不͋7̏ŭ͏͍ƈ̡̛ƈ与ÛċaѨʇÛ为�З̛ΧƩ;ʇ[37]�̟ÑſӁ

+̋LȲˉ̏ŭΧƩ;ʇ̛ɖʼ;Ϡɢі不Ϧ¿万̛�̏ŭΧЅ ARPES!"t

ɢ©ƈſӁ̃ŎġʏĢĢВϠʲҦƫQζ�ʑȮ互ʞЀʿR̛̊ňɺù̆"ċƌ

©z:'̈́¢�Ŵ̛Ȳˉȅʦ"ĺŚʬ̉ίʆ͗ʃd,ſ̄ƈΧƩ;ʇ̛Оǣ̨

ǦȲˉġϾÌ�ıʢ"ĵw7̛互ʞЀʿR̊ƤͽǾ:Ҍ͆ͅŴұņɰˮ乎̛;

ҵ]'��

�

 

 

�

�

下Y:ʠ"VcƈʬwŬZ7 HHG ̛R̊ɼÌƤͽɲGв:˕ɧ̛ϫϴ"

©ċa̋êͽ«̛*ʣʝŃʄȷщ ① 1.8!�事�ǊʂΎ̛̏ŭ\ùŭƶ]ļġ

ˤ�ļǐǾ̛àń7Қ͐̏́"̏ ̛́ɼÌĄµL�ļǌƺa’ùŭà̡̛ƈŚ

ƍ"іƫĺſӁ7ƌ�ļǌƺȴÌĺҚ͐̏́çņ�ĺɭ互̛�ļǌƺ,̏ŭċ

aȧΩùŭàń̛ʂΎή̍Ļѐ́�җĖ"̏ ́Ė̛̏ŭƌĺȪκ̛ˤ�ļ7Ù

丧与Û"ɰͻ.ùŭʐ±ʞ̹ȾƲеƋ½'6互Χ̛�ŭ"İŖËÇỮʂΎǦ�

ĺϷ不͋7еƋ½ʄ̛�ŭΧ为͛L̏ŭĺŗÙ̏ļ7与ÛȄμƯ̈̀ÛΧ.ù

ư̆̏́àΧ]ġ��

̍Lĵwʀɑ7ŖɽŘʏ̛ɨw;ʇ"ϢˉË̛互ʞЀʿЅ.«Ń̛ùŭw

ͩ7̛互ʞЀʿЅůĺɺВJĔ[38]�~Ŧ"JĔʀɑ7Ѐʿǌƺƈˤ�ʚ②̀

̛�З͋ƺ[32,33,39,40]�ЀʿеƋ̛ɟҁ�ҳ̀¿ƦƢÊơŚ[41-43]�̡Ă"ĺùŭ

ʬw7互ʞЀʿR̛̊˺̆ɼÌĽċa̋ͽ«̛*ʣʝŃʄϧѦ"0ſӁ;ʊ̡

① 1.7  SiO2 ωά7̛互ʞЀʿR̊[34]�a. ¡Ƌˤ�Ψ´ʿǐ; b. ſӁϝΔ̽Ƿ①; c. 互

ʞЀʿR̊Ѕҗ�ļǌƺ̛Ćä� 

Figure 1.7 HHG from a thin film of SiO2
[34]. a. Waveform of incident laser pulse; b. 

Schematic of the experimental setup; c. HHG spectra recorded for increasing field strengths. 
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ƈ'�тɢ̍Lʬw7ùŭ]ҁ̡̛Mz̋ÖҦƫǊ"ùŭċaϛпsĻǎz

˾͔ͦŭŔ̆�˱Μ"ƈLĵwʀɑ"ÄҠϠΚϋŘw̡Mz̋"Ʋ0ǎŘ6Χ

Ʃ̛�Ǯϛãę专ʄɟƓċΧă̊̏ư̆ŘЦǖˤă"ãę为ŭƯˎϒ:�тϺ

ɠƈLĵwʀɑ"͟ íĻŢ̋*ʣʝŃJ±ċϒ"ҠϠăƙ'Ţɕ̛̆ϱɖʼƌ

Ȅɲ̏ŭ;ʇ̛�Ǯѣãę专ʄ��

ώ˱ĵw HHG ̛R̊ɼÌ'̠ŔLIϱ]7"tɢ̟Ñ̮͎Λcɥќϫ:

Ʃ°У上 intraband transition!ġƩҁУ上�interband transition �ȄЏ˿̛Ѐʿе

Ƌɢ HHG ̛;Ϡʄ˜�ͥsLùŭ¿ŭw̛ͩ*ʣʝŃ"ĵw7̛ЀʿR̊Ĕ

ʏˎ’*6Ҋʦ$ 1!̏ ŭ\eƩϛˤăίƉƩ% 2!̏ ŭ Ȁ͏͍!ĺƉƩ e

Ʃ!7ϛÙ丧"ƉΰƩ°̏，̛R̊�ǎ�ļǌƺвǌɟ"̏ŭ ͏͍!ċaĺ

Ɏ6Ʀѧ：ç̛θĴ°Ù丧Ȫκ Ʀ（КȪκ!"еƋ½互Χ�ŭ� 3!̏ŭġ

͏͍ŖĒ"Ɖΰɟҁ�З̛Ʃҁʆä�ċạ½"J͡ɢƩҁсɢƩ°У上ѣχ

ę̦8Ƅ̛̏ŭ;ʇ�Ǯ"Μ*ʣʝŃ7Jãę.Ʃ°У上̡ͥʪ̛˺̆不͋"

тEɢ©ĺȷщĵw HHG 不͋7ŝɈ̛ʑɺùı]'��

�

 

�

�

�

�

�

① 1.8  ùŭġĵwʀɑ7 HHG R̛̊ǝϢɼÌ[10]�a-b. ĵw HHG R̛̊ſ͏ҁġÛ为

͏ҁ①�; c-d. ùŭ¿ŭwͩ HHG R̛̊ſ͏ҁġÛ为͏ҁ①�� 

Figure 1.8 Microscopic mechanisms for atomic and solid-state HHG[10]. a-b. The real-space 

and momentum-space picture for solid-state HHG; c-d. The real-space and momentum-space 

picture for atomic HHG. 
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ĵw HHG :ʄήʀɑ’Оǣ�Ŵұņ̛ͅŴƀȸ�GƳ̛̮͎҅ưČ";

Ϡ̛̮͎ɖė¿:*6ɖҨ$ 1!HHG ĺĵw为ŭʀɑ7̛R̊ɼÌ"ɷɶʇ

ј½ɥя̛̆ϱʝŃϧѦſӁ̄Ј"~ŦƩҁ’Ʃ°У上̡̛ƈЏ˿’©ƈΧƩ

;ʇ̛�З§ͩ͛[44,45]� 2!ĵw HHG ̛ϾÌ�ĺĵwʀɑ7"ҔG'α̛�

ŴϾÌȅʦ ɄĆ�ǌ�ʚ②̀�ʿѽ!ŗ"сċaі不ɄĆ;ʇǐЌ�äŴ

¿a’。¡͛́ˤ�͛ɖʼϾÌ互ʞЀʿ̛R̊不͋�ɲɈĻÉ̋+щȅʦċa

}Ѐʿ̛R̀ȸ互"ŏŚȂɓ�ŭΧ为[46-48]� 3!É̋ HHG ǛË̏ŭ;ʇ̛�

Ǯ"~ŦΧƩγɋ§ͩ�Ѝѧɬ̀�ȝȈǩВ͛�z:'̈́¢�Ŵ̛Ȳˉȅʦ"

HHG :̆ϧ̏ŭÛÖŴ不͋ȸ�G¢ɕ̛ǧЦ[49-53]��

Ϸұņ̛̆ϱ̮͎ŚŘƖҒLі不ɍ�ʲϧęɟϊŽЂɖ͋ȀΛêƉwƦ

（Кɖ͋ʄϧѦĵw7̛互ʞЀʿR̊ɼÌ[44,54-58]�˱Μ"тʏ̛ȷщҠϠ�Ӂ

ĻђĄĒя̛ж¡—ɍ"ʪŦΧƩ6ɍ��ŭΧ为͛�Ɖΰ;ʊ̛J̶ŽǩŚ"

Ʋ0lÐǊ̆ϱɖʼ̛ҰˉΧÖ�ňLa+̄˼"ǿcƨɶź¢ňL为ŭÖŴ͙

'ǩù̆"˒¡ùŭ�̏ư̆Ɨʞ̆ϧ©ÛÖŴ不͋"Ⱥ̽ǝϢ̛˺̆ɼÌ�̟

Ñ"TDDFT ƤͽǾ:ĺſҎʀɑ7̮͎ HHG ̛ɰjɖʼ"ώ˱Ҩ9Ϫ͠为Ś�

қa̠ȳ¿ʈ°ĺɼÌ͛қҵ"tɢċaãę̏ŭ;ʇ̛¢Ѣ�Ǯ"тƈ̆ϧ

HHG ĺĵw为ŭʀɑ7̛R̊ɼÌa’É̋ HHG Ѩʇ̏ŭ;ʇί§ѨϠ��

� � ��ı ñ}e��

̏ŭăƋ"ɢ̏ŭ\˺Вљ½ËğĴŬZ ̤͏ȀΛʬw!̛̄Ј�˺w7

̛̏ŭĺƫǦ,Ȅªɲ̛Χ为ѣJТa ɴϖҨàńΜљ½˺w�Ϡ}ŵc\˺

w7ѦɆ½ʄ"ƓǠҮH©ŗ̑Îˤ�̏ ŭăƋȥˤă̛ɖ、JĔ¿:ˮ̏ŭ

ăƋ�ļΰ̏ŭăƋġʞͲ̏ŭăƋ͛�©7"ĺǌ̏ļz̋,R̛̊ăƋ͈:

ļΰ̏ŭăƋ"E͈·̏ŭăƋ�JĔLˮ̏ŭăƋі不é互˺w˙ƺ}̏ŭΧ

为互LϖҨàńΜљ½"ļΰăƋҧɗÙǌ̛ŗÙ̏ļ}ϖҨàń̛互ƺґv"

тʏŚ为̏ŭ̍LҚ͐ɈƷљ½�ıʢ"ļΰ̏ŭăƋªɲØΝv�ăƋɈ̀互�

ɖėǩť͛j˪"Ǿ:'̈́ҦƫɲɈ̛̏ŭăƋɖ、�̡ʪn̛ҥ̏ļăƋ"

ǌ�ļ,̛̏ŭăƋɲɶ三Ë予͆̉ίҌ͆为Ͳ̛ɟҁ¿万̀"Ʋ0̏ư̆Χ为

ɋƺвƍ�予͆¿万̡̛Ư̏ŭ˜ċ̋L,'`̛Оǣ̏ŭɣǝȏɻ"тƈϰŘ
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§Ѻ̨̛Ǧ�˺̆äŴ不̛͋Ϣˉί§ѨϠ"~Ŧ".͵ͤʀɑ�ˤăġnж˻

ǩ̡§̛̏ŭУ上�̏λЬ͉�̼̏Ȫκ͛�̟Ñ"«Ń̛ļăƋ̏ŭ˜;Ϡ:

主ƚ͵ͤ;ʇ�ãȠ主ƚ͵ͤѭƐ�͵ͤ҉Â"a’̻͵ͤ͡�̭Ő˯͛v·̻

ʀɑ[59]�ĺɺε7"ǿcƌ͟ϠZͼđͥ͵ͤʀɑ7̏ŭăƋ̛˻Ǖ��

� � � ŀ�ċćďÎ4òEñ}e��

̏ŭ\͵ͤ;ʇ7̛̏́ɼÌ"Ĕʏ̍¤、 1.1!Ȅ̛̽ Keldysh —ɍ/ϔ

为"¿:Ř�ŭ̏́’ǌļ,̛Қ͐̏́3ͥ ① 1.4!�ĊJ不̍L͵ͤ;ʇ̛

пļŏǌɈƷ Near-field enhancement!�ĺ主ƚ͵ͤѭƐҍп̛Ɩņļǌ3(R)且

ŚLŗÙ̏ļ34"3Λ]ҁ̛ʪ�S R = 3(R) 34ɢ6җ͏ҁuΔĆä̛为"͈

:ļŏǌıŭ[60,61]�ʢɟƷϷ̋Ɩņļ3(R)ɯ`¤、 1.1!7̛34"т`ϖ̦

ċa̋вǊ̛�ļſ̄̏ư̆ļΰҚ͐�̏ ́Ė̛̏ŭĺȪκ�ļ̛于Û,l�

͵ͤƔƺ̛ʄİȪκ"͈:ҷȓ与Û quiver motion![62]�̏ŭ�ҷȓ与Ư̂Ʈ

ƺTU.ɲВÛÖΧƃÀ̡§TU = =3 ?2+ = 2 ?86�ĉ'ɖҨ"̍L̏ļ̛ŏ

ǌɈƷ互ƺƖņ"Ɩņ̛͋ƺċa̋ļϘºѽƺTVʄϖǕ�	TV̛ɍ�̍͵ͤ;ʇ

̛ǐ˼ġʀВµŽ�ǎ͵ͤ;ʇ̛ƔƇºƍɟ"TVlŚƮƺºƍ"ĔɟTUŏÙ"

вƁɡ专¡TV < TUçņ"ʢɟ̏ŭĺê6�Ŵğɷ°lѐΩļŏǌçņ"J±�

ҷȓ与Û"©与Ûǐ、̍͏ҁĽâ̛�ļµŽ"Ŧ① 1.9 Ȅ̽�̏ŭĺ͵ͤ;ʇ

ҍп̛т̈́与Ûǐ、ϛ͈:Oğɷ与Û"ʢɟ̏ŭ̍LJ±ͽõĉŗê6ğɷ̛

º丧与Û"ɰͻμƯ̈̀ÛΧƌО½ɲВÛÖΧ86��

ǌļ,̏ŭăƋ̛ÛÖŴ不͋ċaі不ɄĆ͵ͤ;ʇ̛ǐЌ’ŗ̑�ļ—

ɍʄȴÌ�ÑΛãȠ͵ͤƐ͗êǖ’Ϧƺ͛"Ҕʢ]ŗ"сċaʇј主ƚ͵ͤҴ

̛ͦ҉Â"É̋ƖņϖҨ͛́ˤ�¦Ȫ专'ʣŏǌпļɈƷ"\ΜºƍȄҠ̛�

ļǌƺ҄�[63-65]�Ŧ① 1.11 Ȅ̽�тP—ɍѣlɠɣĻǒĤƖņļ¿Ʀ"\ΜɄ

Ć̏ŭR̛̊ɼÌ’与ÛϣǙ�ƈLĖΛ"ċĆ̛—ɍɭŘ"~Ŧʿѽ�ǌƺ�

a’бʿã̡u Carrier Envelop Phase, CEP!͛�©7"О̬Ψ´̛ CEP ƈ

̏ŭ与Ư̂ǒĤɰąV̧̟[66,67]�і不ϾεО̬Ψ´̛ CEP"̏ ŭĺê6�Ŵğ

ɷ°̛¸Ù丧͋ƺJĔ"ıʢ"ʑȮ�̏ŭăƋ̛̏ŭɰŚÛΧ ȀR̀!ƈ

CEP ̛�ЗċaÈɓ̏ŭ̏́ɼÌɢĘƈƷǌļ,̛Қ͐不͋ ① 1.10!� 
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① 1.10 О̬Ψ´̛ CEP ƈ�̏ŭЅ’̏ŭR̛̀ϾÌz̋[66]� 

Figure 1.10 The CEP modulation effect in photoelectron spectra and emission probability[66]. 

ĺ主ƚ͵ͤ;ʇ7�̏ŭR  ̀̏，ǌƺ!ƈ�ǌ̛�З§ͩіƫŦ① 1.11 

(c)Ȅ̽�ǎ�ǌŏǌɟ, ̏ŭăƋɼÌ̍Ř�ŭăƋ不˘ËǌļҚ͐"qҗ̦ɬ

ƭʞ̛ґv�ǎ三ËļΰҚ͐çņĖ"专'ʣŏŚ�ǌlƉΰ9пê6�Ŵğ

ɷ̛�ļƈ̏́不̛͋Џ˿ÙŚ"Ɖΰ̏ŭ̏́ƈ CEP ϾÌz̛̋ɉǸ͋ƺґ

v"тɣ˱ɢJÉLſ̄ƈÛÖŴ不̛͋ОǣȴÌ’Ȳˉȏɻ̛ăƙ��

① 1.9  ̏ŭĺǌ�ļz̋,\͵ͤѭƐ7̏́Ė̛Ъы[62]�a. ȓÛƮƺƍLϘºѽƺ; b. 

ȓÛƮƺŚLϘºѽƺ; c. ̏ŭЪыƈ̡ư�З� 

Figure 1.9 Electron emission from nanotips using ultrafast field[62]. a-b. Trajectories of 

photoelectrons with quiver amplitude are smaller or larger than field decay length; c. Dependence 

of photoelectron trajectories on emission phase. 
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① 1.11 主ƚ͵ͤ҉Â7̛�̏ŭăƋ[65]� 

Figure 1.11 Photoemission from nanoplasmonic structures[65]. 

主ƚ͵ͤ;ʇƐ͗Ŕ̛пļɈƷċa}©ĺ̡ƈвǊ̛�ļǌƺ,ſ̄̏

ư̆Қ͐̏́"ƕ͡Ŧʢ":GǛËÛΧɭŚ̛̏ŭʂ[˱ҠϠǌ�ļ’ѽʿѽ

ʃd(іƫĺ7Ͱŗʿʦ)�ƫ̛̋主ƚȲѭȀ͵ͤ҉Âĺǌ�ļ,ѣlͽõ�ΰ

ˮȫo�Ĕɟ"ѽʿѽˤ�ƌƉΰ½Ƌ̛̏ŭΧ为ɋƺвŚ > 3 eV!"且且π

ĖL̄`̏ŭɣǝȏɻ̛Ҡʲ < 0.5 eV!�Ҕʢ]ŗ"ŵc̛ØΧǩҦƫí'"

ƈ̏ŭăƋÛÖŴ不̛͋ȴÌ¼Aѣɢі不ɄĆˤ�—ɍ’;ʇǐЌʄſ̄"Μ

ƈʀɑɺЩ̛̏ŭ;ʇ�З͋ƺǘƍ� 

� � � ùċćĆ4òEñ}e��

v·̻͵ͤʀɑ"ƒ©ɢ̻͵ͤ͡ Carbon Nanotubes, CNs!"̍L©互̏

Ɖ�Śȫo҄��互ѽǖʪ�äŴǩВ͌Ž͛j˪"ƤͽǾ:ĉ'ͥҦƫɲˢÖ

̛̏ŭăƋ˜[68]�̟ Ñ"íő Single-Walled CNs, SWCNs!’Řő Multi-Walled 

CNs, MWCNs!̻͵ͤ͡ѣċaaí˪ăƋ�ł̠ȱÂʂ�①ǐäωά̛ǐ、̋

z̏ŭăƋĮd"Ŧ① 1.12 Ȅ̽�іƫ"SWCNs ’ MWCNs ̛ł̠ʂ̍͛́ŭ

wŏǌ̛äŴςʶʷ͇ʼ PECVD!ĒǾ"R̛̊�̏，Śƍĺ1	mA ∙ cm,+Ë

1	A ∙ cm,+̛θĴ°[69]�:Gſ̄í6͵̛ͤ͡ăƋ"ċaÉ̋̏ˁʼƌí6̛

SWCN ’ MWCN Ȼбĺ主ƚѭƐ"R̛̊̏，ƃƺċ三10Z	A ∙ cm,+"Ǫǌƺ

ͱ:100	µA[70,71]�ưҨŃ̛̏ŭăƋĮdіƫ̍í6̛͵ͤ͡ĺ̲ϗƸ+̊ѽǛ

Ë"©乘ʆġ҇ʆĺĔ'6ưҨ°"тɲÉLƌ©ҜǾĺưҨƞδ7"Ʋ0ªɲ
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͌Žǩ互�ˮΝɋƍ͛j˪[72]�ĺſҎ̛Ʒ̋7"̍Lí6͵ͤ͡ăƋ˜ɡą

ȫo0JΧȸ�Тř互̛̏，R̀"Ɖΰ©Ʒ̋θĴJŦʂ˼’ưҨ;ʇƳʽ� 

 

 

 

 

 

 

 

ɰп"Ķƀ͵ͤͅŴ7ǟȃƴ̮͎Ğ’©ĒzΛÉ̋Ɛ͗êǖͱ: 1 nm ̛

̻͵ͤ͡z:̏ŭăƋ˜"事ʞÉ̬̋ʿѽ(820 nm ’ 410 nm)ˤ�ſ̄GОǣ

�ļ,̛̏ŭҚ͐ăƋ"μǛGОvΧ为ɋƺ̛̏ŭʂ 0.25 eV!"Ŧ① 1.13 Ȅ

̽"w̄G̻͵ͤ͡z:ăƋ̏ŭ˜̛ơŚjà[73]�ĺſӁϲΔ+"О̬ˤ�

Ψ´ϛΡ˰ĺ SWCN ʂ̛乘ʆ"҇ʆ̏ʆФ́©400	µm"̋aɃҜ互̤͏Ϊ°

ϛ̛̏́̏ŭ�ł̠ȱÂ̛͵ͤ͡ʂ7ɲ¼6ų̛͔�͑½̛ SWCN"ċaϫ

:ɢ̏ŭăƋ̛;Ϡu˪"í6 SWCN ̛̏ŭ’;ʇǩВµŽGļ̏ŭăƋ̛

˻Ǖ"~Ŧļŏǌıŭ��̏，R̀’ɒ̀Ćä͛�̍�̏，R̀ƈ�ļØ̛̀

① 1.12  JĔǐ、̛̻͵ͤ͡ăƋ˜�a. Řő̻͵ͤ͡ʂ[69]; b. í6̻͵̛ͤ͡ SEM ①�

[71]; c. ̍í6͵ͤ̊͡ѽΜǾ̛ưҨăƋw[72]� 

Figure 1.12 Different forms of carbon nanotube emitters. a. Vertically aligned MWCN 

bundles[69]; b. SEM image of an individual CN point emitter[71]; c. A planar field emission device 

fabricated using as-grown individual CN[72]. 



͙ 1 ͖ ΅ϱ 

15 
 

�З§ͩ"ċaɠɣĻϢƆË\Ř�ŭˤăËļΰҚ̛͐̏́ЬĆ"Ŧ① 1.13

 b!Ȅ̽�ĺ 410 nm ̛�ļ7"Ɛ͗Ŕ̛ļŏǌıŭSͱ: 27"且ŚL'α主

ƚ͵ͤѭƐ7̛� ~10!"ŦʢŚ̛S;ϠǍıL͵ͤ͡;ʇ̛互ѽǖʪ�˻Ê

̛"互ƺƖņä̛̏ļ¿Ʀ’̬ʿѽˤă�ϳG½Ƌ̏ŭΧ为̛ǈɋ͋ƺǘƍ

 ~0.25 eV! ① 1.13 c!!� 

 

 

 

 

 

 

 

① 1.13  íő̻͵ͤ͡7̛�̏ŭăƋ[73]�a. ̏ŭăƋɼÌ̽Ƿ①; b. ˤ�ʿѽ: 410 

nm ɟ̏，ǌƺƈ�ļØ̛̀�З§ͩ; c. JĔØ̀,̛̏ŭΧ为ɋƺ; d. ĺ̻͵ͤ͡’

主ƚѭƐ7Ϫ͠ǛË̛ Keldysh —ɍҗʿѽ̛Ćä� 

Figure 1.13 Highly coherent CN-based photoemission source[73]. a. Schematic illustration of 

emission mechanism in SWCNs; b. Emission current as a function of laser power with 

wavelength of 410 nm; c. Kinetic energy spectra of photoelectron emission; d. Keldysh 

parameter estimated from the enhancement factor. 
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① 1.14  JĔͥŃ SWCNs 7�̏，R̀ƈ�ļǌƺ̛�З[74]�a. 主ƚŃ; b. êƉwŃ; c. 

êƉwŃ SWCNs ĺʆǌ�ļ, CEP ƈ̏ŭăƋ̛ϾÌz̋; d. ̍ʝŃϪ͠ǛË̛̏ŭR

̀ƈļǌ’ΧƩ;ʇ̛�З� 

Figure 1.14 Double log plot of optical-field dependent of photoemission current[74]. a. Metallic 

SWCNs; b. Semiconducting SWCNs; c. Modulation of photoemission through the CEP control; 

d. Simpleman model calculation of the emission yield as a function of SWCN band gap and the 

optical field strength. 

ĺ+щ;ʊ̛ṉ̌+"ǿcϽҵ.ȃƴ̮͎Ğ͛VƙǁĒz"ĺêƉwŃ

SWCNs 7ϢƆËʆǌ�ļ, 3 > 1V/nm!ƭʞċ三ËįèҊ 5 ∝ 3_4!̛互

ƺҦǩ�̏ŭăƋ".]ƈʪ̛ɢĺ主ƚŃ SWCNs óʸɲϢƆËŦʢ互̛Ҧ

ǩ"©ϖ̄ͥsLɥі主ƚ͵ͤ;ʇ[74]"Ŧ① 1.14 Ȅ̽�Ϸçņ̏ŭăƋɼ

ÌċaǍıLeƩ̏ŭĺǌ�ļ,̛̠ȳҚ͐̏́"̍ LeƩ̏ŭƃƺ且ŚLϛ

ˤăËƉƩ+̛̏ŭƃƺ"ıΜɲ̏，R̛̀ʆŚŏǌ"ʢɟ̏ŭΨ´R̀ƈ�

ļ CEP ̛�З͋ƺċ三Ë 100%"тɢǌļҚ͐ăƋ̛ɲÖϳȮ�Ĕɟ"Ҧǩ

ƭʞlҗêƉŃ SWCNs ̛Χҙ̛ŏŚΜŏŚ"тǷĠ̦̻͵̛ͤ͡ΧƩ;ʇȸ

�Gĉ'ή̍ƺċaȴÌ̏ŭăƋ̛R̀’̏ŭĺǌļҚ͐çņ̛ÛÖŴ不͋"

тƌƈɸʄҌ͆̏ŭ’�ŭŴ̛ăƙŚɲϞ̝� 
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˱Μ"̟ÑƤɲ̛ƞz7ʸɲϧµ̛乐ҵɢ":W[êƉwŃġ主ƚŃ

SWCNs lϖ̄½ŦʢJĔ̛ǌļ̏ŭăƋǩВ"тġΧƩ;ʇɲW[§Π&̏

ư̆ÛÖŴˡä不͋ĺJĔͥŃSWCNs7¿ÊɲĥP˻Ǖ&:Gİ͜тP乐ҵ"

ǿcҠϠǀ͔ SWCNs ̛ùŭ;ʇ�̏ ŭǩВ’ļ̏ŭăƋÛÖŴ不͋*Λ]ҁ

̛Πͩ� 

ĺ̆ϱ+"Ŕ̆�̏ŭăƋɰƫ̛̋ɖʼɢ为ŭä̛êͽ«ʝŃ"͈:

Simpleman model�ϷʝŃňLҦǝȋ̛Қ͐̆ϱ"ıʢɚʼʝȞŘ�ŭˤă不

͋"Ʋ0ĺʝȞ不͋7ƌ̏ŭăƋ̛R̀ġ©ÛÖŴ不͋¿ǁΚϋ�іƫÉ̋

Fowler-Nordheim ɖ͋Ϫ͠җɟҁĆä̛�ļ,̛̏ŭR̀"Μ̏́Ė̛̏ŭ与

Û̍˹үɖ͋ʲϧ[75,76]�:GɭÙ¹̶Ļȷщ̏ư̆ÛÖŴ"̡ ϧęɟϊŽЂɖ

͋ TDSE!̛ɖʼEϛѥ͵"ɖ̛͋ʲϧɛċaňLǝȋŔ̆Eċa�ɍ�ʲ

ϧ"ıʢċaŔ̆đ̈́̏́ɼÌ,̛̏ŭăƋ不͋[77,78]�ɭ专'ʣ̛"É̋ęɟ

ƃƺʽ¾̆ϱ TDDFT!ċaƌăƋ̏ư̆ƶ]̡Mz̋ãę专ʄ"Ʋ0½

̏ŭÛÖŴ不̛͋ſɟˡä不͋"˒¡̆ϧ̏ư̆ˤă不͋[79,80]� 
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� 	 ��EěďÎôf�

ĺÑ¼ε7"ǿcϸͺZͼGùŭ�¿ŭ’»ΡǦ为ŭʀɑ7̏ŭ��ŭΞ

ĒƉΰ̛'ͩÂǌļɈƷ"ãȠ互ʞЀʿR̊’�̏ŭăƋ͛"тP不̛͋ɟҁ

Ɣƺ'αĺ̚予͆为Ͳ�ǎΚϋɭѽ̛ɟҁƔƺ ŚL̜͆" 10,$+͆!ɟ"»

ΡǦ˺В̛œŭή̍ƺƌ—.Ë.�ŭ�̏ ư̆ΞĒ7"ċΧƩʄiŘɕŠ̛˺

̆̄Ј"~Ŧ�ΰʀɑ˳ä�;ʇ̡Ć�ʆäư̆ǐǾ͛[81-83]� 

ɭɲС̛ɢ"Ŧʊǿcƌªɲ˻ʥ˺̆ǩВ̛Ŗɽwͩ"~ŦȝȈʀɑ�̏

λƃƺʿʀɑġǌļˤă;ĒНʄ"ɛċaÙ˒ƈ©ňǦ.ˤăǦǩВ̛̆ϧ"

ýċaϾȴ½ʋPɕ̛˺̡"ɲɶſ̄ùŭ;ʇ’̏ŭǩВɚΝɋĻОǣЬĆ�

~Ŧ"ĺ̏λƃƺʿʀɑ 1T-TaS2 7"ǿcă̄�ˤăΧϹƉR̊'̈́ɕ̛Ҝw

ȪÛʝ、"Ʋ0qҗ̦ğɷǩ½̄'6主ƚǩВ̨̛Ǧ;ʇ"͈]: M ̡"т

P�ˤăÛÖŴ不͋ġˮΰ̡Ć不͋Ȃ˱JĔ"Ŧ① 1.15 Ȅ̽� 

 

 

 

 

 

 

① 1.15  JĔˤ�ǌƺ,"1T-TaS2 ̛;ʇÛÖŴ[84]� 

Figure 1.15 Time evolution of atomic structures of bulk 1T-TaS2 under different 

photoexcitation conditions[84]. 
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ĺɺɏ7"ǿcƌZͼȝȈê主ƚ WTe2 7̍Ъ中ƈ͈ǩƉΰ̛ђȟǩˤă

’ċȴ̡̛Ć不͋�̍ LтѢ¿̡ƈ˾͔Ʋ0°Ɓ8Ƅ"ǿcƌĺ͙N͖7zͩ

Zͼ� 

 

� 
 ��ÇĦ¹ļōbĦ¹ďÎ� �

ǌ�ļе˲,"»ΡǦwͩΧřR̊互ƺҦǩ̛̏ŭġ�ŭϒ:"ƲċΧ

qҗ̦ɕ̛为ŭǦ̛½̄"ªɲṉ̛̮͎̌Ƿ?�.ǣ丧ăƙ̛ſӁȏɻ̡Ʋҿ

ӆ于̛ɢ̆ϱɖʼ̛Jɓ专ʣ�z:̟Ñɰ�专̛Ϫ͠ɖʼ"TDDFT ƙ̽½©

ĺ̆ϱҰˉ.ϧѦſӁJſ͛ɖҨǌŚ̛Ʒ̋ˢÖ�ɺϱɏƌa*6JĔɖҨ̛

̮͎Ͻҵz:À¡˪"ͩĻZͼŦxÉ̋Юd TDAP Ŕ̆�ļ,Řή̍ƺ̛

̡Mz̋"\ÛÖŴ̛Ϧƺ¢Ҩ�ͺΰĻ̮͎ĵwʀɑƈǌˤ�ļ̛ĤƷ� 

ɺϱɏ̛;Ϡ°ƁãȠa,¼6Ѣ¿$ 

͙'͖$͟ ϠZͼǌļˤă,ùŭ�¿ŭ’»ΡǦ˺В̛ÛÖŴ不͋’̮͎

Σɦ� 

͙K͖$͟ϠZͼɺϱɏ̡§̛̆ϱ̮͎×ʼ� 

͙*͖$ZͼK·ʀɑ7̛互ʞЀʿR̊ɼÌ’Ͼȴɖʼ� 

͙į͖$Zͼ̻͵ͤ͡7�̏ŭR̛̊ÛÖŴ不͋’ƈΧƩ;ʇ̛�З� 

͙N͖$ZͼŗƏê主ƚ7̍Ъ中ƈ͈ǩƉΰ̛ђȟǩˤă’ȝȈ̡Ć� 

͙¥͖$ƈɺϱɏƞz专ϒǪ;"Ʋƈɸʄ̛̮͎�½ƙɶ� 

a+°Ɓ¿ÊƈƷ»ΡǦ˺Вĺˤ�е˲,̛*6«ŃÛÖŴ不͋� ©7"

互ʞЀʿR̊’�̏ŭăƋĽă̊ĺǌˤ�ļ.ʀɑ̡Mz̛̋ɝɷҊʦ"3Λ

̡qΜ̊"ɟҁƔƺĺ̚予͆a°"ʢɟ�ŭ�̏ŭ]ҁ̡̛Mz̋ί§ѨϠ�

ƈт36乐ҵ̛̮͎ɲÉL˒¡̆ϧʀɑҦǩ�ŴĤƷƈ©ɺǕùŭ’̏ŭ

;ʇ̛�З"ƌ:ɸʄ�̏Įd̛ϲϪȸ�̆ϱɂȢ�ǎ专'ʣĻΚϋʀɑċΧ

̛;ʇĆäɟ"ҠϠΚϋœŭή̍ƺ�ĺ̛̜͆ɟҁƔƺ,"»ΡǦ为ŭʀɑ7

̏ŭ�œŭ]ҁ̡̛MΞĒǶÙɣρ"тċΧlϹƉ½ʋP˻Ž̛œŭʝ、"Ɖ

ΰ;ʇ̡Ć̛ă̊�і不ˤ�ſ̄ʀɑ̡ĆɲÜLƈùŭ’̏ŭ;ʇɚΝɋĻО
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ǣϾȴ"ċaƳʽĻƷ̋L�Ǯů��Оǣǁ§ЬȬ͛ұņ�̍L͙'ǩù̆Ϫ

͠ɖʼȄƷ̛̋ɟҁƔƺ:̜͆为Ͳ"ıʢ"ɺɏ̛ђҵɢaѢ¿«Ń̛»ΡǦ

˺В:~"ĺϪ͠Ж˜�ϰ̛ʃd,"̮͎Ř̈́ͦŭ ¹ͦŭ!̡Mz̛̋ÛÖ

Ŵ不͋’©Ͼȴȅʦ� 

�

�

�

�

�

�

�

�



͙ 2 ͖ ̆ϱ̮͎ɖʼ 

21 
 

ă�Ă�îĦ÷ÿ¼Ù�

ɺɏ̛̮͎ɖʼɢňL͙'ǩù̆ęɟƃƺʽ¾̆ϱ�Time-Dependent 

Density Functional Theory"TDDFT ̛ɍ�ʝȞ"�©ṉ̌:ňǦ̛ƃƺʽ¾̆ϱ

 Density Functional Theory"DFT!�ĺɺ͖7"ƌ͟ϠZͼ DFT ’ TDDFT ̛

̆ϱṉ̌"җĖaǿc̮͎ή;ǁă̛Юd TDAP :~"ϺɠŦxÉ̋ TDDFT

̮͎为ŭʀɑĺǌ�ļz̋,̛ҦǩĤƷ��

� � ����ÚlîĦ�

͙'ǩù̆Ϫ͠ɢȤĺJ�ÜfxͽӁ—ɍ̛ǲ¶,"̠ ȳ\为ŭÖŴ̛ϊ

ŽЂɖ͋½ă"ſ̄ƈwͩǩВ̛\ŞϪ͠"©ṉ̌ɢƃƺʽ¾̆ϱ�̄`̛ƃ

ƺʽ¾̆ϱ̍ Kohn ’ Hohenberg L 1964 Ʊȸ½�ĺϷ̆ϱ7"ʿ¾ɍJ±ɢ

为ŭŘww̛ͩňɺ˺̆为"Μ̋̏ŭƃƺ`ϖ"тʏ�ċaƌªɲ N 6̏ŭ

w̛ͩĆ为̍ 3N 6ºƎË*6"}ŖɽwͩɭƁɡŔ̆[85]�̟Ñ DFT Ȅȷщ

w̛ͩ͏ҁƔƺ:͵ͤ为Ͳ"ɟҁƔƺ:̜͆为Ͳ� 

ƈLɲŘ6ùŭſ’̏ư̆Řwͩ"©ģƃү为ċa²:$ 

																																																													`abacd = `e + `H + `H,e …………………………………… (2.1) 

																																																				`e R = −
ℏ+

2?
hRi
+

j

+
=+

2 Ri − Rk
…………………………… (2.2)

jlm

	

																																																		`H n = −
ℏ+

2op
hnq
+

p

+
rprs=+

2 nq − nt
………………………… (2.3)

pls

	

																																																																				uv,w R, n = −
yqvz

nq − Rii,q

……………… .………… (2.4)	

©7 è"`H"`H,e¿Ê:̏ŭ�ùŭſ’̏ŭ-ùŭſΞĒѢ¿̛ģƃү为�w

ͩɎw̛ŽǦϊŽЂɖ͋: 

																																																									`{|{}T~ Ri , nq = I~ R� , nq … ………… . . … …… (2.5)	

тѧΨ Rj , nq :Řwʿ¾ɍ� 
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̍Lùŭſ̛В为且ŚL̏ŭВ为"ıʢĺąËŗ̑ȋÛɟ̏ư̆ĤƷ丧ƺ

ʆǣΜùŭſ与ÛǺ"ıʢċaƌùŭſġ̏ư̆与Û¿ǁ"�ϲǎ̏ŭ与Û

ɟ́ŭŔLҥʠ˼Ǧ"Μùŭſ与Ûɟ̏ŭċaм丧ĻϾɎuΔ"ʢò:

Born-Oppenheimer пs"ý͈ˮпs[86]�ʑȮˮпs"Řwʿ¾ɍċ²: 

                    								~ Ri , nq = Ç( nq )	~ Ri … ……………………… (2.6)	

©7Ř̏ŭwͩϊŽЂɖ͋: 

																											 −
ℏ+

2?
hRi
+

j

+
=+

2 Ri − Rk
−

rp=+

nq − Rij,pjlm

	~ Ri = Ie~ Ri ……… (2.7)	

1928 Ʊ"Hartree ȸ½̋ɚ̡Mz̛̋¹ͦŭwͩ`ɯªɲ̤ſƶ]̡Mz

̛̋̏ŭwͩ"Ʋі不ʇјĒ̛̆ɲɈàƌŘ̏ŭ乐ҵ͟ä:í̏ŭ乐ҵ"ò:

ưĽļпs[87]�ĺΚϋʾÉJ̡Ɓù̆Ė"Ϸпsý͈: Hartree-Fock пs�t

ɢĺ Hartree-Fock ɖʼ7̏ư̆§ΠɈƷʸɲϛΚϋ专ʄ�җĖ"ƃƺʽ¾̆ϱ

Ʒ与Μ̊� 

ňLҦĽâ̏ŭʬ̆ϱ"Hohenberg ’ Kohn ȸ½ƃƺʽ¾̆ϱ̛36Ž̆

[88]� 

 1!ƈL'6ŗàÉeÑa R z̋,̡̛Mz̋̏ŭͩ"wͩȄɲ̛ňǦǩ

Вѣɢ̏ŭƃƺÖ(R)̛ʽ¾"ò̏ŭƃƺċaħ'µŽ©ňǦǩВ� 

 2!ĺͦŭɍJĆ̛ǲ¶,"w̛ͩňǦƈƷLΧ为ʽ¾I[Ö(R)]ƈͦŭɍ

ƃƺÖ(R)Ć¿̛ʆƍ�"Eɢƈʿ¾ɍĆ¿̛ʆƍ�� 

ňL Hohenberg-Kohn Ž̆"ƃƺʽ¾̆ϱ̛ʐǟ乐ҵ:ʲϧΧ为ʽ¾

I[Ö(R)]̛ªwϖ三、�Kohn ġ Sham ĺ 1965 Ʊȸ½GϧµϷ乐ҵ̛ɖʔ[89]"

òі不ʲϧ'ͩÂíͦŭɖ͋ċaǛË̡Mz̋w̛ͩ�Ǯ"Ϸíͦŭɖ͋ý͈

: Kohn- Sham KS!ɖ͋$ 

																																					 −
ℏ2

2?
h2 + àâä Ö R ã� R = å�ã� R … ……………………… . . (2.8) 

																																																															Ö R = ã� R
2

é

�=1

… … . … … . … . . … … . . … … . … … (2.9)	

+、ãj R :ɚ̡Mz̋ͦŭʿ¾ɍ"åjƈƷ©ɺǕΧ为"Ɵи͙'Ҭ:ÛΧҬ"

͙KҬ: Kohn-Sham àΧ"ªwǐ、:$ 



͙ 2 ͖ ̆ϱ̮͎ɖʼ 

23 
 

																																																àêë Ö R = É R + Éí Ö R + ÉÑJ Ö R ……… .… . . ……… . . (2.10)	

©7Éíɢ̏ŭ-̏ŭҁͽ«̛ƶ]̡Mz̋"ý͈: Hartree à	

																																																																Éí Ö R = ìRî
Ö(Rî)
R − Rî

……… .… . . ………… .……… (2.11)	

QȬ§ΠàÉÑJɢQȬ§ΠΧ̛'ҊƉɍ 

																																																															ÉÑJ Ö R =
ïIÑJ[Ö R ]
ïÖ R

……… .……… .… .… . . ……… . . (2.12)	

ɖ͋(2.10)7"É R ɢùŭſR̊ƶ]à̛ʲġ"іƫѥ̋Йàɖʼ�ĺϷɖʼ

7"ĊΚϋȅư̆z̋ΜȐ°Ɨ̏ŭҘûƲ0�ϲȅư̆Йʿ¾ɍʸɲε˪"

ıʢЙàɢɯȬùŭ¢̏ŭà̛'̈́пsà�。¡ЙàċaĺǘŚ͋ƺ+ºƎň

Ƹ̛ɍ̟’Ϫ͠为�Йàċa¿:ƖņġҦƖņ3Ѣ¿"̟ Ñƫ̛̋ʇјЙà̛

ɖʼ;ϠɲʝŷǫЙà[90]"ȒǒΊÙưҨʿ(PAW)[91]’ОЮЙà[92]͛� 

ſҎʲϧʀɑwͩňǦǩВɟ"í̏ŭÛΧ�ƶ]àΧÉ R ’ Hartree à̛

ʲϧѣɢQʒ̛"ĊɲQȬ§ΠàÉÑJ̛ƃƺʽ¾ǐ、ɢɸ̛̪"ǠҮѥĄпs"

©ãęGҦͽ«̛QȬz̋Ҭ�§Πz̋Ҭ�ή̡Mz̋Ҭ͛�ƈÉÑJ̛Ŕ̆Ʒ

̋ɰŘ̛ɢƖņƃƺпs Local Density Approximation, LDA!’Ƴ?ʗƺпs

(Generalized Gradient Approximation, GGA)[93]"¿Ê:̏ŭƃƺ’©ʗƺ̛ʽ¾� 

ňL KS ɖ̛͋ DFT Ϫ͠ĺȷщʀɑňǦǩВ+ĄǛGơŚ̛ǾØ"ċa

ǘť̛ǛË¿ŭѺΧ�Ѻѽ"ĵwʀɑɨʒ—ɍ�ΧƩ;ʇ͛˺̆为�˱Μ"

DFT ɺВ+ɢňǦ̆ϱ"ĺŽ为ȷщˤăǦ�ǌ§Πwͩ�θǞë̡Mz̋ɟ

lJś¹̶�~Ŧ"ĺϪ͠êƉẁƩƂƺɟ"ňL LDA Ȁ GGA QȬ§Πʽ

¾̛ DFT Ϫ͠ɲɟ̉ίlʪſӁ�v 50%�тP乐ҵɲċΧі不ĺƃƺʽ¾̆

ϱ7Κϋ̏ŭ-œư̆ήΧz̋�̏ŭ-͏̡͍Mz̋͛¹ͦŭ̡Mz̋Ǜaϧµ� 

� � ��m¿��ÚlîĦ�

1984 Ʊ"Runge . Gross ϳɠGęɟ̛íͦŭƃƺċaħ'ĻµŽw̛ͩ˺

̆为"̍ ʢƌňǦ̛ƃƺʽ¾̆ϱȵƳËG˺̆ǩВҗɟҁĆä̛wͩ7"ò:

ęɟƃƺʽ¾̆ϱ[94,95]�.ƃƺʽ¾̆ϱͥs"ĺęɟƃƺʽ¾̆ϱ7̍ęɟϊ

ŽЂɖ͋ċaǛË'ͩÂí̏ŭęɟ Kohn- Sham TDKS!ɖ͋$ 
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																																																										�ℏ
ñ
ñ{
ãj R, { = ë̀ R, { ãj R, { . … . . … . … . . ………… .…… (2.13) 

																																																											Ö R, { = ã� R, {
2

é

�=1

… … . … . . … . … . . … . . … … . . (2.14)	

ʢɟģƃү为 ë̀ R, { ̛ǐ、ͥsLɖ͋ 2.8! 

																													 ë̀ R, { = −
ℏ+

2?
h+ + É R, { + Éí Ö R, { + ÉÑJ Ö R, { … . . … . … . . …… (2.15)	

J不ʢɟŗàÉ R, { ̛ªwǐ、ɢҗɟҁĆä̛"wͩĺˡä̛不͋7іƫƌň

Ǧz:ÇǦ�ùÄ+"QȬ§ΠҬÉÑJ Ö R, { ̛ʲϧ�ЗL不ûȄɲɟÏ̛̏ŭ

ƃƺ"tĺſҎƷ̋7Vcіƫѥ̋ˮпsƈ©专ϒ͟äŔ̆�

																																														ÉóQ}ì�}ò}{�Q Ö R, { = ÉóQ Ö R |Ö=Ö({) … . . … . . … . … . . … ……	(2.16)�

ıʢ"ǎQȬ§Πʽ¾ѥ̛̋ɢ LDA ɟ"ċ͈©:ˮƖņƃƺпs ALDA!��

̍Lùŭſ̛В为ʪ̏ŭВ为Ś 3~4 6为Ͳ"与Û丧ƺ且ƍL̏ŭ"Ȅaƈ

Ĺŭwͩ"ċa̋˹ү͙KŽǙпsȷщ©与ÛϣǙ$�

																									opnq = −hp É nq, { −
rpÖ R, {
nq − R

ìö +
rprs

2 nq − ntslp

… . . … . … . . ………	(2.17)	

ɖ͋ 2.13!’ 2.17!¿Ê`ϖG̏ŭ�́ư̆ͩęɟ与Ûɖ͋"ò̏ư̆

与Û̍ TDKS ɖ͋µŽ"Μùŭʐ̛与ÛÄўǜͽ«̛˹ү与Ûɖ͋��

ʲϧ TDKS ɖ̛͋ɖʼ;Ϡɲ3̈́$ǩĤƷɼÌ’ƈ TDKS ɖ̛͋ſɟ

ˡä�ĺǩĤƷɖʼ7"�ϲęɟ̏ŭƃƺ̛ĆäïÖ R, { ʄ˜LŗѢ̛ęɟ

ǝȋ	ïÉ R, { "03Λĝǩ�З§ͩ"ò�

																																														ïÖ R, 2 = ì3 R′Ç(R, R′, 2)ïÉ R, 2 ……… . . … . … . . … …	(2.18)	

©7ʆä̀Ç(R, Rî, 2)`ϖ̏λƃƺƈŗļ̛ĤƷ¾ɍ�ĺϷɖʼ7"w̛ͩǩ

В\ɟņ͏ҁͽ�ѧďĆȬËҳņ͏ҁ";ϠċaǛË�ŴěɃЅ�̏ �ʆȪκ

ǌƺ͛ҳ̀θ̛̔�Ǯ�ňLǩĤƷɼÌ"ʆäǌƺ��ěɃƜ̛uΔ�̀Ʃ

Ƃƺ͛ˤăǦǩВċaǛËвťĻȷщ�˱Μ"ϷɖʼůĺɠɣJТ"ò©Ċя

̋LŗļʪвǊ̛ǲ¶"ΜɚʼŔ̆ǌļ,̛ҦǩɈƷ"ʢɟÄҠϠѥ̋

TDKS ɖ͋ſɟˡä̛ɖʼ[96,97]��
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TDKS ɖ̛͋ſɟˡäɢȤƈ¤、 2.13!̠ ȳ͇¿"Ʋʲϧnȿ͘͠8({ +

∆{, {)̛ɍ�ϖЈ"Ž?:�

																																																										ã(R, { + ∆{) = 8({ + ∆{, {)ã(R, {) … … . . … . … . . … ……	(2.19)	

̍ʢ"ċaі不ʲϧ'ͩÂ̡MΞĒ̛ϊŽЂɖ̛͇͋¿ʄʲϧ TDKS ɖ͋�

Ĕɟ"̍ Lw̛ͩģƃү为ɢҗɟҁĆä̛"ƈϊŽЂɖ̛͇͋¿ċ专'ʣ͟ä

:Ϫ͠ģƃү为̛ƭȤɍ�

															8 { + ∆{, { =
(−1)ù

Ö!

ü

ù†4

ì{$
a°∆a

a
… ì{ù¢ ë̀ {$ … ë̀ {ù

a°∆a

a
. . … . … . . ……	(2.20)	

©7¢:Όɟ͘͠�ċạ½"ſɟˡä̛ɖʼJą�ļǌƺ̛ҒÌ"ıʢJX

ċaϪ͠ʀɑ̛ǩĤƷ"ся̋LŔ̆ǌļ,Řή̍ƺ̡MΞĒ̛ǲ¶�т̈́

ɖʼΧřǾØʝȞ�ˤăϹƉ̛äŴĂƷ�互ʞЀʿR̊�О҄��ϧ́͛不͋��

� � ��ŊĐæP}Ws~�

ĺÑ3ε7ǿcZͼGňLƃƺʽ¾̆ϱ’ęɟƃƺʽ¾̆ϱŔ̆ňǦ’

ˤăǦ乐ҵ̛Ϫ͠ɖʼ":GŔ̆̏ŭ́ŭΞĒ̛ÛÖŴ不͋"сҠ͟íZͼ͙

'ǩừ̆¿ŭÛÖŴ"©Ĕʏċa¿:ňǦ’ˤăǦ3ͥ�ƈLňǦ̛¿ŭÛ

ÖŴ"іƫ�ϲȅŭ.ùŭſ̛与ÛċaˮĻ¿ǁ"ǥ̓G̏ŭ�ùŭʐ3

6ŭͩ]ҁ̛§ΠɈƷ�ıʢ"ϷɖʼĊя̋LͩĺňǦàΧҨҍп与Ư̂

ǲ¶"ΜɚʼɲɈŔ̆Ŗɽwͩ7̏ŭВŭЬ͉�äŴѺ7Ҟ˪Χ�ʮѺ͛乐ҵ

[98]�«Ń̛ňǦ¿ŭÛÖŴɖʼãȠCar-Parrinello’Born-OppenheimerÛÖŴ�

ǎw̛ͩ与Ûˎ’ËˤăǦàΧҨɟ"ҠϠѥ̋ˤăǦ̛¿ŭÛÖŴɖʼ�т̈́

̏ŭġùŭʐ̡MΞĒ̛与Ûɚʼ±̋ˮпsʡ̶ȷщ"ıʢ͈:ҦˮÛÖ

Ŵ�ƈҦˮ与Ư̂Qʒ为ŭäŔ̆ҠϠĔɟΚϋ̏ŭ’ùŭʐ ùŭʐʿãn

ȿ̛àΧҨ!̛为ŭɈƷ"˱Μтɚϱɢĺ̆ϱсɢȏɻƗҨ+ѣǘқŔ̆�̟

Ñ"VcіƫѥĄ̛ɢêͽ«̛Ŕ̆ɖʼ"ò̏ŭͩȥ˲为ŭϣǙˡä"Μù

ŭʐ̛与ÛÄȥ˲ͽ«ϣǙŔ̆"36ŭͩ]ҁі不ҦˮΞĒҬ§Πĺ'Н�

Ƴʽ}̛̋êͽ«ɖʼɲЪ中ϖҨЧУʝŃ Trajectory Surface Hopping, TSH!

’ưĽļ Ehrenfest!ÛÖŴ[99,100]� 
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Tully ĺ 1998 Ʊȸ½Ъ中ϖҨЧУʝŃ TSH!"̋ ˮ̛ KS Ъ中ƙǁwͩ

ʿ¾ɍ 

																																																																		Ψ£ R, n, { = §•£
ü

•

({)ã•(R, n)……… . . … . … . . ……	(2.21) 

©7¶`ϖʨ6Ъ中ɲJĔ̛¿Ʀ"JĔЪы]ҁ̛У上ўǜҗɼɍ͠ʼ"У上

¼̀µŽLҦˮΞĒͩɍ§•£�ƌ+、Ʃ¡ϊŽЂɖ͋ċǛ§•£̛ęɟˡäɖ͋$ 

																																																		�ℏ§ß
¶
= §®

¶ {
®

(`ß® − �ℏ©¶ ∙ ìß®
¶ ) … …… . . … . … . . … …	(2.22)	

©7ìm•ɢ͙ k ġ͙ j 6Ъ中]ҁ̛ҦˮΞĒҬ"ŵʄ˜L̏ŭ�œŭ̡Mz̋

Ɖΰ̛̏ŭǦΞĒ"ąùŭʐ与Ư̂Ͼȴ�ʑȮɰƍǁ§ù̆"Ŧʊwͩ\ j Ǧ

Ë k Ǧ̛У上¼̀˞Т	

																																																																									 ™md£

d´•,$

< ¨ < ™md£

d´•

……… . . … . … . . ……………	(2.23) 

ɟÄƌă̊'ʞЪ中У上"©7¨:җɼɍ"Śƍĺ 0 Ë 1 ]ҁ� 

ňLàΧҨУ上̛ÛÖŴɖʼΧřв:ʡ̶ĻŔ̆ŘЦǖ为ŭw̛ͩͺΰ

ưϔ乐ҵ"ĺ¿ʈ̑ҨˤăǦ̏λnж�̏ŭœŭΞĒ�ˮ̏ŭҽЊ͛不͋7Н

ËGѨϠ̛z̋�˱ Μ"ĺ TSH ɖʼ7w̛ͩąÖ’ȄŔ̛àΧҨѣɢňǦ̛"

ɚʼ¹̶ȷщˡäĖ̛àΧҨ.ňǦàΧҨƢÊвŚ̛ǲ¶�ȄaʢɖʼɚʼŔ

̆ˤăǦ̛̏ŭƈɨʒw̛ͩǒĤ"ĺ��ä�ʕ �ϹƉ;ʇЬĆ不͋7ɲ'Ž

̛ҒÌ"ҠϠÉ̋ Ehrenfest ÛÖŴ� 

Ehrenfest ÛÖŴɖʼўǜ Ehrenfest Ž̆$为ŭwͩ7͘͠ɷɶ�ƈɟҁ̛

Ɖɍċaϖ̽: 

																																																																								
ì
ì{

≠ =
1
�ℏ

≠,u +
ñ≠
ñ{

……… . . … . … . . ………	(2.24) 

©7 ≠ ɢ为ŭ͘͠≠̛ɷɶ�"uɢwͩģƃү͘͠� 

ĺưĽļпs,"ċaі不Ϫ͠fǷ'6͘͠ɷɶ�̛ɟҁƉɍ"ǛË为ŭ

w̛ͩ与Ûϒ:�Ehrenfest ÛÖŴ̛ΒҖĺL©J˞Тͺΰưϔ"ò©ĊΧ}̋

í6ưĽЪыȷщùŭʐ̛与Û ① 2.1!"ıʢϷɖʼǘқŔ̆ãęŘ6Цư̈̄

ˤăǦwͩ[101]�̡ƈЪыҨЧУɖʼ"Ehrenfest ưĽļÛÖŴɖʼɍ�Ϫ͟͠

íɡϒƲ0Ϫ͠为вƍ"Χř̋ʄŔ̆ŖɽwͩƲ0½ǘť̛˺̆①�� 
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�

�

�

�

� � ��m¿��ÚlîĦs �-�8 4ò�í�

� � � �-�8 Ói�

̟Ñ"ſɟˡäęɟƃƺʽ¾̆ϱ rt-TDDFT!̛Ʒ̋θĴƤͽ\ùŭ¿

ŭwͩȝƙË»ΡǦ˺В7"©ɍ�ſ̄ŚŘňLſ͏ҁΓʒ˪’ưҨʿƙǁ"

ʪвǾ˴̛Юdãɲ OCTOPUS[103]"SALMON[104]"FPSID[105]"ELK FP-LAPW[106]

͛� 

ňL Ehrenfest Ž̆"ǿc̮͎ή;ǁăG'Ţęɟƃƺʽ¾Юdã TDAP

 Time Dependent ab initio package![107-109]"Ʋ̋ɍ�äƖņùŭЪ中z:ň̩

ƙǁʿ¾ɍ�̡ вLưҨʿġſ͏ҁƙǁ"ϷɖʼϠʲвƎ̛ňɍƓċaǘť

Ļȷщ̛ͩ̏ŭǦ�Ǯ"ŚƮºƍGϪ͠为�ĉŗ"̍LƖņùŭЪ中Ċĺɲ

Ғ͏ҁ¿Ʀ"ƈLŚwͩĊɲĺϷ͏ҁ°̛ùŭȆlɲʿ¾ɍ̛Ѩć"}Ǜǿc

ΧřμǛϪ͠为җƔƇǩŏѽ̛ťŔ�ıʢ"É̋ TDAP ΧřѽɟҁʝȞŚ

ƔƇ̛ͩÛÖŴˡä不͋"©Ϫ͠ǾɺвvƲ0Χř�Ȣǘ互̶̛ͧǩ�Ҕʢ

]ŗ"тŢɖʼсɲǘŘj˪$ 

1. ĺʨ'̏ŭġ́ŭʣ7"̏ŭƃƺѣƌήˇˡäƲǛËˤăǦ̛ſɟЪ

ы"ċa½�ˤă,̏ŭġùŭʐОǣÛÖŴ̛ǝϢ①�� 

① 2.1  ˓Ē为ŭ-ͽ«ÛÖŴɼÌ̽Ƿ①[102]� 

Figure 2.1 Illustration of mixed quantum-classical dynamics strategies[102]. 
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2. ùŭʐҍп̛̏ŭ˼Ǧċaі不ùŭЪ中̛ǩĒǛËɲɈŔ̆"ı

ʢċaſ̄ƈ°Ɨ̏ŭˤă̛̆ϱʝȞ"̮͎в互Χ为θĴ予͆’O予

͆ɟҁƔƺ̛̏ŭÛÖŴ� 

3. Û为¿万̛ rt-TDDFT ċa̋ǘƍ̛íΥϪ͠ĵwġϖҨ"в]í˪Ϫ͠

Ϫ͠Ǿɺɭv0ɲÉLȺ̽wͩˤă˼ǦĺÛ为͏ҁ7̛¿Ʀǲ¶� 

4. ĺſҎ与ϒ TDAP ɟċaƌʨ6ùŭïȮЪ中¿临ËJĔ̛Ϫ͠ε˪+"

ıʢЮd̛ƲϒɈ̀ǘ互� 

ıʢ"ϷɖʼΧř̶ͧ�ɲɈĻŔ̆Ƴʽ为ŭͩ7đͥОǣÛÖŴ不͋" 

Ǿ:ϧѦƲҰˉɕŠ为ŭ̄Ј̛ǌŚƞª�ȳ,ʄ"ƌ͟ϠZͼ̟ÑЮdƤɲ̛

ØΧ’©͠ʼſ̄� 

� � � �-�8 ĥą¼Ù�

TDAP ̛͠ʼňLǁ˜Юdã SIESTA[110]"① 
�
 ȷщGĺŽ́ŭʣɟƈ

ˤăǦʝȞ̛，͋①�g˲¤、 2.15!"ĺΚϋ�.˺В̡̛Mz̋ɟ"wͩ

̛ģƃү为ċaϖ̽:��

																																												` R, { = −
ℏ+

2?
∇+ + ÉeØØ R, { + ÉeÑa R, { ……… .… . . …………	(2.25) 

©7ÉeÑa:ŗѢ̏ļ̛àΧ"ɲɈàÉeØØ:�

																												É=∞∞ R, { = (É5
T|Q}T + É5

â±)

é

�=1

+ É` Ö R, { + ÉóQ Ö R, { … … . . … … (2.26)	

ÉpdbJcd’Épê≤¿Ê:ùŭ I Йà̛Ɩņ’ҦƖņѢ¿"ÉíġÉÑJ¿Ê: Hartree ’Q

Ȭ§Πà� 

ĺ TDAP 7"ɟҁ�З̛�ļI({)ċaaѽƺϣθȀ丧ƺϣθ̛ǐ、w̄ĺ

ģƃү为7�ĺѽƺϣθ,"̍ʍ为àÉeÑa。¡$�

																																																													ÉeÑa R, { = −≥ { ∙ R………… . . … . … . . …………………	(2.27)	

:G҆ʠģƃү为̛ư͉ƈ͈ǩϛ̏ļ≥({)̰ľ"ċaĺ͏ҁɖė¥ ∈ ó, ∂, ∑	+

ɗÙ'6之Ӈ˼̛̏ļ$ 

                     							I¥ ö, { =
I¥ { , å < ó¥ < ∏¥ − å

−
I¥ { ∏¥
2å

, −å < ó¥ < +å
………………	…	(2.28)�
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©7∏π:ʻ̦¥ɖė̛ùΥѽƺ"0å → 0�ĺт̈́ǲ¶,"ͩlϛҰ�ҒŽĺ

'6ʻ̦ɖė¥ůĺ̤͏Ɨ̛ОΥ7"тҒÌGʢɖʼĊΧ̋LɲҒƔƇ̛wͩ

7�:Gǈϕa+JТ"ċaі不ϣθĆȬƌ TDKS ɖ͋̋�ļ̛丧ƺϣθȷ

щ"̋aȷщğɷǩw̛ͩÛÖŴ不͋"ʢɟ�ļ̛̩à 

																																																																			≠ { = −Q ≥
{

0
{′ ì{′ … ……………	… …………	(2.29)	

ģƃү为̛ǐ、:$�

																																																			` R, { =
1

2?
ª −

=

Q
≠

2
+ É=∞∞ R, { … …………	… …… (2.30)	

ĺт3̈́ϣθ,"̏ļI({)̛ʿǐĽċfǷϾε"іƫѥ̋互ɔʿãǐ、$�

																																																						≥ { = ≥ºQ| Ω 2{ =ó æ −
{ − {0

2

2ø2
… ……………	… (2.31)	

©7ℏ2:�ŭΧ为"̏ļƮ�ĺ{4ɟÏ三ËɰŚ�I4"ê互Ƃ:ø��

ĺùŭЪ中ň,"ʨ6 k˪̛ģƃү为’Qш̫҉ϖ̽:$ 

																																								 j̀£,m¿,¡ = =,j¡∙n¬
√

Sj£(R + n¬ + ƒi) ` Sm¿(R + ƒi) …………	… (2.32)	

																																											äj£,m¿,¡ = =,j¡∙n¬
√

Sj£(R + n¬ + ƒi) Sm¿(R + ƒi) ……………	… (2.33)	

ĺ+3、7"n¬`ϖɨʒ̩为"ƒj:íΥ7ùŭ�̛uΔ"ʨ6ùŭѣɲ'Ţɍ

�ùŭЪ中 Sj£ .]ƈƷ�ɲGҗɟҁˡä̛ģƃү为’Qш̫҉Ė"É̋

TDKS ɖ͋òċǛËʿ¾ɍˡäɖ͋:$ 

																																																	|≈ù¡(R, {+) = =óæ −�ä¡,$({î)`¡({î)∆{ |≈ù¡(R, {$) …………… (2.34)	

©7≈ù¡ R, { = ãù¡ R, { =,j¡∙RɢƦ（Кʿ¾ɍãù¡ R, { ̛͏ҁğɷѢ¿"{î =

({+ + {$) 2"Δ{ = {+ − {$:ɟҁʣѽ"іƫΔ{ ≤ 0.05	fs�ĺ{$’{+ɟҁʦ°́ŭ

uΔƒj¼AJĆ"ıʢċa�ϲä¡ {î = ä¡ {+ �ƈLģƃү͘͠"ĺƍ̛ɟҁ

ʦ°¼AǩĆä"ɲ`¡ {î = $
+
(`¡ {$ + `¡ {+ )�ĺɍ�ſ̄+"ċ̋'Ҋ

̛ Crank-Nicholson ǐ、ƙǁɖ͋ 2.33!7̛ˡä͘͠ 

																																											exp −�ä¡,$({î)`¡({î)Δ{ =
1 − �ä¡,$({î)`¡({î)Δ{/2
1 + �ä¡

,$({î)`¡({î)Δ{/2
……………… (2.35) 

ĺſҎϪ͠ɟ"ɖ͋ 2.33!̛Ϫ͠丧ƺċaі不3ɖҨÙ丧$事�":GΑ̬

Ϫ͠ɟҁ"ä¡,$̛ɍ�Ċĺ́ŭuΔɄĆɟȆɭɕ"ǎ́ŭuΔĵŽɟ"ĊϪ͠
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͙'6́ŭʣ̛ä¡,$�©ʞ"ѥ̋ ScaLAPACK �Ʋϒ̛̫҉ʲё’̫҉Dʼ"

ȸ互Ϫ͠丧̀� 

 

� � � ôdèîĿòĥą�

і不ɖ͋ 2.34!ǛËʿ¾ɍãù¡ R, { Ė"ċaǛË'ͩÂ˺̆为"ȳ,ʄ

Ċ͟íZͼѢ¿˾˻̛¿ʈɖʼ�事�"ϛˤă̏ŭĺÛ为͏ҁ7̛¿ƦċʑȮ

ʿ¾ɍËňǦ KS Ъ中	Œùœ,¡ ̛ȒǒǛË" 

																																																					∆Ö= ¡, { =
1

é¡
ãÖ,¡({) ŒÖ′,¡

2
… …………………… (2.36)

§±

Ö,Ö′

 

ňL+、ċaǛËǪ̛ˤă̏ư̆ſɟˡä: 

																																																	∆Ö= { =
1

é¡
ãÖ,¡({) ŒÖ′,¡

2
… ………………… . (2.37)

±r

¡

§±

Ö,Ö′

	

ſ͏ҁ̏λƃƺ 

																																																																				– R, { = ãÖ R, {
2

é

Ö=1

… …… . . . … . . . … … . . . (2.38)	

wͩ7ǝϢ̏，ċϖ三: 

																																							— { =
1
2�

ìR ãù∗ R, { hãù R, { − ãù R, { hãù∗ R, { .
ù”

…… . (2.39)	

互ʞЀʿăƋЅċaі不ƌęɟ̛̏，��ѧďĆȬǛË�

																																																												``‘ 2 = 22 —({)
D

0
=óæ	(−�2{)ì{

2

… …… . … … . . (2.40)	

ǿcÉ̋ TDAP ̮͎Gĵwʀɑ7̛互ʞЀʿR̊�̻͵ͤ͡7ļ̏ŭă

Ƌ’ȝȈʀɑ7̡̛Ć不͋͛"ƌĺȳ,ʄ̛͖ε7ϸͺZͼ� 
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① 2.2  Û为¿万̛ TDDFT ͠ʼ� 

Figure 2.2 Flowchart of momentum resolved TDDFT algorithm. 
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ă�Ă�TĒËº4òŐÕĩÛ8ï�

� � ��ėÁVč�

ĺɺ͖7"ǿcaK·ʀɑíƗK̵äѰ 1L-MoS2!:~"̮͎ĺƷÖ’

”γ�z̋, HHG ̛ĆäϣǙ"ƲȺ̽©°ĺɼÌ��

̡ƈLw̡"íƗ MoS2 ϖ̄½˾˻̛˺̆ǩВ�事�"̍w̡不˘ËíƗ

ɟ"©ΧƩ;ʇ\ҁȳƩҙЬĆ:̠ȳƩҙ"ƩҙŚƍ Eg!: 1.8 eV"�uL

Û为͏ҁ7互ƈ͈˪ K ’ Kʹ˪"т}Ǜ̏ŭУ上̛¼̀Ć互[111]�Ĕɟ"íƗ;

ʇ7̛ŘwɈƷ̍LвŚ̛ˤŭʂΎΧǛËŏǌ"Ř̏ŭˤăҦƫǌ˫[112]"a

+3˪ѣƉΰ©ƈ�ļ̛ĤƷΧÖĆǌ�ĉŗ"1L-MoS2 ̍LŝûGʻƗҁɖė

̛ğɷǩ"ḭ̏Gw̛ͩ7ǟĂˡƈ͈"ƌĔɟ½̄ǘǌ̛Šɍ’�ɍʞЀʿ

[113,114]�тɢı:ʀɑƈ�ļ̛ŻϢҦǩĤƷċa̋ʆä̀ƈ̏ļ̛ƭʞ�З

ʄ`ϖ�ƈL7ǟĂˡƈ̛͈wͩϠʲ̏ļ̛�ɍʞƭƈƷ̛ʆä̀:Ҟ"EƓ

ɢ�ɍʞ̛ĤƷJl½̄"ȄaƈLɺЩªɲ7ǟĂˡƈ̛͈ùŭġĵwwͩĊ

l½̄ŠɍʞЀʿ��

�

��

① 3.1  íƗ MoS2 ̛互ʞЀʿR̊Ѕ[36]� 

Figure 3.1 HHG spectrum from monolayer MoS2
[36]��
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2016 Ʊ"Hanzhe Liu�͛V事ʞ\íƗ MoS2 7μǛGĔɟªɲŠ�Ҋ̛互

ʞЀʿеƋ[36] ① 3.1!�ſӁɢĺ 160 fs ̛7ͰŗΨ´ˤ�̛ˤÞ,专ϒ̛"�

ư̆Χ为: 0.3 eV�і不ɘЬʏĢ̛uΔɄĆѼ�ưҨ.¡Ƌ�ļ]ҁ̛Ϧƺ"�

Ʋ0Ȳˉł̠ȀΛưϒL¡Ƌ�ɖė̛ HHG еƋ̛ʆäǾ¿"z:ɨwɖė̛

¾ɍ�;ʊϖɠϷʀɑ7̛ HHG ĝ̄ǘɠɣ̛đėǂǩ"ł̠ġưϒ¿为ѣª

ɲ 60°̛ɘЬƈ͈ǩ"˱Μŵc̛ĆäРà’ˎ’Ë̛ЀʿҊɍóƲJ̡Ĕ�a

+;ʊϖɠ"ĺтͥʀɑ7ɲ8Ƅ̛˺ǩ�Ǜ΄Ά̮͎"Μǿc̛̮͎EɢňL

тPƤɲ̛ſӁJſƙǁ̛��

�

�

�

�

�

�

�

�

① 3.2  íƗ MoS2 7 HHG ƈɨwɖė̛�З[36]�a. ł̠ʆä¿为̛ſӁȲˉ̽Ƿ①; 

b. JĔҊʞЀʿł̠¿为̛ǌƺƈʆäɖė̛�З; c-d ͥsL a-b tãę̛ɢưϒ

¿为̛�Ǯ� 

Figure 3.2 Dependence of HHG on crystallographic orientation of monolayer MoS2
[36]. a. 

Experimental arrangement for the perpendicular polarization configuration; b. Normalized 

high harmonic intensities for the perpendicular configuration; c-d. The figures are the same as 

a-b, except that the parallel HHG component is measured. 
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� � ���Ńb�JĲķsŐÕĩÛ8ïĸþ4ò[j>ð�

̍LK·ʀɑªɲùŭͲ̛øƺ"©̏ŭġ�ŴǩВƈŗ̑ȋÛҦƫɉǸ�

íƗ MoS2 ªɲҦƫjǂ̛ÖŴǩВ"ċaȎąǘŚ̛ǐĆΜJϛ̰ľ"ıʢÉ

̋ƷÖɄĆ©ɨw;ʇ’Ͼȴ�̏ǩВě。G̮͎ΛcʆŚ̛¨С�íЯȜrġ

öΑƷÖƈ 1L-MoS2 ΧƩ;ʇ̛ǒĤƤͽϛƳʽĻ̮͎[115-117]"ǿcƨɶі不¿

ʈJĔƷÖʃd, HHG ̛ϖ̄½©ǝϢɼÌa’̠Ϣ̛̏ŭÛÖŴ①���

ĺɺε7"ǿc}̋ TDAP ͙'ǩù̆Ϫ͠Юdã专ϒʝȞϪ͠"QȬ�§

Πz̋Ҭѥ̋ˮƖņƃƺпs Adiabatic Local Density Approximation, ALDA!

ȷщ"ώ˱ LDA lvpêƉwƩҙ0ʸɲΚϋˤŭɈƷ"tϪ͠ǛË̛ƩҙŚ

ƍ Eg =1.94 eV!ǯƠġſӁ� 1.8 eV!̡ĜĒ�Ĕɟ"̍Lˤŭ;ĒΧJ�

ЗLíЯƷƠ̈Śƍ[118]"ǿcϫ:ňL LDA Ϫ͠ǛË̛ĺJĔƷÖ,̛̏ŭ;

ʇa’ HHG Ѕ̡̛ƈĆäɢċҧ̛�ǿcΚϋʻ̦ 1L-MoS2 ̛ zigzag ɖėɗÙ

JĔ͋ƺ̛ȜrġöΑƷÖ��① 3.3 a! "ƷƠ̈ŚƍŽ?:å = c,c’
c’

"©7}4

ġ}¿Ê:ưϔġƷÖ,̛ɨʒƫɍ�̏ŭ;ʇɖҨ"ŚL 1%̛öΑƷÖ å <

−1%!ƌƉΰ̠ȳƩҙËҁȳƩҙ̛ЬĆ"ƲŏŚ Eg%ΜȜrƷÖ å > 0!ƌ

ºƍ̠ȳƩҙ̛Śƍ ① 3.3 b-c!!� ϖ 3.1 Ǫ;Gɨʒ—ɍ’ΧҙŚƍҗƷÖ

Ćä̛ǲ¶� 

 

① 3.3  íƗ MoS2 ̛ùŭ;ʇ’̏ŭǩВ�a. íƗ MoS2 ̛;ʇ̽Ƿ①"íЯƷÖɗÙL

K·ưҨ zigzag x Я!ɖė; b. ɚƷÖʃd,̛ΧƩ;ʇ; c. ƩҙŚƍҗƷƠ̈Ćä� 
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Figure 3.3 Atomic structure and electronic properties of 1L-MoS2. a. Atomic structure of 

1L-MoS2 with strain along the zigzag (x) direction; b. Band structure of the primitive 1L-MoS2; c. 

Evolution of band gaps with strain. 

ϖ 3.1 íƗ MoS2 ̛ɨʒ—ɍ’ΧҙҗƷƠ̈Ćä 

Table 3.1 Calculated structural parameters and fundamental band gap for 1L-MoS2 as a function 

of the applied strain 

÷	(%) a (Å) (Mo-Mo)  b (Å) (Mo-S)  h (Å)  Eg (eV)  

-1.4  3.079  2.377  3.128  2.02 ҁȳƩҙ) 

0.0  3.123  2.381  3.112  1.94 ̠ȳƩҙ! 

1.4  3.166  2.386  3.096  1.85 ̠ȳƩҙ! 

�

:G̮͎ 1L-MoS2 ̛ HHG ĤƷ"ǿcɗÙʆäɖėĔʏʻ̦ zigzag ɖė̛

�Ȫ�"�ļ̛ʿǐ:互ɔʿãã"ϖ三:�

																																																											I { = I4Q| Ω 2{ =ó æ −
{ − {4 +

2ø+
……………………… . (3.1)�

©7�ŭΧ为ϲΔ:¥¿]'�̛ÇňùΥƩҙ̛Śƍ"òℏω = 0.32	eV"�ǌ

I4 = 2.24×10$4	W/cm+�ĺϪ͠7ǿcѥ̋�ļ̛丧ƺϣθ"òŸ { =

−Q Ia4 {î ì{î	"Φ = 0�ęɟ̛ʿ¾ɍі不ˡä Kohn-Sham ɖ͋ǛË�

																																															�
ñ
ñ{
ãù R, { =

1
2?

æ −
=
Q
Ÿ

+
+ à(R, {) ãù R, { 	……………… . (3.2)�

җɟҁĆä̛ǝϢ̏，:�

																																	— { =
1

2�
ìö ãÖ

∗ ö, { hãÖ ö, { − ãÖ ö, { hãÖ
∗ ö, { .

Ö€
… … . (3.3)	

HHG Ѕċaі不ƌęɟ̛̏，��ѧďĆȬǛË�

																																																					``‘ 2 = 22 —({)
D

0
=óæ	(−�2{)ì{

2

… …………… . . . (3.4)	

① 3.4 ƙ̽½ȄɗÙ�ļ̛ʿǐa’ϹƉ½̛ǝϢ̏，��

�
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�

�

�

�

�

�

�

事�"ǿcƌϪ͠ǛË̛ HHG ЅġƤɲ̛ſӁɍȮ ① 3.1!̡ƈʪ�Ŧ

① 3.5 Ȅ̽"ċạ½ſӁ7ЀʿеƋ̛«Ń˻ǕċaǘťĻ̍ TDDFT ʝȞŖ

̄"~Ŧ�ɍҊЀʿ̛ǌƺ且ƍLŠɍҊ"ϳɠGǿcɖʼ̛ċҧǩ�ҠϠȤ½"

3Λ̛ƢǂċΧʄή36ùı�事��ſӁɍȮ7ɸɠ̶Ȥ½ƈƷ HHG Ѕ̛¡

Ƌ�̛ʆäɖė"ċΧ.ǿcѥ̛̋J'ΰ�©ʞ"ĺǿc̛ʝȞ7"ʸɲΚϋ

э̡ƯɈƷ’ЀʿеƋ̛nȿɈƷ�a+3˪ѣċΧlǒĤſӁɰͻǛË̛

HHG Ѕ̛ǐЌ[44,119,120]��

�

① 3.4  �ļʿǐ’ǝϢ̏，�a. �ļʿǐ; b. ̩à; c. ɚƷÖʃd,̏，ưϒ Ͱ!

’ł̠ σ!L¡Ƌ�ļʆäɖė̛¿为� 

Figure 3.4 Laser waveform and induced current. a. Applied electric field; b. Vector potential; 

c. Induced electronic currents that are parallel (red) or perpendicular (blue) to the incident 

polarization when å = 0. 
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�

① 3.5  ſӁ’ TDDFT Ϫ͠ǛË̛ HHG Ѕ̛ƈʪ��

Figure 3.5 Comparison between computed and the experimental observed HHG spectra. 

互ʞЀʿЅҗƷƠ̈ĆäŦ① 3.6 a!Ȅ̽"ċạ½ЀʿR̀ƈùŭ;ʇ

互ƺ�З�ĺöΑƷÖ,"3%̛;ʇǐĆΧř}đҊЀʿ̛R̀ȸ互 10%~150%

J͛"ΜĺȜrƷÖ,"HHG ̛ǌƺƌґv�a+;ʊϺɠ HHG ̛R̀ċaϛ

ƷÖхΆϾε"Ʋ0ƈöΑƷÖɭ:ɉǸ�① 3.6 b!ϖɠđҊЀʿǌƺ̡̛ƈ

Ćä ò5‹ 54"©75‹’54¿Ê`ϖɲƷÖ’ɚƷÖɟ̛ HHG ǌƺ!Ľǩ�

ЗLƷÖƮƺ"tɢJĔҊʞƈƷ̛Ćä丧̀JĔ�ǿcƌȞĒ̛đҊǩɒ̀

ÂL① 3.6 c!�ċạ½36ɣρ̛˻˪�©'ɢ�ɍҊ̛ɒ̀ɠɣŚLŠɍ

Ҋɒ̀"тϺɠŠɍġ�ɍҊЀʿ̛R̊ʄ˜JĔ�©ʞɢɒ̀ĝ̄ğɷǩĆä"

0ƈƷ̛Χ为ğɷǯť͛LɚƷÖʃd, 1L-MoS2 ̛Ʃҙ�ȳ,ʄ"ǿcƌ¿

Êƈт3ɖҨ专ϒͺΰĻϬϱ��

ĺǿc̛ƞz]Ñ"Hanzhe Liu ͛Vѥ̋ňLÙ丧̆ϱ̛êͽ«ʝŃ[7]ʄϧ

ѦŠɍġ�ɍҊЀʿJĔ̛ʆäǩВ[36]�ϷʝŃ̛ɲɈǩϠʲJΚϋƩҁУ上

’ɋƋ不͋"EƓɢƩ°У上ĺЀʿăƋ7НË;Ɖz̋"б，ŭĊĺ'6ΧƩ

+ϛ�ļÙ丧��
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① 3.6  íƗ MoS2 7 HHG ƈíЯƷƠ̈�З�a. íƗ MoS2 7 HHG ЅҗƷƠ̈Ćä; b.

đҊ HHG R̡̛̀ƈĆäǩ�ЗLƷÖ; c. ƈđҊʞЀʿǩȞĒǛË̛ɒ̀��

 Figure 3.6 Dependence of HHG emission on applied strain. a. Evolution of the normalized HHG 

spectrum under tensile and compressive strain; b. The relative change in HHG intensity as a 

function of strain for representative harmonics (colored dots) and the linear fit (solid lines); c. The 

absolute value of the slope for each harmonic. 

:GȺ̽ЀʿR̛̊ɼÌ"ǿc事��ϲ+щ̛êͽ«ʝŃɲɈ"òĺ7ǟ����������������������

Ăˡƈ͈̰Β̛wͩ"ͦ ŭĺ�ļ7̛Ù丧与Û̍ΧƩγɋġЍѧɬ̀¦ĔµŽ"

ò�

																																																																Éù,¡ { =
ñåù(¡, {)
ℏñ¡

−
=
ℏ
I×€ù ¡, { … . ……… .…… . . . . (3.5)	

©7›:̏ŭʿã̛Ζ丧ƺ"¡:ʿ̩"≥:�ļ̛̏ļ¿为"Μå’€Ä¿Ê`�

ϖΧƩγɋ’Ѝѧɬ̀�ʑȮɨwƈ͈ǩҒÌ"�ɍҊЀʿ;Ϡ̍Ѝѧɬ̀Џ˿

ΜŠɍҊÄ互ƺ�ЗLΧƩγɋ"Μт3Λѣlҗ̦ŗ̑ɗỪƷÖΜɄĆ ①

3.7!�:GɭŽ为Ļ¿ʈ"ǿcʑȮΧƩγɋġЍѧɬ̀ĺÛ为͏ҁ7̛ƈ͈

ǩƌŵc̋'ͩÂʻ̦ K-Γ-K'ɖė̛Ѐʿϖ̽�

																																																					€ ß = €Ö

Ö?}ó

Ö=0

Ω�Ö Ößì 	… ………………… . … … . . . . (3.6)	

																																																															å ß = åù

ùfifl‡

ù†4

Q|Ω Ößì 	…………… . . …… .…… . . . . (3.7)	
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тѧ"ì :ɨʒƫɍ, åù ’ €ù¿Ê:͙'ʃƉƩ̛ΧƩγɋġЍѧɬ̛͙̀ n

Ҋ�ѧďıŭ�ĺт̈́êͽ«̛Ŕ̆ɖʼ7"ƤͽˤăËƉƩ+̛̏ŭʿã̛Û

ÖŴˡäa’ĖΆă̛̊互ʞЀʿR̊ѣ.€ù ’ åừªwɍ�ƃÀ̡§��

 

① 3.7  íƗ MoS2 ΧƩγɋ’Ѝѧɬ̀ƈƷƠ̈�З� a. ΧƩγɋ§ͩ; b. Ѝѧɬ̀ĺ*

̈́ƷÖʃd,̛Ćä� 

Figure 3.7 Dependence of band dispersion and Berry curvature on applied strain. a. Evolution of 

band structure%b. Berry curvature under three strain conditions. 

① 3.8 a-b!ƙ̛̽ɢ€ù�’�åùҗƷƠ̈Ćäǲ¶�ǿc̋ʍ¹Ƣsʄ`ϖ

3ɍƠ̇Ȫκǲ¶"ɭƍ̛sϺɠɍȮ˪�́ưĽ�̛͋ƺПƍ"ǎ n ŏŚɟ

lм丧Ϙº"ɬǐ˼ɭưŁ�Κϋ̏ŭʿã事�ϛ�ļ\Û为͏ҁ̛ K ’ Kʹ

˪ˤăËƉƩ"Ȅa K ’ Kʹ˪ҍп̛ΧƩγɋ§ͩƷϷНËɰ§Ѻ̛z̋"Μ

тѢ¿ċaĊ̍ŠɍҊ̛åùϖ̽ ① 3.9!"ĺöΑƷÖ,"ΧƩγɋ̛ŠɍҊ

Ѣ¿ġЍѧɬ̀ƈƷ̛sºƍ"тϺɠɭưŁ̛ΧƩγɋ’Ѝѧɬ̀ɲÜLŏŚ

Ʃ°У上̛Џ˿"ƉΰЀʿǌƺŏǌ��

ώ˱̠Ϣ̛êͽ«ʝŃі不¿ʈ̏ŭĺíƩ+̛ÛÖŴ不͋ċaŽǩĻϧ

Ѧ HHG Ѕ̛;ϠĆäϣǙ"tɢ̍Lǥ̓GƩҁУ上"©ɚʼϧѦѢ¿̛ſӁ

Jſ�ʪŦϺ"ĺ 1L-MoS2 7"Ʃ°У上ɼÌ7Ѝѧɬ̛̀z̋ɢ。¡'6Ă

ƫ̛ưҨ°̏，"̏ ，ɖėł̠L¡Ƌ�̛̏ļɖė�—	 ∝ 	 ß	×€ ∝ 	I	×€ "Ɖΰ

�ɍҊЀʿ̛ł̠¿为"ΜɚʼϧѦſӁ7ϢƆË̛ưϒ¿为"ϺɠƩҁУ上不

͋ǠJċƎ��
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① 3.8  ƷÖƈ̏ŭÛÖŴ̛Ͼȴ�a-b. Ѝѧɬ̀’ΧƩγɋĺ*̈́ƷÖʃd,̛�ѧďͲ

ɍıŭ"ȹ①:ɍȮ˪̛ʍ¹Ƣ; c. �ļz̋,ϛˤăËƉƩ̛̏ŭɍ"ȹ①:ɰŚˤă̏

ŭɍ ({ = 60	fs) җƷƠ̈Ćä; d-f. { = 60	fs ɟϛˤă̏ŭĺÛ为͏ҁ7̛¿Ʀ� 

Figure 3.8 The modulation effect of strain on electronic dynamics. a-b. Fourier series coefficients 

of Berry curvature and the lowest conduction band dispersion with strain of -1.4%, 0, 1.4%. 

Standard deviations of data points are displayed in the inset; c. Number of electrons excited to the 

conduction bands during the laser pulse. The inset shows the maximum value of excited electrons 

({ = 60	fs) as a function of strain; d-f. False color representation of the momentum space resolved 

distribution of the excited electrons at { = 60	fs. 

:GϺɠƩҁУ上̛z̋"ǿc̮͎G̏ŭĺÛ为͏ҁ7̛ÛǦ¿Ʀ�事�

Ϫ͠GϛˤăËƉƩ+̛̏ŭǪɍҗɟҁ̛Ćä"Ŧ① 3.8 c!Ȅ̽�ċạ½"

җ̦ɨʒɃΑ"ĺʨê6�Ŵğɷ°ɲɭŘ̛̏ŭϛˤă"ΜĖŚŘɍ̛̏ŭ

lİǍňǦ�тϖɠĺöΑƷÖ,"lɲɭŘ̛б，ŭϛˤăËɭ互̛ΧͲ Ʃ

ҁУ上!ȀΛĺÛ为͏ҁ7ɲɭƳ̛҅¿Ʀçņ Ʃ°У上!�ΜĖ"ǿc¿ʈ

GĺJĔƷÖǲ¶,	{ = 60	fs ɟÏÛ为¿万̛̏ŭ¿Ʀ"Ŧ① 3.8 d-f!Ȅ̽�

ĺʨ̈́ǲ¶,"ŚŘɍ̛̏ŭϛˤăËƦѧ：ç̛ K�’�K' Іҍп"ϳſG

ǿc]Ñ̛�ϲ�ĺöΑƷÖ,"̏ŭĺƦѧ：ç̛¿ƦθĴɭƳ"Ĕɟĺʨ6
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Û为˪+ˤă̛̏ŭɍɭŘ"ΜĺȜrƷÖ,ǲ¶̡Ă��

ňLa+;ʊ"ǿcϫ:öΑƷÖĺ}ΧƩγɋġЍѧɬ̀ĆưŁĖ"'ɖ

ҨlƉΰб，ŭĺÛ为͏ҁ7与Ư̂àńĆv"ƉΰJĔ k˪]ҁ̛Ʃ°У上¼

̀ĆŚ�Ĕɟ"ı:ĺ'Ž̛Χ为͓Ĉ°ɲɭŘ̛̏ŭǦ¿Ʀ"ȄaɲɭŘ̛б

，ŭ̍ƩҁУ上ϛˤăËƉƩ�ĉ'ɖҨ"̍Lб，ŭō�ɈƷ"ƩҁУ上ŏǌ

Ɖΰ̛ɭ互̛б，ŭƃƺýl专'ʣĻ}ΧƩγɋġЍѧɬ̀ưŁä"\Μŏǌ

Ʃ°У上�Ȅa"Ʃ°’ƩҁУ上ĺ 1L-MoS2 ЀʿеƋ不͋7НËGìĔz̋��

�

�

 

 

 

 

�

① 3.9  ƈ͙'ʃƉƩ̛γɋ§ͩ专ϒ�ѧďͲɍƙǁ"Ʋ¿ϧ:ŠɍҊġ�ɍҊ3Ѣ¿� 

Figure 3.9 Fitting of the lowest conduction band dispersion for strainless structure by Fourier 

series expansion that contains both odd and even-order spatial harmonics and the relative 

contributions of either odd or even order series. 



͙ 3 ͖ K·ʀɑ7̛互ʞЀʿR̊ 

43 
 

ȳ̦"ǿcі不ƌđҊЀʿ¿ϧ:ł̠ġưϒL¡Ƌ�ļʆäɖė̛¿为"

¿ʈƩ°’ƩҁУ上̡̛ƈЏ˿� ① 3.10 a!!�]ÑȸË"ǿcċaƌ�ɍ

ҊЀʿ̛ł̠ġưϒ¿为¿Ê.Ʃ°’ƩҁУ上ǀ͔͟í̛ƈƷ§ͩ�\① 3.10

 b!ċạ½�ɍҊЀʿł̠¿为̛ǌƺ 5·‚„!且且ŚL©ưϒ¿为 5·‰„!"

ƈLKʞЀʿ"ł̠¿为ïǪǌƺ 5ÂÊÂ‰Á!̛ 65%a+�тϺɠĺЀʿR̛̊不

͋7Ʃ°У上̛z̋ï;Ɖ"тEɢ:W[ĺÑV̛ƞz7X̋ňLƩ°У上̛

êͽ«ʝŃƓΧʪвťĻϧѦſӁ;ʊ�ĔɟǿcċạË"ĺöΑƷÖ,"ư

ϒ¿为Ȅï̛ʪ~ 56cË 5abacd!ÙŚ"Ϻɠ©ΧŏŚƩҁУ上̡̛ƈЏ˿�ĺ

3%ɨʒɃΑ̛ǲ¶,"ƩҁУ上̛Џ˿Ƥͽ三Ë 35%ƟĎ"ĺЀʿR̊7Jċ

ǥ̓��

�

�

�

 

 

 

 

 

�

�

① 3.10  Ʃ°’ƩҁУ上̡̛ƈЏ˿�a. ƌɚƷÖǲ¶,̛đҊЀʿ¿ϧ:ł̠’ưϒ

L¡Ƌ�ʆäɖė̛¿为; b. KҊЀʿł̠’ưϒ¿为̡̛ƈǌƺҗƷƠ̈Ćä"ĺȄ

ɲ̛ǲ¶,"ǪǌƺǍ'ä: 1. 

Figure 3.10 Relative contributions of intraband and interband transitions. a. Computed 

harmonic yields from unstrained 1L-MoS2 in the polarization basis perpendicular and parallel 

to the linearly polarized excitation; b. The perpendicular and parallel configurations of the 

2nd-order harmonic as a function of strain. Herein, the total intensity is normalized to be 1 for 

all strain conditions. 
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ǿc±Ȑ̟�Ьė① 3.6 (c)7 HHG Ѕ̛ĉ'6˻Ǖ"òđҊЀʿǌƺҗƷ

ÖĆä̛ɒ̀ĝ̄ğɷǩĆä"0ƈƷ̛Χ为ğɷǯť͛LɚƷÖʃd,

1L-MoS2 ̛Ʃҙ"~Ŧ͙'ҊĤƷ̛Ćäɒ̀͛L͙(Ҋ"Μт'ϣǙò}ĺɄ

Ć�ŭΧ为ɟ�˱ůĺ�① 3.11 ƙ̛̽ɢǎ�ŭΧ为: 0.24 eV�òͱ:£¿]

'�̛IÈɟ HHG ЅҗƷƠ̈Ćä"a’ȥ˲① 3.6 c!̡Ĕ̛Ž?ǛË̛đҊ

Ѐʿ̛ǩɒ̀"ĺϪ͠7Ҕ�ŭΧ为ɄĆŗ©ŵ�Ŵ—ɍ.Ñɏ'ΰ�ċạ

½"і不 HHG Ѕ̛ĆäċaƌƩҙIÈ̛�ǮȸĄ½ʄ���

�

�

�

�

�

�

ĉ'ɖҨ"ǿcƑ϶É̋ HHG ЅǛËΧƩγɋ§̡̛ͩ§�Ǯ�Ƥ̪̏ŭ

̛ɲɈВ为?∗:ΧƩγɋ̛KҊ�Ɖ"Ȅa©ƈΧƩǐ˼ʆ©ɉǸ"ıʢ"ĺ

DFT Ϫ͠7ƫƌ?∗z:ϖǕʀɑ̏ŭǩВ̛˺̆为]'�ȳ,ʄ"ǿcƙ̽Ŧ

xÉ̋ňLƷƠ̈ΧƩѨʇɖʼʄp͠?∗��

① 3.11  �ŭΧ为: 0.24 eV ɟ 1L-MoS2 ̛互ʞЀʿR̊�a. �ŭΧ为: 0.24 eV ɟ

1L-MoS2 ̛互ʞЀʿЅҗƷƠ̈Ćä; b. đҊǌƺҗƷÖĆä̛ɒ̀� 

Figure 3.11 High harmonic generation with photon energy of 0.24 eV. a. HHG spectra and b. 

slope evolution with the fundamental field centered at a photon energy of 0.24 eV under strain 

along the zigzag direction. 
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ƈLɚƷƠ̈ 1L-MoS2, �ϲĺ K ’�K'˪ҍпɰv̛ƉƩ’ɰ互̛eƩΧ

Ʃγɋ:пȖ˺Ń"ǎɲǝƍ̛Û为Ćäɟ"Χ为̛Ćä:�

																																																										∆I =
ℏ2 ß0 + ∆ß 2	

2?
−
ℏ2ß0

2	

2?
………………………… . (3.8)	

©7ß4 = 0,± _Î
Ïc

= (0,±1.34): K ’ K'˪ĺÛ为͏ҁ̛uΔ"? = ?4?∗�

ĺùŭíuÌ,"ǎ∆ß ≈ 0ɟ"ɲ	

																																																																																		∆I = 	
ß4
?∗ 	∆ß = T ∗ ∆ß ………………………… . (3.9)	

тѧT = •’
Ó∗":ĺÛ为͏ҁă̊u͉ɟΧ为̛Ćäɒ̀��

① 3.12 ƙ̛̽ɢǎƷÖƉΰ�͏ҁ̛ѽƺă̊Ćäɟ"K ˪ŔeƩҫ VBM!

ġƉƩƸ CBM!]ҁΧҙ̛Ćä"̍ ʢċaǛËǩȞĒĖ̛ɒ̀ͱ:T = 3.14�

ΚϋË VBM ’ CBM a¼A̡Ĕ̛丧͉̀Û"Ȅa3ΛƈΧҙ̛Џ˿ċaϫ:

̡Ĕ"EƓɢĺ VBM CBM!Ŕ̏ư̆ɲɈВ为ċap͠:?∗ = +•’
d
≈ 0.78.�ĉ

'ɖҨ"ǿcі不Ȗ˺ȞĒ K ˪ҍп̛γɋ§ͩʄǛË VBM ’ CBM ̛?∗¿

Ê: 0.61 ’ 0.55�ώ˱3̈́×ʼǛË̛?∗ƲJź¢̡͛"tɢċạ½ňLƷ

Ơ̈Ѩʇɖʼċaȸ�̡ƈċҧ̛̏ŭ;ʇ�Ǯ��

�
① 3.12  K ˪ŔΧҙҗ̦�͏ҁѽƺ̛Ćä� 

Figure 3.12 Evolution of the band gap at K point with strain induced momentum change in 

reciprocal space. 
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+щ;ʊϺɠɲċΧÉ̋ƷÖ�З̛ HHG ЅѨʇʀɑ̛̏ŭ;ʇ�Ǯ"~

ŦɺǕΧҙ�γɋ§ͩ͛�Vampa ͛VɮÉ̋'ʂǊ̛KʞЀʿz:ȋÛѨʇ

ZnO ʻ̦ Γ-M ɖė̛Ʃҙ¿Ʀ[52]�ƷÖ’Ǌļ̛z̋ѣɢ:wͩȸ�ǝȋ"ǿ

cȸ½̛ɖʼ̛jàĺL©¹̶ǩJ�ЗL�Ӂǩ̛ΧƩ;ʇ�ňLƷƠ̈Ѩʇ

ɖʼċaі不。¡ɭŖɽ̛ɈƷÙaźĪ�① 3.13 :ĺ 1.4%̛ȜrƷÖ,Ѣ¿

`ϖǩ̛Ѐʿǌƺƈ¡Ƌ�ʆäɖė̛�Зǲ¶�ʨ'Ҋ̛đҬǂǩѣđª˻γ"

ώ˱Ŧʢ"ǎ3Ҋ]ҁ̛Χ为Ƣǯť:IÈɟlĝ̡̄s̛ϣǙ"~Ŧ͙Kġ͙£

ҊЀʿ̛①ʏ:ͷ么˼"тġÑщɒ̀Ćä̛ϣǙ'ΰ�̆ϱ+"ʨ'ҊЀʿѣ

ʄήLJĔ̛̏ŭʿãĺÛ为͏ҁ7̛与Û"ĺт6不͋7lȼƩΧƩ;ʇ̛�

Ǯ�~Ŧ"You ͛Vɮĺ MgO 7É̋ HHG đҬǂǩ̛Ϧƺ¿Ʀ¿ʈǝϢ̛̏

ŭÛÖŴЪы[40]�ıʢ"ʨҊЀʿĺđҬǂǩ+̛ƢÊȀϰ`ϖGJĔ̛̏ŭ

ʿãЪыƲ0ċa̋ʄ专'ʣ̛ѨʇΧƩ̏ŭ;ʇ"т'Ѣ¿̛ƞzҠϠǿc专

'ʣȲͫ��

�

. 

① 3.13  íƗ MoS2 ̛Ѐʿǌƺƈ�ļʆäɖė̛�З� 

Figure 3.13 Dependence of HHG on laser polarization direction of 1L-MoS2. 
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ňLa+̮͎"ǿcҰϩі不ƷÖɄĆɨw;ʇɢϾȴ HHG R̀’̆ϧ©

ǝϢɼÌ̛ɲɈȅʦ�̍ LƩ°’ƩҁУ上ĺ HHG R̊不͋7НË̛ìĔz̋"

ĺöΑƷÖ, HHG R̀ɠɣȸ互�ǿcɠ̶½3̈́ÛÖŴ不̡̛͋ƈЏ˿"

òƩ°У上ƈµŽ HHG Ѕ̛ɎwǐЌ˻ǕНË;Ɖz̋"ΜƩҁУ上EJċȀ

Β"Ʋ0ĺöΑƷÖ,НË̛Џ˿ПʄПŚ�ʢŗ"ǿcȸ½ňLĵw HHG Ѕ

ċaѨʇ̏ŭ;ʇ�Ǯ"~ŦƩҙŚƍ�γɋ§ͩ͛�ɰ;Ϡ̛"ǿcƌ HHG

̛ŻϢϖ̄ġǝϢ̏ŭ;ʇ˻Ǖ γɋ§ͩ"Ѝѧɬ̀ưɎƺ!ǀ͔G̠ȳ̛Π

ͩƲ½ÛÖŴ①�"тƈɸʄϲϪ�jäĵwʀɑ7̛ HHG ȸ�Gǘť̛ǧ

Ц��

� � ���TĒËº4ñ}Ws~ĸþòı Ĩ³�

+εǿcȸË"互ʞЀʿЅ̛ǐЌ’©ĺŗ̑ȋÛ,̛Ćäχę̦ʀɑ°Ѣ

̏ŭÛÖŴ̛�Ǯ�̍L HHG 互ƺ�ЗL�ļ—ɍ"ǿcċaі不ɄĆ�ļʿ

ǐſ̄ƈб，ŭ与Ư̂ОǣϾȴ�ĺſӁ7"ƌ3ʂҳ̀�̡uƢ�ǌƺċϾ̛

�Ȫ�ćÙ ”γ�!ɢſ̄ʿǐϾȴɰ:͟íɡϒ̛ȅʦ]'"ϛƳʽĻƷ

̋Lʬw[121-123]"͛́ŭw[124,125]"’w̡ɨw[126-128]7 HHG ̛̮͎7�J不V

cƈ”γ�z̋,K·ʀɑ7̛ HHG ’̏ŭÛÖŴ不͋óȄ̪̉Ǝ�K·ʀɑ

̛;ʇ˻ǕZLw̡’ʬ̡]ҁ"̍ ʢȸ�G'6˾˻̛̮͎ưČ"©̏ŭÛÖ

Ŵ不͋ĺJĔʃd,¿Êªɲw̡’ʬ̡ʀɑ7̛˻Ǖ�~Ŧ"ĺíƗ̛ʰä̷

 BN!7"ǎ�̛ʆäɖėł̠LK·ưҨɟ"̏ŭĺſ͏ҁ7̛ЪыͥsL

ų͔ùŭ7̛̏ŭ�˱ Μ"ǎʆäɖėưϒLK·ưҨɟÄϖ̄½'αw̡ʀɑ

7̛̏ŭÛÖŴ˻Ǖ[129,130]�ıʢǿcƨɶі不̮͎ 1L-MoS2 ĺ”γ�z̋,̛

HHG ÷˕K·ʀɑ̏ŭÛÖŴ不͋.w̡’ùŭ¿ŭw̡̛ͩs’Ƣǂ]Ŕ��

ĺǿc̛ʝȞѧ"�ļ̍3ʂʆäɖėĽʻ̦ 1L-MoS2�K·ưҨ zigzag�ɖ

ė̛ňҳġK�ҳ�Ȫ�ćÙǛË ① 3.14 a!!"ʿǐċaȷщ:�

																																I { = I0 =óæ −
{ − {0

2

2ø2
Q|Ω 2{ + ÔQ|Ω	 22{ + ∆ã ……… . (3.10)	

©7ê互Ƃø: 12 fs�ňҳ�ŭΧ为ℏω = 0.32	eV"�ļĺ{4 = 60	fsɟÏ三Ëʆ

Ś�	I4 = 0.056	V/Å"ƈƷ̛�ǌ:5 = 0.09	TW	cm,+��ҳ�.ňҳ�̡̛ƈ
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ǌƺ β = E2/E1 :ċĆ—ɍ"Μ∆ãÄŽ?G3ʂΨ´]ҁ̡̛uƢ��

① 3.14 b-c!:*̈́�ļ̛ʿǐ’©ƈƷ̛ HHG Ѕ�ċạ½�ҳ�̛。

¡JtΧřŏǌЀʿǌƺ"сċaŏŚȂɓΧ�Ĕɟ"Ѕ̛ǐЌ互ƺ�ЗL3ʂ

�]ҁ̡̛uƢ�∆ã = 0.5Pɟ"ЀʿƜ̡ƈ¿͔"©ȂɓΧåc uL 16 eV ҍп�

Μĺ∆ã = Pɟ"Ѕ̛ǐЌɭÙхΆ"Ʋ½̄36ɠɣ̛ưČç"¿Êĺ 14 ’

22�eV ҍпȂɓ"ǿcƌ͙K6ưČ̛ȂɓΧŽ?:åc��ҠϠȤ½̛ɢ"̍L

1L-MoS2 ΧƩ]ҁ̛Χҙѣвƍ"ȄaЀʿЅƲɸ½̄�ʬ̡wͩ'ʏɠɣ̛Ѐ

ʿǌƺ̛,ґ ① 1.6!"тѧǿcϫ:ǎ̡丰3Ҋ]ҁ̛Ѐʿǌƺʪ~ŚL 	�

ɟÄ三ËȂɓΧ̛uΔ"ò©Ó = pfiÚA
pfi

≥ 10,�©75Ó,+�’�5Ó�¿Ê:͙ m-2�’

͙ m Ҋ̛Ѐʿǌƺ��

�

�

�

�

�

�

�

① 3.14  ”γ�ϾȴíƗ MoS2 7̛互ʞЀʿR̊�a. ”γ�Ͼȴ 1L-MoS2 7 HHG ̛̽

Ƿ①; b. *̈́`ϖǩ̛�ļʿǐ; c. ƈƷ̛互ʞЀʿЅ"①7͢Ş`ϖȂɓΧuΔ� 

Figure 3.14 Modulation effects of two-color pulses on HHG. a. Schematic illustration of 

1L-MoS2 illuminated by two-color pulses; b. Plot of the electric fields of the two-color pulses (red 

and blue), and fundamental pulse (black), the curves are shifted for clarify; c. Corresponding 

HHG spectra. Vertical arrows mark the position of cutoff energies. 
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事�"ǿcі不ɄĆíγ� ňҳ�!̛ ǌƺ̮͎ HHG R̛̀Ćä ① 3.15

 a!!�͙è'ҊЀʿR̀ƈ�ǌ̛�ЗŦ① 3.15 b!Ȅ̽"3Λ]ҁĝ̄ͱ

͔ɖ̛ƭʞ�З"т.Ƥɲ̛ſӁJſ̡'ΰ[36]�Ĕɟ"тϖɠĺǿc̛—ɍ

ϲŽ,�̏ĤƷ̛Ҧǝȋ˻ǩ"ı:ŦʊŔLǝȋç"͙ m Ҋ̛Ѐʿǌƺġ�

ǌ̛§ͩƷϷɴ\ m ʞƭ�З��

① 3.15  互ʞЀʿăƋƈ�ǌ̛�З�a. HHG Ѕҗňҳ�ǌƺ̛Ćä; b. ͙è'ҊЀʿR

̀ƈ�ǌ̛�З; c. 互ʞЀʿеƋҗ”γ�̡uƢ∆ã̛Ćä; d. ȂɓΧåJ.�ļƮƺɰŚ

� I ÓcÑҗ∆ã̛Ćä"ȹ①ϖɠǎ̡uƢĵŽ:∆φ = πɟ÷ˆƈ I ÓcÑĝǩ�З� 

Figure 3.15 Dependence of harmonic emission on laser intensity. a.�Dependence of HHG spectra 

on the fundamental laser intensity I; b. The yield as a function of laser intensity of the 11th 

harmonic; c. Calculated high-harmonic radiation as a function of relative phase between the 

two-color pulses; d. Evolution of cutoff energy and		 I ÓcÑ	as a function of ∆φ"the inset shows 

the dependence of cutoff energy on	 I ÓcÑ when relative phase is fixed as	∆φ = π. 

① 3.15 c!ɣ̛̽ɢĺÔ = 1ɟ"HHG Ѕҗ∆ã̛Ćäǲ¶"тѧǿc̋五

γό`ϖp̛͠ȂɓΧuΔ�ċạ½ HHG Ѕҗ∆ãĝğɷǩĆä"ğɷ:P0

̡ƈL∆ã = 0.5Pƈ͈¿Ʀ�ɰŚ’ɰƍȂɓΧƈƷ̛∆ã¿Ê:0 P!’0.5P"
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Ʋqҗ̦ЀʿR̛̀ŏǌ’ºǊ"ĺϷǲ¶,ȂɓΧåJą∆ã̛ϾÌƮƺͱ:

24%"Ž?:o = ˜‰¯	 ‹˘ ,˜˙˚ 	 ‹˘	
˜‰¯	(‹˘)

��

专'ʣ̛̮͎ϖɠȂɓΧåJ.�ļƮƺɰŚ� I ÓcÑƃÀ̡§�① 3.15 d!

ƙ̽GåJ’ I ÓcÑҗ∆ã̛Ćä�3ʃɬ̛ĆäРà̡'ΰ"ϺɠȂɓΧƈ”γ

�̡uƢ̛�ЗſҎ+ʄ˜L I ÓcÑ̛ɄĆ�ΚϋË36ͶĿʍƈƷ̛θĴJĔ"

ċaҰp3Λ]ҁĝǩ�З§ͩ�:Gñϳт'˪"ǿcі不ĵŽ”γ�̡u

Ƣ∆ã = P"ɄĆ̡ƈǌƺıŭÔ"ǛË̛ HHG ЅŦ① 3.16 Ȅ̽�ǿcƌJĔǌ

ƺ,åJƈ I ÓcÑ̛ǩȞĒƙ̽L 3.15 d!̛ ȹ①7�ĺ 1L-MoS2 7ϢƆË̛åJ

ƈ I ÓcÑ̛ǩ�З§ͩġ̟ÑſӁϢˉË̛w̡ĵwʀɑŦ ZnO�SiO2 7̛ϣ

Ǚ̡'ΰ[32,34]"t.ùŭʬw7̛ưɖ�ЗȂ˱JĔ[27]��

�

① 3.16  ȂɓΧƈ�ļƮ�̛�З�a. ǎ̡uƢĵŽ:∆ã = PΜÔĆäɟ̛�ļʿǐ; b. 

ƈƷ̛互ʞЀʿЅ"①7͢Ş`ϖȂɓΧuΔ� 

Figure 3.16 Dependence of cutoff energy on laser amplitude. a. Electric fields of the two-color 

pulses varying with the relative intensity of the second pulse β, here,	∆φ = π; b. Corresponding 

HHG spectra. Vertical arrows mark the position of cutoff energies. 

:GȺ̽ЀʿR̛̊ÛÖŴ不͋"ǿcƌ̏ŭ̏，�ƍʿĆȬ专ϒɟҳ¿ʈ"

і不ɟҳ¿ʈċaǛË̏ŭăƋɟҁ�Χ为�ǌƺ*Λ]ҁ̛§ͩ[131]"ϖ三:�

																																																						5¸ {4, 2 = ® { ˝a’,˛ { ì{ = ®˛ { ……………………… . (3.11)	
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																																																																											˝a’,˛ { = 2ˇ 2({ − {4) ………………… .… . (3.12)	

																																																																				ˇ ó =
1

B
Q|Ω ó =−ó

2 2B2 … ……………… . … . (3.13)	

©7"® {  :¤、 3.3!ƈƷ̛ǝϢ̏，"ˇ ó : Gabor ƍʿ¾ɍ�ǿc¿ʈ

G̡uƢ¿Ê:∆ã = 0.5P ’ ∆ã = Pт3̈́ǲ¶,ЀʿR̛̊ɟҳ˻Ǖ";ʊ

Ŧ① 3.17 Ȅ̽�ċạ½ɲa,¼6˻˪�事�"ƈLvҊЀʿċaĺ'6�

Ŵğɷ°еƋŘʞΜɰ互Ҋ̛ЀʿеƋĊĺ�ļ三Ëʆ�ɟȆlă̊�\©Χ为

¿Ʀ+ǿcċa̶Žв互̛ȂɓΧ̍	 I ÓcÑµŽ"тEɢÑщǩ�З§̛ͩʄ

˜�©ʞ"ҔGɄĆ�ǌŗ"�ҳ�̛。¡:O�Ŵğɷ°ʿǐ̛Ͼȴȸ�Gċ

Χ";ʊƉΰ HHG ЅЀʿ]ҁȀхΆȀ¿͔�ǎ∆ã = 0.5Pɟ"�ļʆŚ�ҍ

пɲ36̡丰̛;Ɯ ĺ① 3.17 a!7ǿcʍϮ: A ’ B!"Ɖΰĺê6�Ŵğ

ɷ°ɲ3ʂǌƺ̡п̛ʆͭŗΨ´R̊"ͥ sLùŭʬw"3ʂΨ´]ҁ̛Ưˎ

ƌƉΰЀʿƜ]ҁ̡ƈ¿͔[122]�Μǎ∆ã = Pɟ"�ҳ�̛z̋ɢŏŚ�ļɰŚ

� ① 3.17 b!7̛ A'!.©ŵɟÏ̏ļǌƺ ~Ŧ B'!̛ƢÊ�̍Lí6ʆ

ͭŗΨ´̛R̊"Ɖΰ HHG Ѕ̛ǐЌɭÙ�˝�	

ɭѨϠ̛ɢ"a+ă̄ϺɠͥsLĺùŭʬw7і不 HHG R̊ų̛͔ʆͭ

ŗҌ͆Ψ´"ĺK·ʀɑ7É̋”γ�ĔʏċaǛË'6�˝хΆ�ƙƂǘŚ̛

HHG Ѕ"\ΜμǛЭƾ˕ɧ̛О̬Ψ´[122,132]�ňL∆ã = P̛ HHG Ѕ"ǿcƈ

©͙K6ưČç̛Ѐʿ�ё�ѧďĆȬ"ċaǛË'6Χ为θĴĺʆͭŗ ~20 

eV!̛пų̛͔О̬Ψ´"Ψ´Ƃƺ: 2.28 fs� ① 3.17 c-d!!�ĺʢ]Ñ"

ĺw̡ SiO2 7і不ƈ HHG ЅΧ为θĴ: 18 eV�Ë�28 eV ̛Ѐʿ专ϒ˟ʿċa

ǛËΨ´Ƃƺͥs 470 as!̛ų͔Ψ´[133]�̟Ñ"ĺʬwZВ7ƤͽċaÉ̋

60 eV ̛ОƂưČçǛË̚予͆a,̛ų͔Ψ´[31]�ĺĵwʀɑ7ǵϠ三Ë̡п

̛ΨƂȀϰċaі不ŏŚ̏ļǌƺſ̄"tɢąҒLʀɑ̛ȫo҄�"̄ ҊʦϷ

̟ʍқa_ϻſШ�J不"ò}ĺĵw7і不 HHG R̛̊О̬Ψ´Jĺ̚予͆

a,"EɲϰŘ̋ʤ]Ļ�~Ŧ"©ċa̋Lĺʆ̛̬ɟҁƔƺ,ƈĵw7̛Û

ÖŴ专ϒ�ЅǾ�"ƌʆŚĻ�专ˤ��ŭ’̏ŭŴ̛ăƙ��
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�

”γ�̡uƈ̏ŭÛÖŴ̛ϾÌz̋ċaі不̏ŭĺÛ为͏ҁ7̛ſɟ¿

Ʀʄ̆ϧ�ĺ+εƞz7"ǿcƤͽϳɠGĺ 1L-MoS2 7Ʃ°У上ĺ互ʞЀʿ

еƋ7НËG;Ɖz̋�т̈́ǲ¶,"̏ ŭĺΧƩ+̛与Ûċa̋Ù丧̆ϱʄп

sȷщ"Ʀ（К̏ư̆ʿ̩ǩ�ЗL�ļ̛̩à[11,134]$�

																																																																													ß! { = −
=
Qℏ
Ÿ { + ß {4 ………………… .… . (3.14)	

① 3.18 a-b!¿Êƙ̽G∆ã = 0.5P’�∆ã = Pɟ̩à̛ʝ Ÿ({) a’ˤă̏ŭɍ

① 3.17  互ʞЀʿR̛̊ɟҳ¿ʈ�a. ƈ∆ã = 0.5Pɟ̛ HHG еƋ专ϒɟҳ¿ʈ; b. :ƈ

∆ã = Pɟ̛ HHG еƋ专ϒɟҳ¿ʈ, ①7̛五`ϖƈƷ̛�ļʿǐ; c. 	∆ã = Pɟ HHG

Ѕ͙K6ưČç7̛Ѣ¿Ѐʿ̽Ƿ; d. :ƈ c 7̛乘ǒѢ¿专ϒё�ѧďĆȬǛËО̬Ψ

´� 

Figure 3.17 Time-frequency analysis of the HHG spectra. Two relative phase conditions are 

shown as examples: a. ∆φ = 0.5π and b. ∆φ = π. The black line in each panel represents the 

corresponding electric field waveform%c. Part of the HHG spectrum that near the second plateau 

when ∆φ = π%d. The temporal profiles of the generated ultrashort pulse which is obtained by 

doing inverse Fourier transformation of the shaded area in c. 
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∆n	 =, җɟҁ̛Ćä�ċạ½3̡̈́uʃd,∆n	 =, ̛Ȫκǲ¶ƢÊчǂ"

tɢѣġđήƈƷ̛ Ÿ({) ƃÀ̡§�ƈ∆ã = 0.5P"ĺ�ļǌƺ三ËɰŚ�ɟ

∆Ö	 =, Ċɲ'6;Ɯ A'!’3�̛36вǊƜ ©7'6ʍϮ: B'!"Μĺ

∆ã = Pɟlɲ*6̡пǌƺ̛Ɯ"©736ʍϮ: A ’�B��

① 3.18 c-f!ƙ̛̽ɢĺ∆ã = 0.5Pɟ A'�B'’∆ã = Pɟ A�B ɟÏϛˤă

̏ŭĺÛ为͏ҁ7̛¿Ʀ�ċạ½ĺ A ’ A'ɟÏ"ŚŘɍ̛̏ŭѣϛˤă

ί 1L-MoS2 Ʀѧ：ç̛ K ’�K' Іҍп ① 3.18 c-d!!�Μǎ�∆n	 =, ĺĉ

'6Ɯ�uΔɟ"ƈ∆ã = 0.5P"̏ŭĆ:ʻ̦互ƈ͈ Γ-M ¿Ʀ"т.∆ã = P

ɟ̛ǲ¶Ȃ˱̡Ă ① 3.18 e-f!!�ıʢ"ǎ∆ã = 0.5Pɟ"̏ŭʿãĺÛ为

͏ҁ7̛与ÛЪыJlѨŖ"Μĺ∆ã = PɟÄċΧɲ3ʞ̡Ĕ̛与ÛЪы"т

lƉΰб，ŭĺƦѧ：çи̑Ŕ̛ɋƋŏǌ"\Μ}互Χ为�ư̆R̀ȸ互��

�

�

 

 

 

 

� �

① 3.18  б，ŭÛÖŴƈ̡ư�З�a. �ļ̩à̛ʝ; b. ϛˤăËƉƩ+̛̏ŭɍ̟; c-f.

˻ŽɟÏ̏ŭĺÛ为͏ҁ7̛¿Ʀ� 

Figure 3.18 Dependence of carrier dynamics on relative phases. a. Time evolution of the module of 

vector potential. b. The number of electrons excited to the conduction bands; c-f. False color 

representation of the momentum space resolved distribution of the excited electrons at different 

moments. 
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ǿcϫ:a+ă̄ċaŽǩĻϧѦĺ HHG Ѕ7½͙̄K6ưČç̛ùı�

̟Ñ:ʠ"36ȀΛŘ6ưČçĊĺ͊ɲʬw̛ĵǦ̡7ϛſӁϢƆË[135]�ĺ

ǘŘ̛̆ϱ̮͎ƞz7"Ř6ưČ̛½̄ϛǍıL̏ŭ\ɭ互Χ̛ƉƩͽ不Ʃ°

ȀƩҁУ上ίvΧ为ƉƩȀeƩΜǐǾ[57,136]�ɰп"Li ͛Vȸ½ĺ ZnO 7"且

́eƩҫ̛̏ŭċaϛÙ丧ίeƩҫ"тѢ¿̛̏ŭƌƉΰ͙K6ưČç̛½̄

[137]�ǿcϫ:ϛˤă̏ŭĺÛ为͏ҁ7̛Ъыƈ͙K6ưČç̛ǐǾНËGµ

Žǩz̋"ı:ĺJĔ̡̛uǲ¶,ˤăË互ΧͲƉƩ+̛̏ŭɍƢÊƲJɠɣ

 ① 3.19!"t̏ŭĺJĔ�ļʿǐ,̛与ÛЪыóJĔ��

�

�

��

 

 

 

 

 

 

① 3.19  JĔƉƩ+ˤă̛̏ŭɍ�a. ∆ã = P; b. ∆ã = 0.5P	ɟ˻ŽΧƩθĴ°̛ˤă̏ŭ

Ǫɍ�“CBM”ɢ͙'ʃƉƩ̛Α²"ıʢ“CBM+m to CBM+n” `ϖG\͙ m+1 Ë͙ n+1 ʃƉ

Ʃ+̛ϛˤă̏ŭɍ̛Ǫġ� 

Figure 3.19 Number of electrons excited to the selected conduction bands. a. Number of electrons 

excited to the selected bands with relative phase ∆φ = π and b.	∆φ = 0.5π. Herein, “CBM” is the 

abbreviation of “Conduction Band Minimum”, which has the minimum band index among 

conduction bands. Therefore, “CBM+m to CBM+n” means that the excited electrons are summed 

over the (m+1)th to (n+1)th conduction bands. 
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Έ+Ȅщ"ĺɺε7ǿcі不Ͼε”γ�̛ǌƺ�̡ uƢ͛—ɍſ̄GƈK

·ʀɑ7̛̏ŭÛÖŴ’互ʞЀʿR̛̊ОǣϾȴ�̮ ͎ϖɠ"̏ ŭʿãÛÖŴ

’ЀʿеƋƈ�ļ̛ʿǐ互ƺɉǸ�і不ɄĆ”γ�]ҁ̡̛uƢ"ȂɓΧċa

җ̦�ļƮ�ǩŏÙ"Ʋ0qҗ̦ЀʿR̀’ HHG ЅǐЌ̛ɄĆ�ĺϷƞz

7ǛË̛ɰj̛ЀʿЅƈƷ∆ã = P̛ǲ¶"©ǐЌ�˝хΆƲ0½̄G͙K6

ưČç"тɢĺK·ʀɑ7EċaR̊ų͔О̬Ψ´̛ɲÖϳɠ�ĉŗ"ώ˱ĺ

1L-MoS2 7 HHG ȂɓΧƈ�ǌ̛�З§ͩġw̡ʀɑ̡'ΰ"t©ЀʿăƋ̛

ɟҳ˻Ǖóġùŭʬw7̛ǲ¶̡Ĕ"ϺɠGK·ʀɑĺҦǩ�ļ,ªɲiŘ

ɕŠ̛�̏˻ǩ�Ǜǿc΄Ά̮͎� 
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� � ��ÇĂ�ď�

ňLęɟƃƺʽ¾̛͙'ǩù̆Ϫ͠ɖʼ"ǿcͩĻ̮͎GK·ʀɑ

1L-MoS2 7互ʞЀʿR̛̊ϣǙa’ǝϢ̛̏ŭÛÖŴ不͋��

事�"ǿcȺ̽GЀʿR̀ƈ̏ŭ;ʇ̛�З§ͩ"òưŁ̛ΧƩγɋ’Ѝ

ѧɬ̀ɲÜLЀʿǌƺ̛ŏÙ"©ɼÌĺLƩҁ’Ʃ°У上̛ìĔ�专z̋�ʢ

ŗ"ǿcȸ½"ċaÉ̋ňLƷÖʃd, HHG Ѕ̛ĆäѨʇΧƩ;ʇ"~ŦƩ

ҙŚƍ�γɋ§ͩ͛��

©ʞ"ǿcă̄K·ʀɑ7̛̏ŭÛÖŴ不͋ċaі不ɄĆ”γ�]ҁ̡̛

uƢ专ϒОǣϾȴ"©Ҧǩ�̏ĤƷ˻ǕZLĵww̡’ʬ̡]ҁ"ɣ̽½©

˾˻̛˺̆ǩВ�ǿcƨɶтPă̄ƈɸʄňLK·ʀɑ̛�̏ŭĮdɲ'Ž̛

ĚăġƪÜ�
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ă�Ă�ywùċćĆ4òEñ}e��

ĺ+'͖7"ǿcZͼGK·ʀɑ 1L-MoS2 ĺǌ�ļ于Û,R̊Ҧǩ互

Χ�ŭ HHG!̛ÛÖŴ①��ĺͽ«*ʣʝŃ7"©ƈƷ̏ŭ.ùŭʐ̛Ŗ

Ē不͋�Ҕʢ]ŗ"̏ŭ.ùŭʐ̛̹ȾElƉΰ互Χ̏ư̆R̊"ǎ̏ŭ ɴ

̤͏àńĖ�l\ʀɑ°ѢăƋ"ʢò:ǿcȳ,ʄƌϠZͼ̛�̏ŭăƋ不͋�

ĺɺ͖7"ǿcƌZͼ'·̻͵ͤ͡7�̏ŭăƋ̛ǝϢ不͋��

� � ��ėÁVč�

� � � ùċćĆďÎ�

̻͵ͤ͡"ý͈ƥň͡�buckytubes �©ă̄ɢҗ̦�C60 ̛̮͎Jɓ˒¡Μ

ſ̛̄�1991 Ʊ"ɜɺͅŴƀ Iijima ĺÌŕ C60 ̛不͋7Ƿŗă̄G'̈́ŘƗ͡

˼̛̻͵ͤ;ʇ"т̈́˾˻̛͡˼;ʇ̍ͥsḼƠ̋¥иǐΓʒǾ"ϛ͈:

̻͵ͤ͡[138]��

�

Figure 4.1 Classification of carbon nanotubes according to the number of tube wall. 

ƌíƗȀŘƗ̭Ő˸Ϳ7ǟЯȥ'Ž̛ϑɘϦôɬ"ċ¿ÊǐǾɚΏ�7͏

̛íő̻͵ͤ͡ single-walled carbon nanotubes, SWCNs!’Řő̻͵ͤ͡

 multi-walled carbon nanotubes, MWCNs![139]�'α̛"Řő̻͵ͤ͡ɢ̍Ř6

íő̻͵ͤ͡ĔǟƝŢΜǾ"̠ǖ'αĺ 1 nm Ë 30 nm ]ҁ"ƗҁҁФпs:

① 4.1  ȥ˲͡őɍ̟¿̛ͥJĔͥŃ̛̻͵ͤ͡� 
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0.34�nm"Ŧ① 4.1 Ȅ̽�ʢŗ"a̡п̛Ф́ƌ¼èʑų̛͔̻͵ͤ͡ȱÂН

ʄ"EċaǛË̻͵ͤ͡͡ʂ��

ʑȮ̻͵ͤ͡ȂҨ̛иǐ˼"íő̻͵ͤ͡ůĺ*̈́ͥŃ̛;ʇ"¿Ê:

ȌȅʙŃ armchair!�之ӇŃ zigzag!ġȅǩŃ chiral![140,141]�ſҎ̛̻͵

̛ͤ͡ѽƺɲҒ"ͱ:ǝͤ为Ͳ�̻ ͵ͤ͡ɹ͗ċΧůĺ̛̻ǱȣѺΜǾǁĈ˼

Ǧ"EċΧі不ȳ+ê6̅˼Ƅá˯ΜĝƊ乏˼Ǧ"*̈́«Ń̻͵̛ͤ͡ùŭ;

ʇ˻ǕŦ① 4.2 (a-c)Ȅ̽��

�íő̻͵̛ͤ͡;ʇͥŃ̍K·̭Ő˸̛ôɬɖ、µŽ�① 4.2 d!Ȅ̽

:'6ôɬÑ̛ưҨ̭ŐùŭƗ"©7}$ġ}+:̭Őùŭ҉Â̛ň̩"ôɬ̩为

§" = Ö}$ + ?}+ýϛ͈:ȅǩ̩为��§".}$̛şϦ#͈:ȅǩϦ�ƌK·̛̭Ő

ưҨʻȅǩ̩为§"̛ɖėôɬ"ċaǛË'6ȅǩȤʍ: n, m!̛íő̻͵ͤ

͡�ǎÖ ≠ ?ɟ"ƌǐǾȅǩ̻͵ͤ͡"ȅǩϦ#ŔL 0�ġ30°]ҁ�ǎÖ = ?,# =

30°ɟ": armchair Ń"̻ ̻Ѻ.7ǟЯł̠�ǎÖ ≠ ?,			? = 0,# = 0ɟ": zigzag

Ń"̻ ̻Ѻ.7ǟЯưϒ�zigzag ’ armchair Ń̻͵ͤ͡ýϛ͈:Ҧȅǩ̻͵

ͤ͡�ſҎ+"Ȅɲ.íő̻͵ͤ͡ùŭ;ʇ̡§̛¼x为ѣċa̋ȅǩȤʍ n, 

m!ħ'ȷщ"~Ŧ① 4.2 e!7̛̻͵ͤ͡Ɠϛħ'ʍϮ: 5"3!͡��

�

�

 

 

 

① 4.2  íő̻͵̛ͤ͡;ʇ’¿ͥ�a. ȌȅʙŃ; b. 之ӇŃ; c. ȅǩŃ; d. ̻͵̛ͤ͡;

ʇí�̽Ƿ①; e. ȅǩ:(5, 3)̛̻͵ͤ͡;ʇ̽Ƿ①� 

Figure 4.2 Classification of SWCNs. a.�Armchair; b. Zigzag; c. Chiral SWCNs; d. Schematic 

diagram of the unrolled honeycomb lattice of a SWCN; e. Atomic structure of (5, 3) SWCN. 
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� � � ùċćĆvÇ¢Į�

z:'̈́¹'·͵ͤʀɑ"̻͵ͤ͡ªɲВ为一";ʇ͌Ž͛j˪�Ǜ̝L

©˾˻̛ùŭ;ʇ"̻͵ͤ͡ĺÖŴ��Ŵ�̼̏Ŵ�äŴ͛¼6ɖҨĽɲ̦Ҧ

ƫƯ̥ϖ̄",Ҩƌ两'͟íZͼ��

 	!�ÖŴǩВ�̻͵ͤ͡7̛eѺ̻̍ùư̆ sp3 Ъ中ɽäΜǾ"ɢή˱̑ɰ

ǌ̛eѺ]'"ıʢ©ɢ̟ÑƤ̪Åƺɰ互�;ʇɰ͌Ž̛ʀɑ]'�ĉ

ŗ"˾˻̛7͏͚˼;ʇɲÜL̻͵ͤ͡і不w̛͇ĆäȎąŗ̑ƷÖ"

ΜJl½̄ŋǩǐĆ’ɓѺ͛�̻ ͵ͤ͡ϖ̄½jβ̛ǌƺ�ǋǩ’Ȕ̖

ßǩ"ċƳʽĻ̋zŖĒʀɑ̛ŏǌw[142]��

 
!��ŴǩВ�ʑȮΧƩȕćʝŃ"̻ ͵ͤ͡ƈJĔ�Ȫɖė�ư̆ěɃΧÖ

ɠɣJĔ[143]�\eƩËƉƩ̛̠ȳ�У上Ċă̊ĺǎ�ļ̛�Ȫɖėư

ϒL͵ͤ͡͡Я̛ɟ�"Μǎ�Ȫ�̛ɖėł̠L͡Яɟ"ąËû�ʆɈ

Ʒǌ˫ĻȑÌ"�ŴУ上̛¼̀ʆv[144]�É̻̋͵ͤ͡ƈ�ļ�Ȫɖė

̛ђȟǩ"©ċ̋zͭŗ�Ȫɨw̛ƽeɯ`Ģ�Ҕʢ]ŗ"̻͵ͤ͡ƈ

Ͱŗʿʦ̛еƋɲҦƫ互̛ɉǸǩ"ňL̻͵̛ͤ͡ͰŗȲˉĮĤƷ丧ƺ

ǣ�˨ɉƺ互�ɪ̏，ƍ"ªɲҦƫƳ̛҅Ʒ̋Ñɦ[145]��

 (!�̼̏ǩВ�ą为ŭҒņǒĤ"̻ ͵ͤ͡°—.ж与̛̏ŭXΧĺĔ'Ɨ̭

Ő˸7ʻ͵̛ͤ͡Яė与Û�ƈLíő̻͵ͤ͡"©̏ŴǩВ互ƺ�ЗL

ȅǩġ͵̠ͤ͡ǖ�ǎȅǩȤʍ m ġ n ̛Ƣ�ǯť: ( ̛Ɏɍ�ɟ"̻

͵ͤ͡ƌϖ̄½主ƚȀê主ƚǩ"ĺ©ŵʃd,"ƌϖ̄:êƉwǩ�ƈ

êƉwŃ͵ͤ͡"©Χҙҗ̠ư̈̄ŏÙΜºƍ"ĺŚêǖǲ¶,Ć:Ҟ"

ĝ̄½主ƚǩ�тP˻ʥ̛ǩВ}̻͵ͤ͡ĺ͵ͤ̏ŭŴ7ąËƳʽ§ˀ��

 )!�äŴǩВ�íő̻͵̛ͤ͡ʪϖҨ͇Ҧƫ互"©ϖҨċaz:̆ǵ̛ʬw

äŴěҍҨ"ɢˢĺ̛�ʮ��Ѷʀɑ[146,147]��

̻͵ͤ͡˾˻̛;ʇ˻Ǖġjǂ̛˺̆äŴǩВ"}©ªɲβť̛ļăƋǩ

Χ�íő̻͵̛̠ͤ͡ǖċaƍË 1�nm ƟĎ"ĺ©ê̅ǐ̛Ƭ͗ҍпƖņ̏ļ

ϛʆŚŏǌ"тƌƉΰвŚ̛̏，ƃƺ�Ĕɟ"©äŴǩВ͌Ž��ȫo҄�互�

ɼʘǌƺ互�̤͏ƺϠʲv"ɢj̛͂ļăƋ˜�ĺɺɏ 1.4.2 ε7ǿcƤͽƈ
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Оǣ�ļ,̻͵ͤ͡7̛̏ŭăƋ�G͟ϠZͼ"ĺʢJ±Ищ��

ĺȳ,ʄ̛°Ɓ7"ǿcƌƈǌļ,êƉwŃġ主ƚŃíő̻͵ͤ͡7̛̏

ŭăƋÛÖŴ不͋�ͺΰ¿ʈ"ZͼŻϢ̏ŭăƋϒ:ƈ̻͵ͤ͡ùŭ;ʇ’̏

ŭǩВ̛�З§ͩ"Ʋ½̠Ϣ̛ſ͏ҁ①���

� � ��ŀ�bZ�=uywùċćĆÔuòÎ��

ǿcaêɚҒѽ̛êƉwŃ 10"0!͡’主ƚŃ 6"6!͡:ʝŃƙǁϪ

͠�36̻͵̛ͤ͡'͗і不ȳ+ê6̅˼Ƅá˯ΜĝƊ乏˼Ǧ"ĉ'͗É̋ʮ

ùŭҺġ̛̻ǱȣѺ"ùŭǾ¿Ê: C200H10 ’ C192H12"êǖ¿Ê: 0.78 nm

’ 0.81�nm�͡ѽͱ: 2�nm�① 4.3 ƙ̽Gт36ʝŃw̛ͩùŭ’Ƭ͗ǐЌ���

�

 

 

36ɲҒѽ̛͵ͤ͡Ĳͣ.©ƈƷ̛'·ɚҒѽ͵̛ͤ̏͡ŭǩВŦ① 4.4

 a-b!Ȅ̽�ċạ½��ʝŃä̛ĲͣwͩċaǘťĻŖ̄'·͵̛ͤ͡;Ϡ

̏ŭ;ʇ˻Ǖ"~Ŧ̏ŭǦƃƺʆ�˪"òθҡŜŠ˪ van Hove singularities" 

vHSs!ƈƷ̛Χ为uΔa’w̛ͩƩҙŚƍ͛�J不"̍ L͵ͤ͡͡Ƭ̛ůĺ"

ҧпДͤΧͲҍп̛̏ŭǦƃƺ̛ǌƺ’uΔlҗ͡Ƭ̛ǐЌΜɄĆ�ΜтPƖ

ņ̛̏ŭǦ¿Ʀ’©Қ͐¼̀l˒ÏǒĤ̏ư̆ăƋ不͋�Ƥɲ̮͎ϖɠ"ƈL

ƩƬ̻͵ͤ͡"Қ̛͐̏ŭ;ϠʄήL͡Ƭ[26,73]�ǿca 10"0!͡:~"Ϫ

͠JĔΧ为θĴ°Ɩņ̏ŭǦãj(R)̛̏λƃƺ–j(R)ĺſ͏ҁ̛¿Ʀ"Ŧ① 4.4 (c) 

① 4.3  êƉwŃ 10"0!͡’主ƚŃ 6"6!̛͡ùŭ;ʇ� 

Figure 4.3 Atomic structures of semiconducting (10, 0) and metallic (6, 6) SWCNs. 
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Ȅ̽�①7–H	’�–V¿Ê`ϖҧпġ且́eƩҫ valence band maximum, VBM!

̛¿͔̏ŭǦ̛̏λƃƺʲġ"ȄƚΧ为çҁ¿Êĺ−1	 ≤ Ij − I&≤' < 0	eV�’

	−2 ≤ Ij − I&≤' < −1	eV�ǘɠɣ̛"–H	’–V¿ÊƖņĺ͵̛ͤ͡͡Ƭġ͡Щ��

�

�

 

 

 

 

 

� � ��ċćĆ4Eñ}e�òWs~ĸþ�

ȳ,ʄ"ǿcі不ėwͩģƃү为。¡ѽƺϣθ,̛̏ļʄʝȞ̻͵ͤ͡7

�̏ŭăƋ̛ÛÖŴ不͋��Ȫ�̛ʆäɖėʻ̦͵ͤ͡Яė z ɖė!"Ŧ

① 4.5 Ȅ̽�Ψ´ʿǐ[:互ɔʿãã�

																																																	I { = 3 Q|Ω 2{ =óæ −
{ − {0

2

2ø2
… ……………………… (4.1) 

©7"Ψ´Ƃƺø’�ŭΧ为ℏ2¿Ê: 4 fs ’ 3 eV, ƈƷ̛ʿѽ: 410 nm��ļ

ǌƺĺ{ = 15	fsɟÏ三ËɰŚ�3� 

① 4.4  ɲҒѽ’ɚҒѽ'·íő̻͵̛ͤ̏͡ŭ;ʇ�a. 10"0!̏͡ŭǦƃƺ¿Ʀ%b.

 6"6!̏͡ŭǦƃƺ¿Ʀ; c. 10"0!͡7Ɩņ̏ŭǦĺſ͏ҁ̛̏λƃƺ¿Ʀ� 

Figure 4.4 Electronic properties of semi-infinite and one-dimensional SWCNs. a. Normalized 

DOS spectra of (10, 0) nanotube; b. Normalized DOS spectra of (6, 6) nanotube; c. Spatial 

distribution of charge density –H	and –V  of (10, 0) nanotube. 
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�

 

����íͦŭʿ¾ɍãj R, { ȄƈƷ̛ TDKS ɖ͋ǐ、:��

							�
ñ

ñ{
ã� ö, { = −

1

2
h2 + É=ó{ ö, { + É`}ö{ö== Ö ö, { + ÉóQ Ö ö, { ã� ö, { . . … … . (4.2)	

©7"ÉeÑa R, { = −I { ∑�̍ʢċǛËɟҁ’͏ҁ�З̛̏，ƃƺ�

																										®	 ∑, { = −
�ℏ

2
ã�
∗ ∑, { hã� ∑, { − ã� ∑, { hã�

∗ ∑, {
ß

… ………… . … . (4.3)	

ǿcђĄ'6ł̠L͵ͤ͡ЯƲФ́͡Ƭҫ˪ 2.0�Å Ŕ̛ɚҒŚưҨ S"ƈ͐

不ϷưҨ̛̏，�͏ҁ͇¿ǛËҗɟҁĆä̛ǝϢ̏，�

																																																								5 { = 	®	 ∑, { ⋅ ì)
Ω

… ………………… . … . … ……… . (4.4)	

ƈ5 { ��ѧďĆȬ"ċǛËăƋ̏ư̆ÛΧ¿Ʀ�

																																																										5 2 = ì{	5 { =�2{ … …………… . … . … …………… . (4.5)	

ƷǎˀǷ̛ɢ"іƫĺſӁ7ˉ为ǛË̛�̏，R̀̍̏ŭ̏́¼̀’ϛ̏

́̏ŭĺ�ļ7̛ȪκÙ丧36不͋¦ĔµŽ�ıʢ"ƈ�̏ŭăƋ̛¹̶̆ϱ

ȷщϠʲ̏，̛ȲˉҨ S且́Ƭ͗ίƎ 1 nm ƟĎ[148-150]"˱Μ"ąҒL̟Ñ̛

Ϫ͠ΧÖa’͠ʼ̛͌Žǩ"ǿcĊϬϱ̏ŭăƋ̛ɝɷҊʦȄͽỡÛÖŴ不

͋��

① 4.5  íő̻͵ͤ͡7�̏ŭăƋ̛ʝȞ̽Ƿ①� 

Figure 4.5 Schematic illustration of photoemission from SWCNs. 
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① 4.6 ƙ̽GJĔ�ļǌƺ, 10"0!͡’ 6"6!̛̏͡ŭÛΧЅ"ċa

̣½3Λ̛ϖ̄ƢÊơŚ�ǎ�ļǌƺвƍɟ 3 < 0.3	V/Å!" 6"6!̛͡

Ɯ�ǌƺ̓互L 10"0!͡ "Ϻɠʢɟ\主ƚŃ͵ͤ͡7̛̏́̏ŭR̀в互�

˱Μ"ǎ专'ʣ̛ŏŚ�ļƮ� 3 > 0.3	V/Å!ɟ" 10"0!͡7̏ŭR̀Ǩ

ÒŏÙ"Μ 6"6!͡7̏ŭR̀ȳпҺġ�ǿcƌJĔǌƺ,̏ŭÛΧЅ̛Ɯ

�Ϫĺ”ƈɍĿʍЯ7"͈: I-3ɬ ① 4.6 c!!�ċạË".ſӁ7

ϢˉË̛;ʊ̡'ΰ� ① 1.14 a-b!!"җ̦�ļǌƺ̛ȸ互"ĺêƉwŃ 10"

0!͡7 I-3�ɬɒ̀ŏŚ"ƈƷҦǩƭʞ̛ȸ互"Μ主ƚŃ 6"6!̛̏͡

ŭăƋϒ:.n̛主ƚ͵ͤ;ʇ̡Ĕ"ѣqҗ̦ I-3ɬɒ̛̀,ґ��

�

�

�

�

�

�

�

:GȺ̽�̏ŭR̛̊ÛÖŴ不͋"ǿcі不ƈ�̏，�ƍʿĆȬ专ϒɟҳ

¿ʈ��

																																																																5¸ {4, 2 = ® { ˝a’,˛ { ì{ = ®˛ { ………… .…… .… . (4.6)	

																																																																														˝a’,˛ { = 2ˇ 2({ − {4) ………… .…… . . … . (4.7)	

																																																																						ˇ ó =
1

B
Q|Ω ó =−ó

2 2B2 … ……… . … . … . . … . (4.8)	

① 4.6  JĔ�ļǌƺ,̛̏ŭÛΧЅ’̏，ăƋɬ�a. êƉwŃ 10"0!̛̏͡ŭ

Χ为¿Ʀ; b. 主ƚŃ 6"6!͡ ̛̏ŭΧ为¿Ʀ; c. 36͵ͤ͡7̏ŭR̀җ�ǌ̛Ćä� 

Figure 4.6 Optical-field dependent of electron kinetic spectra and photoemission current. a-b. 

Electron kinetic spectra for a. semiconducting (10, 0) and b. metallic (6, 6) SWCNs; c. Double 

log plot of photoemission current for the two SWCNs. 
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① 4.7 a-b!¿Ê:�ļƮ� F : 0.1 V/Å’ 0.5 V/Å̛;ʊ�ĺǊļʃd,

�0.1	V/Å)"36͵ͤ͡7̛̏，R̊ѣˮĻ�ЗL�ļʿǐ"Ʋ0ĺăƋ不

͋7 6"6!̨̛͡ɟ̏，R̀互L 10"0!͡"ıʢϖ̄½主ƚŃ͵ͤ͡ĺ

vļǌ,̛;Ɖz̋�ĺʆǌļ,"ǎ�ļ三ËɰŚƮ�Ė { = 15	fs!êƉw

Ń 10"0!̛͡Қ͐̏，ǨÒŏŚ"Μ主ƚŃ 6"6!̛̏͡，ăƋ;Ϡă̊

ĺ�ļƜ�]Ñ��

�

�

 

 

  

 

�

�

�

① 4.7  JĔ�ļǌƺ,ƈ�̏，̛ɟҳ¿ʈ�a-b. 3 = 0.1	V/Å; c-d. 3 = 0.5	V/Å; 

①7五γſ`ϖ�ļʿǐ"ĺ{ = 15	fsɟÏ三ËɰŚ�"̋ł̛̠όϖ̽� 

Figure 4.7 Time-frequency analysis of photoemission current under different laser 

amplitudes. a-b. 3 = 0.1	V/Å; c-d. 3 = 0.5	V/Å. The black line in each panel represents 

the laser waveform, which reaches its maximum strength at { = 15	fs, as indicated by the 

vertical dashed line. 



͙ 4 ͖ íő̻͵ͤ͡7̛�̏ŭăƋ 

65 
 

�̏ŭăƋƈ̏ŭˤă̛�З§ͩċaі不Ϫ͠Ǫ̛ˤă̏ŭɍϳſ"Ŧ①

4.8 Ȅ̽�.+ɏ;ʊ̡ήˇ"ĺǊļе˲,"ɭŘ̛̏ŭ\ 6"6!͡7ϛˤ

ă"˱Μǎ�ļǌƺО不 10"0!̛͡Қ͐҄�ɟ"ǲ¶ă̊ĂЬ�Ĕɟ"ĺ

 6"6!͡7ˤă̏ŭɍ三ËҺġɟ 10"0!͡[�Ȣ̦ȢΆĻ̏ŭˤă"т

Ϻɠĺǌļ,3̈́͵ͤ͡7̏ŭˤă̛ɼÌJĔ��

�

�

 

 

 

 

:G专'ʣ̆ϧ̏ŭĺ�ļ,̛ÛÖŴϒ:"ǿc¿ʈG{ = 21	fs	ɟÏ¿͔

̏ŭΧͲ̛б，ŭˤă�① 4.9 a-b!¿Êƙ̛̽ɢ(10, 0)’(6, 6)͡ĺ*6�ļ

ǌƺ,̛;ʊ�ĺ0.1	V/Åɟ"3̈́͵ͤ͡ǛËġŝû̏ŭΧͲ̛Χ为Ƣѣ͛L

¡Ƌ�ŭΧ为"ϺɠʢɟƈƷŘ�ŭ̏́不͋�ĺ 6"6!͡7"ŚŘɍϛˤă

̏ŭʄ˜L͙'θҡŜŠ˪ҍп̛̏ŭǦ"тP̏ŭǦɭҧп̤͏ΧͲƲ0̡ƈ

 10"0!͡ɲɭŚ̛Қ͐¼̀"Ɖΰ©ɲɭ互̛̏，R̀��

ǎ̏ļƮ�О不0.3	V/ÅĖ̏，ăƋɬƌ专¡ʆ互Ҧǩɒ̀çņ"ʢɟ

̏ư̆̏́ɼÌƌЬĆ:ļΰҚ͐"Ʋ0ċaă̊̍eƩ̛̠ȳҚ͐�ĺϷçņ

°"̍Lɭ互̛ïȮǦΧͲҨƈ̛̤͏àńП͒"ıʢҚ͐¼̀П互�җ̦̏ļ

Ʈ�̛ȸ互" 10"0!͡7Џ˿Қ̛͐̏́ɰ互ïȮǦJɓĻėeƩҫ͉Û�

① 4.8  JĔ�ļǌƺ,̻͵ͤ͡7ˤă̏ŭɍҗɟҁ̛Ćä�a. 3 = 0.1	V/Å; 

b. 3 = 0.5	V/Å�①7͢Ş̋ʄʍϮɰŘб，ŭϛˤă̛ɟÏ� 

Figure 4.8 Time-evolution of the number of excited electrons in SWCNs under 

different laser amplitudes. a. 3 = 0.1	V/Å; b. 	3 = 0.5	V/Å. The arrows are used the 

label the time that most of carriers are excited. 
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ıʢ"ĺϷ不͋7"JtɲɭŘ̛̏ŭϛˤă"Ĕɟϛˤă̏ư̆Қ͐¼̀Eĺ

ŏÙ"3Λѣƈʆ互̛Ҧǩɒ̛̀R̊НË§Ѻǩz̋�ĂϢ 6"6!͡";

Ϡ̛ˤă̏ŭǦϛ举ȇĺ͙'θҡŜŠ˪"ɭ互̛�ļǌƺĊΧŏÙϛˤă̏ŭ

ɍ�ıʢ"ώ˱�̏，̛R̀җ�ǌŏÙΜǺŏÙ"tóJl½̄ͥsL 10"

0!͡'ʏ̛О互Ҧǩɒ̀��

�

�

 

 

 

 

�

�

êƉwŃ 10"0!͡.主ƚŃ 6"6!͡ĺб，ŭˤă+̛JĔϖ̄̍©

˾˻̛ΧƩ;ʇ’�ŴђȟǩУ上¦ĔµŽ�① 4.10 ƙ̽G36͵̛ͤ͡Ɩņ

̏ŭǦ̛Χ为¿Ʀ’̡Ʒ̛У上¼̀	o+"	o+̛Ž?:�

																																																																														o,
j = ãm r ãj

+
bJJ

m

…… . . … . . … . …… . . … . . … . (4.9)	

① 4.9  JĔ�ǌ,б，ŭˤă̛Χ为¿Ʀ�a. (10, 0) ͡7ϛˤă̛̏ŭ Ͱγ!ġ͏  ͍σ

γ!ĺ*̈́�ǌ,̛Χ为¿Ʀ�˧γſ`ϖ'·̻͵̛ͤ͡Ǧƃƺ¿Ʀ"Ͱγġσγ͢

Ş¿Ê`ϖ̏ŭ͏͍ˤă̛Ɯ�Χ为; b. (6, 6) ͡7̛;ʊ� 

Figure 4.9 Energy distribution of the excited carriers under different laser amplitudes. a. Energy 

distribution of the excited electrons (red) and holes (blue) in (10, 0) nanotube. The grey solid line 

is the DOS of the 1D (10, 0) SWCN. The red and blue arrows indicate the peaks of the electronic 

and hole’s excitation; b. The results of (6, 6) nanotube. 
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©7o,
j:\ïȮÇǦãjУ上ËȄɲɸïȮɹǦãm̛¼̀]ġ�:G÷˕;Ϡϣ

Ǚ"ǿcƈ́ɋɍȮ�互ɔƙƂ}©ɭÙư˝��

\① 4.10 ċ̪"J͡ɢ主ƚŃсɢêƉwŃ̻͵ͤ͡"ɰŚ̛	o+ѣπĺθ

ҡŜŠ˪"тġǿc]Ñ̛¿ʈήˇ�ƈL主ƚŃ͵ͤ͡"ƕ͡ĺДͤΧͲҍп

ɲƖņ̛̏ŭǦ¿Ʀ"tɢтP̏ŭǦ̛�ŴУ上¼̀¼A:Ҟ"тʄ˜Lʿ̩

ʻ̦͵ͤ͡ğѽ̛JхΆǩ’ДͤҨҍп̛ǩΧ为γɋ[151-153]�ıʢ"ĺ主ƚ

͡7ϛ�ϰ专ϒ�ŴУ上̛ɰ互ïȮǦϛҒÌĺ͙'θҡŜŠ˪�͙ 'θҡŜŠ

˪.ДͤΧͲ]ҁ̛Χ为Ƣ:eƩ̏ŭҚ͐Ҡ ɴ̛ɰƍΧń"ͱ: 1.2 eV��Ϸ

�且ŚLêƉwŃ 10"0!͡7eƩҫËДͤΧͲ̛Χ为Ƣ"ò: 0.43 eV�т

ƓƉΰŦʊǵĺ主ƚŃíő͵ͤ͡7ϢƆËО互Ҧǩƭʞ̛ļΰҚ͐"ҠϠʆ

ǌ̛�Ψ´"ΜтƌО½©ȫo҄�"Ɖΰʀɑ̛̰ľ¿ϧ��

�

�

 

 

�

+щϬϱ̛;ʊċa̋① 4.11 ϖ̽�① 4.11 a-b!¿Ê:«ŃêƉwŃġ

主ƚŃíő̻͵̛ͤ͡ΧƩ;ʇ’̏ŭǦ¿Ʀ�① 4.11 c!̀ ϖǊļ3$ġǌļ3+

ʃd,3̈́ͥŃ͵ͤ͡7Ɩņ̏ŭǦĺ�̏ŭR̊不͋7̛Џ˿�ƈL主ƚ͡"

ҧпДͤΧͲҍп̛̏ŭǦ̛У上ϛ̀ʠ"ΜĺêƉw͡7"җ̦�ǌ̛ŏÙ"

① 4.10  ïȮ̏ŭǦ̛Χ为¿Ʀ’̡Ʒ̛�ŴУ上¼̀�a. êƉwŃ 10"0!͡; b. 主

ƚŃ 6"6!͡� 

Figure 4.10 Energy distribution of the localized occupied states and the corresponding optical 

transition probabilities	o+. a. Semiconducting (10, 0) SWCN. b. Metallic (6, 6) SWCN. 
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ҧпeƩҫ̛̏ŭǦЏ˿两；ÙŚ"̍ Lт'Ѣ¿̏ŭǦ̛Қ͐¼̀ǘŚ"Ɖΰ

GҚ͐̏，R̛̀ŚƮƺŏÙ��

 

 

�

�

�

�

�

�

ç¿í6̻͵ͤ̏͡ŭăƋǩВ̛ſӁɖʼ]'ɢ̞ȴ©ăƋ①ʏ�Field 

emission patterns [154]�і不̏ŭăƋ①ʏ"ċa¿万̻͵̛ͤ͡ùŭ;ʇ˻Ǖ’

Ȳˉ为ŭǦ̛Џ˿�̟ Ñĺ̆ϱ+Ƥͽȸ½ǘŘɖʼ϶①ƌíő̻͵̛ͤ͡ăƋ

①ʏ.©ǝϢ̏ŭ;ʇǀ͔НŽǩȀŽ为̛Πͩ�~Ŧ"Khazaei ͛Vȸ½É̋

͙'ǩù̆Ϫ͠½̛Ɩņ̏ŭǦƃƺġɲɈà"ċaĺùŭƔƺ+ǛËí6̏ŭ

ǦăƋ̛ǝϢ̏， [155,156]�J不ϷɖʼňLҥǦ̛ DFT Ϫ͠"ąҒL

Penn-Plummer�ʝŃ’ WKB пs"ò:GμǛăƋ①ʏ"̏ŭĊΧϛϤ:ͽ«

ͦŭ�і不 TDDFT ɖʼʲϧęɟ̛ʿ¾ɍ"ċaƌăƋ̛̏ŭġĺ͵ͤ͡°Ѣ

̛̏ŭĔ͛ƈǗ"ċaɭ专'ʣĻ½ɟҁ¿万̛Оǣ不͋�Ǯ[149,150,157]��

事�"ǿcі不Ϫ͠ϳɠGĺǌļ于Û,ăƋ½̛̏ŭ;ϠʄήLƩƬ̻͵

̛ͤ͡͡Ƭ�① 4.12 ƙ̽Gĺ�ļǌƺ: 0.5 V/Å ɟ 	�"�!͡͡Ƭ’͡Щù

ŭưĽ̛̏ŭɍĆä"Ž?:∆- { = - { − - 0 "©7- { : Hirshfeld ̏λ

① 4.11  êƉwŃġ主ƚŃíő̻͵ͤ͡7�̏ŭăƋÛÖŴƈ̏ŭ;ʇ̛�З�a-b. 

êƉwŃġ主ƚŃ͵̛ͤ͡ΧƩγɋ§ͩ’Ǧƃƺ¿Ʀ; c. Ǌļ 3$!’ǌļ 3+"3+ >

3$!ʃd,Ɩņ̏ŭǦ̛Џ˿� 

Figure 4.11 Dependence of photoemission dynamics on electronic structures in 

semiconducting and metallic SWCNs. a-b. Typical band energy dispersion and DOS spectra of 

semiconducting and metallic SWCNs; c. Relative contribution of localized states under 

moderate (3$) and intense (3+"3+ > 3$) optical fields. 
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ɍ�ǘɠɣ̛"͡Ƭùư̆̏λȪκƮƺ且ŚL͡Щùŭ"Ʋ0ĺ�ļ;ʂĖɲ

¸̛̏λȫŝ�ȹ①ɣ̛̽ɢwͩĺ{ = 15	fs	ɟ.ÇǦ̡ʪ̛̏λƃƺƢĺſ͏

ҁ̛¿Ʀ"ċạË"͡Ƭùŭƈ̏ŭăƋНË;Ɖz̋�тċaǍıL3ɖҨ

ùı"©'ɢ͡ƬŔ̛пļŏǌɈƷƉΰ©ҍпƖņļƮ�且ŚL͡Щ"ĉ'6

ùıɢ͡ƬùŭЏ˿GДͤҨҍп̛̏ŭǦ"Ŧ① 4.4 c!Ȅ̽"тѢ¿̏ŭǦ

ɲ̦ɭ互̛Қ͐¼̀��

 

 

 

�

�

�

ȳ̦"ǿc½ɟҁ¿万̛ļăƋ①ʏ�① 4.13 a-b!: F=0.5 V/Å�ɟ 10"

0!͡ ’ 6"6!͡ ̛Ƣ¿̏λƃƺ∆– R, { = – R, { − – R, 0 ĺJĔɟÏ̛Ȓǒ"

ȒǒưҨФ́͡Ƭ 1 Å�\①7ċạ½"тP①ʏΧřǘťĻw̄͵̛ͤ͡ƈ

͈ǩ’Ƭ̛͗ϖҨǐЌ"ƈL 10"0!͡:NѨƈ͈"Μ 6"6!͡Ä:¥Ѩ

ƈ͈"ıʢ:ϴÊíő̻͵̛ͤ͡ȅǩȸ�Gǘť̛—Κ�Ĕɟ"JĔɟÏ̛①

ʏ专'ʣĻȺ̽Gí6͵ͤ͡˾˻̛ļăƋÛÖŴ˻Ǖ�ƈL 10"0!͡"ǎ

�ļǌƺ三ËɰŚ�ÑПʄПŘ̛̏ŭ\7ǟ̛NиǐăƋ"Μĺ 6"6!͡ 7"

Ƭ̛͗Џ˿Ƥͽ三ËҺġ��

① 4.12  10"0!͡͡ƬùŭĺǌļҚ͐ɟ̛;Ɖz̋�ȹ①:{ = 15	fs ɟ.ÇǦ̡

ʪ̛̏λƃƺƢ�©7Ͱγ’Ҥγ`ϖ̏λƃƺ̛ŏÙ’ºƎ� 

Figure 4.12 Dynamic charge evolution of (10, 0) nanotube with laser strength of 0.5 V/Å. 

The inset shows the charge density differences when t = 15 fs. Here, the red and cyan colors 

represent the increase and decrease of charge density. 
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ĉŗ"ļăƋ①ʏсċa̋Lç¿Ɩņ̏ŭǦ̡̛ƈЏ˿"тƈíő̻͵ͤ

̛͡ϖǕªɲṉ̛̮͎̌Ƿ?�ǿc[a 10"0!͡:~"¿ʈƖņǦƃƺ]

ġ–H	’�–V̡ƈňǦ̛Ćä"Ŧ① 4.13 c-d!Ȅ̽�җ̦�ļǌƺ̛ȸ互"ҧп

eƩҫ̛̏ŭǦ–H	ġwͩǪ̛̏λƃƺ–.	̛ĆäРà̡Ĕ"ò\{ = 9	fs	Ë{ =

15	fs	Ƭ͗ŝûПʄПŘ̛̏ŭ"ȢΆ̛̏λȫŝϺɠĺ̏ŭăƋ不͋7тP̏

ŭǦНËПʄПѨϠ̛z̋�ǐǾƈʪ̛ɢ"џP且́eƩҫ̛̏ŭǦ–Vĝ̄Ȫ

κĆä"ıʢŵcƈ�̏，R̛̊Џ˿вƍ�тPϬϱġ① 4.9 a!ƙ̛̽б，

ŭˤăÛÖŴ;ʊҦƫήˇ��

�

�

�

 

 

�

�

�

① 4.13  ÛǦ̛ļăƋ①ʏ�a-b. (6, 6) ’ (10, 0) ͡7Ƣ¿̏λƃƺҗɟҁ̛Ćä, ͙

'Â`ϖƬ͗ùŭǐЌ; c-d. (10, 0) ͡7JĔΧ为çҁ°Ɩņ̏ŭǦ̛ļăƋ①ʏ; e.

íő̻͵ͤ͡ĺJĔ̏öʃd,̛ļăƋ①ʏ[158]� 

Figure 4.13 Dynamic field-emission patterns. a-b. Time-dependent charge density difference 

of (6, 6) and (10, 0) SWCNs; c-d. Plots are analogous to b, but corresponding to the partial 

states that locate near or far away from the VBM of (10, 0) SWCNs; e. Experimental 

observation of FE images from an individual SWCN with different applied voltages[158]. 
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ǿcȳ,ʄϬϱŦxƌʝȞ̛;ʊġ̄ɲ̛ſӁϢƆ①ʏ̡ʪв�事�"ſ

ӁǛË̛ļ̏ŭăƋ①�іƫɢƈ'ʦɟҁ°¡ƋËȲˉưҨ̛̏ŭƃƺ�ɟ

ҁ͇¿"ΜǿcʝȞǛË̛ɢʋPɟÏ̛ÛǦ①��tɢŦʊɢĺ͌Ǧ,μǛļ

ăƋ①ʏџ[ϷƢÊƓlˍŝ�Lee�͛Vϫ:ǎϛăƋ̏ŭɍҗɟҁĝ̄ǩŏ

Ùɟ"ÛǦʝȞǛË̛ʿ¾ɍПʄПРпL͌Ǧ[159,160]�̍ʢ"ǿcċaђȟ'

6}① 4.8 b!Ȅ̛̽ N-t ɬǁŨă̊�́ǩĆä̛ɟÏ"ò:{ = 15	fs	ƈ

Ʒ̛ļăƋ①ʏġſӁ�ƈʪ�©ʞ"ǿc̛ʝȞ;ʊɢĺФ́͵ͤ͡Ɛ͗Ҧƫ

п̛uΔǛË̛"ıʢʸɲΚϋļăƋſӁ7̏，¿Ʀ̛ɆŚɈʊ��

ώ˱ǿc̛ʝȞ;ʊǘқ.ſӁμƯ̈̀ăƋ①ʏ̶ͧæ临"˱ ΜŽǩ̛ʪв

сɢċϒ̛�① 4.13 c!:ĺJĔ̠，̏ļ,í6íő̻͵̛ͤ͡ļăƋ①ʏ

[158]�җ̦ȄɗÙ̏ơ̈ŏŚ"ăƋ①ʏ两；ĆǛʝͨƲĺ7ǟŔǐǾ互ǌƺ̛

②̃"тġ① 4.13 b-c!7ƙ̛̽ 10"0!̛͡;ʊ̡s�ıʢ"É̋ÛǦ̛

ļăƋ①ʏJXΧȺ̽�̏ŭăƋ̛ǝϢɼÌ"Μ0ċa:ǌļҚ͐ȸ�ſ͏ҁ

①���
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�

�

�

�

�
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� � ��ÇĂ�ď�

ĺɺ͖7"ǿcі不ſɟˡä̛͙'ǩù̆Ϫ͠";ĒƤɲ̛ſӁJſ"ƙ

̽Gí6íő̻͵ͤ͡7�̏ŭăƋ̛ÛÖŴ不͋�ĺǌļ,"主ƚŃġêƉw

Ń̻͵ͤ͡Ȃ˱JĔ̛ļăƋϒ:˜LДͤҨҍп˾˻̛̏ŭ;ʇ�ĺ主ƚ͡7"

互Χ为ïȮǦ̛У上̍L©ǩ̛ΧƩγɋΜϛ̀ʠ"ΜтƈLО互̛Ҧǩ̏

，ί§ѨϠ�Ҕʢ]ŗ"ǿcƙ̽GÛǦ̛ļăƋ①ʏ"©ƈƷſҎļăƋ不͋

̛ɝɷҊʦ"̍ w̛ͩùŭġ̏ŭ;ʇ¦ĔµŽ"ɲÉLȺ̽ǌļ̏ŭҚ̛͐ſ

͏ҁ①��Ϸƞz:˒¡̆ϧŻϢ̻͵ͤ̏͡ŭăƋϒ:.©ǝϢǩВ̛°ĺΠ

ͩȸ�Gċ�Ѭ̛̆ϱɖʼ"ƌɲÜLċϾȴ�̏Įd̛ϲϪ�
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ă	Ă�{�Zŀ�òEěôf�

ĺÑ3͖7ǿc§ǟ̛乐ҵѣJˎ’ʀɑ;ʇă̊Ćä̛ǲ¶"тɢı:ĺ

̚予͆ɟҁƔƺ°"�ŭ�̏ ŭ]ҁ̡̛Mz̋:ʀɑ7ҦǩɈƷ̛;Ϡʄ˜"

œư̆z̋¼Aċaǥ̓JϪ�˱Μ"ĺɭѽ̛ɟҁƔƺ,"ʀɑ7̛ʋPœŭ

ʝ、ċaͽ̍̏ŭ�œŭΞĒϛˤă"ċΧƉΰ;ʇ̡Ć�ĺɺ͖7"ǿca͙

KͥŗƏê主ƚ WTe2 :~Ϻɠ̏ŭˤăŦx于Û;ʇЬĆ"Ʋȸ½Ͼȴ©̡Ć

ɖė̛ªwɖʼ� 

	 � ��ėÁVč�

ȝȈʀɑɢ»ΡǦ˺̆ġʀɑұņ̛ÑʻϽҵ"7ȝȈ8т'ʜǤʄ˜Lɍ

Ŵ"̋aȷщƈͺεJɉǸΜĊ̍ͩɎwȄµŽ̛ǩВ�1980 Ʊ为ŭҡƏɈ

Ʒ̛ă̄}ǛȝȈ̛ʜǤϐ¡Ë»ΡǦ˺̆ұņ�Klitzing ͛Vă̄ǎK·̏ŭ

ʬŔLǌ̼ļɟ"©为ŭäҡƏ̏ƉưČJ�ЗLʏĢͺε"ĺ̡Ć不͋7[Χ

�Ȣwͩùɲ̛ƈ͈ǩ"тɢɵ中̡Ć̆ϱɚʼϧѦ̛[161]�g˲ɍŴ7ƈƊ乏

ɬҨ̛ȝȈ¿ͥɖʼ"ĺw7Eċa。¡̏ŭΧƩ;ʇ̛ȝȈJĆ为"ƌ©

Á¿:ȝȈҦưƼwġɥіw�ȝȈwz:ȝȈ̡̛`ϖ"ĺ不û

̛è¼Ʊҁě。GiŘ̮͎Λ̛̟��©ѨϠ˻ǩ:w̡ɢůĺвŚΧҙ̛

w"ΜĺϖҨȀΛи̑Ŕ½̄̍ȝȈ�ư̑ɚΧҙ̏ŭǦ"Ʋ0ĊϠǝȋJ}

w̛Χҙˍŝ"©ȝȈǩВƓċa�ȢJĆ�ήɘʆä̛ȅǕϖҨǦċaŚƮ

ƺºƎб，ŭĺϖҨȀ̑Ҩ̛ΣɋƋ¼̀"ıʢɢҦƫźΕ̛Ɖ"ɲɶϛƳʽ

ĻƷ̋LɚΝɋ̛̏λж与�̟ Ñ:ʠ"ȝȈʀɑұņˏ̄½iŘѧ̸͋、̛ƞ

z"~Ŧ为ŭήɘҡƏw[162,163]�ȝȈɨww[164,165]�ȝȈê主ƚ[166-169]

̛ȸ½͛"тPƞzJɓÍɕ̦VcƈȝȈ˺ǩ̆ϧ̛˒ƺġƳƺ�Vcċaʑ

Ȯƈ͈ǩ˻ǕƈJĔ·ƺwͩċΧůĺ̛ȝȈ̡专ϒ¿ͥ";Ϡ̛¿ͥȤʍãȠ

ɢĘªɲɟҁĂˡƈ͈�ȅǩƈ͈ǩ�ͦ ŭ͏͍ƈ͈�a’ɨʒƈ͈ǩ͛ [170-173]� 

ĺ主ƚǦ7"ȝȈ’ȝȈJĆ为̛ʜǤĔʏя̋�ʑȮДͤΧͲҍпɲɚҦ
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ǩ̛ΧƩQ‘"ċaȐ主ƚ¿:ɥіġȝȈê主ƚ�ƈLȝȈê主ƚ"ʑȮQ

‘˪·ƺ’͟Ʋƺ̛JĔ"ýċ专'ʣ¿:˽Ȝ ê主ƚ(Dirac Semimetals, 

DSM)[174-177]"ŗƏê主ƚ(Weyl Semimetals, WSM)[167,168,178-181]ġȝȈεê主ƚ

[182-184]͛�ĺ Dirac ġ Weyl ê主ƚ̛w̡̏ŭ;ʇ7¿Êɲ36KѨ͟ƲȀҦ͟

Ʋ̛ΧƩă̊Q‘"ǐǾįѨ͟Ʋ̛ Dirac ˪ȀΛ3Ѩ͟Ʋ̛ Weyl  ˪① 5.1!�

ĺт3ͥwͩ7"¹ͦŭĺΧƩQ‘˪ҍп̛vΧˤăϒ:ͥsL互Χ˺̆7̛

Dirac Ȁ Weyl Дͤŭ"ıʢċa¿Ê̋ɚВ为̛ Dirac ġ Weyl ɖ͋ȷщ©vΧ

̏ŭϒ:� 

ĺȝȈw7"ȝȈJĆ为̍乏ĒƦѧ：ç7ïȮǦʿ¾ɍʄŽ?"Μĺ

ê主ƚwͩ7ΧƩϛѢ¿ïȮ"ȄaĺɎ6Ʀѧ：çɚʼǐǾƊ乏ɬҨ�J不"

̍L©ДͤҨǪɢ乏Ē̛"ıʢȝȈJĆ为Eċa̋ãęΧƩQ‘˪̛乏ĒɬҨ

+̛ʿ¾ɍʄŽ?�1984 Ʊ"Berry ȸ½ɨwÛ为͏ҁ7̛ΧƩQ‘˪͛ɈL̍

Ѝѧɬ̀Ž?̛ϣθļ̛̼íʆŭ"і不ãϟΧƩQ‘˪ɬҨ̛̼і为ŭɍƓɢ

©̼λ"JĔ̛̼λƈƷJĔȅǩ̛ Weyl Дͤŭ[185]�ıʢ"ƈL Weyl ê主ƚ"

©ȝȈǩВċaі不。¡ДͤҨ习ɍ C ʄȷщ$ 

																																																								§ =
1

2P
ì2ß

3ä
∙ € ß …………………………………… (5.1)	

Weyl ˪ċạǾɢЍѧɬ̛̀˜˪"习ɍ:±10.ȅǩ̡'ΰ�̍LʻɎ6Ʀ

ѧ：çи̑ҨʲЍѧɬ̛̀Ҩ͇¿ɟ©�:Ҟ"ȄaƈƷ̛习ɍ]ġE:Ҟ�т

Ϻɠĺ Weyl ê主ƚ7"Weyl ˪ǪɢǾƈ½̄�Ĕɟ"Weyl ˪ąȝȈ�ȗҦƫ

͌Ž"ŗ̛̑ǝƍȋÛĊlϭ Weyl ˪ă͉̊Û"ŵ̛ˍŝĊă̊ĺ36ȅǩ̡

Ă̛ Weyl ˪ѨĒ̛ɟ�� 

1929 Ʊ"Weyl ȸ½ɚВ为̛ Dirac Дͤŭċạz̍'ƈȅǩ̡Ă̛ Weyl

ДͤŭćÙΜǾ"įѨ͟Ʋ̛ Dirac Дͤŭċaі不ḭ̏ɟҁȀΛ͏ҁĂˡƈ͈

ǩΜэ͟ƲǛËKѨ͟Ʋ̛ Weyl Дͤŭ[186]�ĺ»ΡǦ˺̆7"ÑΛƈƷήɘʆ

ä̛̼ǩwͩ"ΜĖΛÄƈƷ̦Ҧ7ǟƈ͈wͩ�ɟҁĂˡƈ̛͈wͩϠʲÛ为

͏ҁ7¡4’−¡4Ŕɲȅǩ̡Ĕ̛ Weyl ˪ Ψ(¡, ↑)=	Ψ(−¡, ↓)!"ý̍LͩǪ̛

习ɍ:Ҟ"ȄaýǠҮɲĉŗ36ȅǩ̡Ă̛ Weyl ˪ůĺ"òĺҦ̼ǩ̛ Weyl
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ê主ƚw°ίƎɲ3ƈ Weyl ˪�ΜƈL͏ҁĂˡƈ̛͈wͩƌɄĆ Weyl ˪̛

ȅǩ"ȄaÛ为͏ҁ7¡4’−¡4Ŕ̛ Weyl Дͤŭȅǩ̡Ă"òΨ(¡, ↑)=	Ψ(−¡, ↑)"

Ä̼ǩ Weyl ê主ƚ°ίƎɲ'ƈ Weyl ˪� 

2011 Ʊ"ňL̆ϱϪ͠")Бʹ͛Vȸ½ªɲ˭Ή̭;ʇ̛Ѳʯä˺ɲċ

Χɢ̼ǩ̛ Weyl ê主ƚ[169]�җĖ"ѱ̼Ɛɨ̭ HgCr2Se4 EϛǚÅ͛VҰϩɢ

Weyl ê主ƚ[187]�ʢ̼ͥǩ Weyl wͩ7"ɟҁĂˡƈ͈̰Β̼̍ͩǩ�ϳ"

}Ǜȅǩ̡Ă̛ Weyl ДͤŭĺÛ为͏ҁ7¿́"Ʋċąŗ̼ļϾȴ"ɡLі不

˙ƺġ̼ļſ̄ƈȝȈǦ̛ϾÌġɁȴ�ĺϷͥʀɑ7"і不̼ɲƵġȝȈ̡̛

Mz̋"ċaϓ̊½ɭ:8Ƅ̛˺̆ϒ:"ɲɶ:ȝȈήɘ̏ŭŴ�ȝȈˮ̏ŭ

ŴȀ̼ǩŗƏ̏ŭŴȸ�ɲɈбw�˱Μ"̍L̼ǩʀɑ7ªɲ̼̔"ſӁ+̛

̠ȳϢˉқƺвŚ�2018 Ʊ"7ĶVʫŚŴҟġ̮͎̐a’˺̆Ȅ̂ɏ）̮

͎˾͔ă̄ѱ̡̼ Co3Sn2S2 :̼ǩŗƏê主ƚ[188,189]�җĖ"˺̆ȄÃǭ ͛

Vі不̼̏ж与ȅʦ事ʞĺſӁ7ϢƆËG©ȝȈ˻Ǖ$ǩγɋ̛w̡ΧƩġ

хȳŗƏ˪̛ơŚȝȈϖҨǦДͤǉ"ϳſG Co3Sn2S2 ̶ſ:ɟҁĂˡ̰Β̛

Weyl ê主ƚ[190]� 

 

① 5.1  ȝȈưƼ主ƚ�˽Ȝ ê主ƚ�ŗƏê主ƚ’ȝȈεê主ƚ̛ΧƩ’ДͤҨ̽Ƿ

①[191]� 

Figure 5.1 Schematic band structure and Fermi surface for normal metal and three kinds of 

topological semimetals, Dirac semimetal (DSM), Weyl semimetal (WSM) and Node-Line 

semimetal (NLSM)[191]. 
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2015 Ʊ"ΗͰɠ͛V事ʞȸ½ TaAs�TaP�NbAs ġ NbP ͛ɢ Weyl ê主ƚ�

.]Ñ̛̆ϱʝŃJĔ"т'ͩÂʀɑɚҠͽ不ȶɽ͛ͺΰŖɽ̛Ͼȴ�Χή˱

ĒǾ[166,168]�̍ LĺϷͥʀɑ7"7ǟĂˡƈ͈ǩϛḭ̏ΜɟҁĂˡƈ͈ϛ�Ȣ"

ıʢJůĺ̼ǩʀɑƩʄ̛̼ɲƵ̛Ŗɽǩ"ĺſӁ7ċa̠ȳÉ̋Ϧ¿万̛�

̏ŭΧЅ专ϒϢˉ"ǘǣòϛϳſ[167]�ǿca TaAs :~͟Ϡʜщ Weyl ê主ƚ

̛ŠǂǩВ�① 5.2 : TaAs 7 Weyl ˪ĺƦѧ：ç̛¿Ʀǲ¶"ҔG]Ñȸ’Ë

̛ȅǩ̡Ă Weyl 义 ̼íʆŭ!ĺwǦ7Ǿƈ½̄ŗ ① 5.2 d-f!!"Weyl

ê主ƚсɲ36ɰªɲ`ϖǩ̛˺̆̄Ј$ДͤǉϖҨǦ’ȅǩĂƫɈƷ� 

�

① 5.2  TaAs 7ŗƏ˪ĺƦѧ：ç7̛¿Ʀ’©ȅǩ[168]� 

Figure 5.2 Weyl points and topological charges in TaAs[168]. 

ДͤǉϖҨǦɢ Weyl ê主ƚɰѨϠ̛ǩВ]'�ŦÑȄщ"ʨ6 Weyl Д

ͤŭѣċạzɢÛ为͏ҁ7̛̼íʆŭ"Ʋ0ĺ Weyl ê主ƚ7ȅǩ̡Ă̛

Weyl ДͤŭǪɢǾƈ½̄"Ɖΰĺ36̼λ̡Ă̛̼íʆŭ]ҁůĺЍѧ̼і"

ªɲҦҞ̛习ɍ�ıʢ"*·̛ Weyl ê主ƚċa͛Ɉ:ϰŘK·ưҨ̛Ē"

K·ưҨ̛wΧƩĊɲĺãę Weyl ˪ɟȆůĺǩQ‘"ĘÄƌȉǁΧҙǐǾ

w�ŦʊK·ưҨŔĺ'ƈȅǩ̡Ă Weyl ˪]ŗ̛çņɟ"©习ɍ͛LҞ"

ċϤ:ưƼ̛K·w"Jůĺfxи̑Ǧ"Ŧ① 5.3 Ȅ̽�Ă]"uL36

ȅǩ̡Ă Weyl ˪]ҁ̛K·ưҨƌªɲҦҞ̛习ɍ"ċạzɢĺи̑Ŕůĺ
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ȅǩиǦ̛K·ȝȈw�ıʢ"ϖҨǦƌ½̄ĺfǷ'6习ɍJ:Ҟ̛ç

ņ"ǎДͤΧπĺ Weyl ˪ɟ"36ȅǩ̡Ă̛ Weyl ˪ƌ̍ϖҨǦхȳ"ǐǾ

Дͤǉ;ʇ"ɰͻġwΧƩ˓Ē�w̛ͩȝȈɍƌµŽхȳДͤǉ̛ϖҨǦ6ɍ"

ǎ习ɍ: n ɟ"Äɲ n ʃДͤǉхȳ36JĔȅǩ̛ Weyl ˪��

Weyl ê主ƚ̛ĉ'ѨϠ˺̆˻ǩɢȅǩĂƫ�͟ íĻϯ"ȅǩĂƫɢȤǎ̼

ļġ̏ļưϒɟ"ȅǩ̡Ă̛̏ŭɍ̟ĺ'Ž̼ļθĴ°J±ŷǫ"̍ Lȅǩ̏

ŭ]ҁʸɲɋƋі中"Ɖΰҗ̼ļǌƺ̛ŏÙ̼̏ҋĂ�м丧ºƍ"Ϸ̄Ј:ſ

Ӂ7ƫϺ̛Ў̼ҋɈƷ[192,193]"Ŧ① 5.4 Ȅ̽�ȅǩĂƫ̛˺̆①�ċ̍为ŭʆ

Ғ,̛ Weyl ДͤŭҞͲɵ中ΧͲʄ̆ϧ$ĺ̼ļz̋,"JĔȅǩДͤŭҞͲ

ɵ中ΧͲ̛Дͤ丧ƺJĔ"ǎ̏ļɲưϒL̼ļ̛¿为ɟ"ȅǩ̏ŭl了ŗ±μ

Ǜ'6丧ƺ"ƟɘġĎɘ̛̏ŭɍJ±ŷǫ�тƌƉΰʻ̦̏，ɖė̛¹ͦŭɍ

̟ŏŘΜ}Ǜ̏ҋºƍ"̼ļПǌ"ȅǩĂƫПǌ"—.ж与̛¹ͦŭПŘ��

① 5.3  Weyl Дͤư̆ДͤǉϖҨǦ[194]�a-b. ɚВ为 Dirac Дͤŭḭ̏ɟҁȀΛ͏ҁĂˡ

ƈ͈ǛË Weyl Дͤŭ̽Ƿ①"36ȅǩ̡Ă̛ Weyl Дͤŭ̍Дͤǉхȳ; c-e. Weyl ê主ƚ

7JĔçņK·ưҨƈƷ̛ȝȈΧƩ̽Ƿ①� 

Figure 5.3 Surface Fermi arcs in Weyl semimetals[194]. a-b. Schemetic illustration of creating a 

Weyl semimetal from a massless Dirac fermion via either time-reversal or inversion symmetry 

broken; c-e. The surface states of different two-dimensional slices. 
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�

① 5.4  Weyl ê主ƚ7̛ȅǩĂƫɈƷ[193]�a. ȅǩĂƫɈƷ̛̽Ƿ①; b. ǎ̏ļưϒL̼

ļ # = 90°!ɟ"ĺ TaAs 7l½̄Ў̼ҋɈƷ� 

Figure 5.4 Chiral anomaly effect in Weyl semimetal[193] . a. Schematic diagram of Chiral 

anomaly effect; b. In TaAs, if the magnetic and electric field are parallel (# = 90°), negative 

magnetoresistance will emerge. 

ҔGa+і不ɨwƈ͈ǩƌ Weyl ê主ƚ¿:̰ľɟҁȀ͏ҁĂˡƈ͈3ͥ

ŗ"ĺĵwʀɑ7"сċaʑȮvΧɲɈʝŃДͤҨ̛ǐ˼a’ɢĘ˞Т Lorentz

JĆǩ¿:3ͥ[195]�Ŧ① 5.5 Ȅ̽"ƈL͙'ͥ Type І!Weyl Дͤŭ"©v

ΧɲɈʝŃňɺ˞Т Lorentz JĆǩ"ДͤҨҍп̛̏ŭ;ʇ:*·ǩQ‘̛

ΧƩ"*6ɖė̛Дͤ丧ƺ̡Ă"ǎäŴàŔĺ Weyl ˪+ɟ"©ДͤҨ:ų͔

̛˪�̟ÑƤ̛̪ŚŘɍ Weyl ê主ƚѣɢ͙'ͥ Weyl ê主ƚ"~ŦÑщ̛

TaAs ƀə��

͙Kͥ Type ІІ!Weyl Дͤư̆vΧɲɈʝŃJ˞Т Lorentz JĆǩ"тĺ

Ŷż͏ҁɢJϛ�ϰ̛"˱Μĺɨw7ų̛͔3ѨQ‘ΧƩҍпċaɥќůĺ�

͙Kͥ Weyl ê主ƚ̛˻Ǖ̏ŭ;ʇϖ̄:ʻ̦ʋ6Û为ɖėɣρ�ɒ̛36̡

MQć̛ Weyl 义"Ʋ0 Weyl 义̛36KѨ͟Ʋ˪̍ąȝȈ�ư̑ДͤǉϖҨ

Ǧ̡х"ªɲ̡Ĕ̛Дͤ丧ƺÉ4�ǎÉ4вƍɟ"XXĺ Weyl ˪ҍп。¡Gđė

ǂǩ"}Ǜ Weyl 义�ɒ%tɢǎÉ4вŚɟ"ДͤҨƌ. Weyl 义̡Q"ǐǾ'

6ȳϨưҨ�̆ϱҰˉ MoTe2�WTe2 ’3Λ̛Ē主 MoxW1-xTe2 ѣƚL͙Kͥ

Weyl ê主ƚ[181,195-198]"ʢŗсɲ TaIrTe4 ͛
[199,200]��



͙ 5 ͖ ŗƏê主ƚ̛�ΰ̡Ć 

79 
 

̍L Lorentz JĆǩ̛̰ľ"͙Kͥ Weyl ê主ƚϖ̄½'Pġ͙'ͥ Weyl

ê主ƚź¢JĔ̛˺̆ǩВ"ʪŦªɲġȅǩĂƫ̡§̛互ƺđҬǂǩ̛̼̏ҋ

̄Ј[201]�ɕŠ̛为ŭȪκ[202]͛�Ҕʢ]ŗ"Weyl ê主ƚ̛�ŴǩВE互ƺ�

ЗL©̏ŭ;ʇ"˻ Êɢ Weyl ˪ҍп̛б，ŭˤăƈwͩʿ¾ɍ˻Ǖ互ƺɉǸ"

ĺ,'ε7"ǿcƌϸͺϺɠ��

�

�

�

�

�

	 � ��{�Zŀ�4òŊČ¢E~o��

ĺ Weyl ê主ƚ7"Weyl ˪ċϤ:Û为͏ҁ7̛̼íʆŭ"Ȅa Weyl ˪̛

ůĺƌƈб，ư̆与ÛR̠̊ȳ̛ǒĤ"É̋êͽ«̛̏ŭ与Ûɖ͋ċ̆ϧ:

[203]$�

																																																																						R = › + ª×1…………………………………… (5.2)	

																																																																													ª = =≥ + =R×2…………………………………… (5.3)	

ĺ¤、7 5.2!7"›:Ǎ'äĖ̛̏ŭ丧ƺ"≥’2¿Ê:ŗ̑ɗỪ̏ļġ

̼ļ"1JĔLŗ̼ļ2"©ʄ˜L Berry ļ"т'Ҭ̛ůĺ`ϖ̼íʆŭ Weyl 

˪!ƈб，ư̆z̋�̟Ñ"VcƤͽĺ Weyl ê主ƚ7ă̄G'ͩÂ.ȝȈǩ

В̡§̛Ҧǩ�̏ĤƷ"~ŦҦǩЀʿR̊[204]"ҦǩҡƏɈƷ[205-207]"

① 5.5  ͙'ͥġ͙Kͥ Weyl Дͤŭ[195]�a. ͙'ͥ Weyl Дͤư̆ДͤҨɢ'6ų̛͔˪; 

b. ĺ͙Kͥ Weyl Дͤŭ7"̏ŭŃ̛ДͤҨġ͏͍Ń̛ДͤҨ̡QǐǾ Weyl ˪� 

Figure 5.5 Type І and Type ІІ Weyl semimetals[195]. a. Type І Weyl point with a point-like Fermi 

surface; b. A Type ІІ Weyl point apppers as the contact point between electron and hole pockets. 
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w̡�hɈƷ[208-211]a’ȝȈ̡Ć[212,213]͛�тPſӁă̄JXɲÜL˒¡̆ϧ

ȝȈʀɑ̛ňɺǩВΜ0ƈ�̏Įd̛ϲϪȸ�GȤƉ��

ώ˱ˎ’Ë互ΧˤăǦ̛Ҧǩ�Ŵ不͋ƈvΧ为̛ Weyl 义̛ŠǂǩJɉ

Ǹ"t Weyl ê主ƚ7̛ňǦǩВġvΧˤăÄċa̍ Weyl ˪ҍп̛Ʀ（Кʿ

¾ɍ̛ȝȈ’;ʇǩВȄµŽ�~Ŧ"̮͎VĞ¿Êĺ͙'ͥ’͙Kͥ Weyl ê

主ƚ TaAs ’ TaIrTe4 7ă̄̍ Weyl ˪ŠǂǩƉΰ̛w̡�hɈƷ̛ơŚŏǌ

[208,209]�w̡�hɈƷɢȤі不ƩҁУ上ɄĆ̏λ7ǟƌ�Ȫ�Ьä:̠，̏

，̛Ҧǩ�ŴĤƷ"R̛̊�̏，͈:ȕ͉，�shift current [214-216]����

① 5.6 ƙ̛̽ɢ TaIrTe47ȕ͉，ƈ�Ȫ�ʆäɖėġʿѽ̛�З§ͩ�

ċạËǎ�Ȫ�̛ʿѽĺ4	µmɟ�̏，ǌƺɲʆŚĻŏǌ"Ʋ0ϖ̄½ƈ

ʆäɖė̛互ƺ�З"̮ ͎ΛÉ̋ɍ�ʝȞÈɓ4	µm̛ˤăƈƷ̛ɢ Weyl ˪ҍ

п̛б，ŭˤă"Ϻɠ Weyl ˪̛ŠǂǩƈȝȈʀɑ̛vΧ�̏ĤƷНËί§Ѩ

Ϡ̛z̋��

�

① 5.6  ͙Kͥ Weyl ê主ƚ TaIrTe4 7ȕ͉，ǌƺƈŗļ̛�З[209]�a. ȕ͉，ǌƺƈ

�Ȫ�ʿѽ̛�З; b. ǎ�ļʿѽĵŽ:4	µmɟ"ȕ͉，ǌƺƈ�Ȫ� LP!ʆä

ɖė’②�Ȫ�ϑɘǩ CP!̛�З� 

Figure 5.6 Dependence of shift current on laser parameters[209]. a.Wavelength dependence of the 

photocurrent response under linearly polarized excitations; b. Excitation power dependence of 

photocurrent response at 4	µm excitation linearly polarzied along the a axis (LP-a), b axis (LP-b), 

and right and left circular polarized (RCP and LCP). 

�
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§L Weyl ˪ҍп̛�ˤă"ɰѨϠ̛ʜǤ]'ɢ©ĺ②�Ȫ�,ҠϠў\

̛ȅǩђȟŽÄ[217-219]�ĺ Weyl ê主ƚ7"ěɃ'6②�Ȫ�̛�ŭƌƉΰή

ɘ̛ΘЬ":G˞ТϦÛ为ŷǫ"ʻ̦②�Ȫ�nȿ̛ɖė"Weyl 义3�̛̏

ŭˤăƌĝJƈ͈¿Ʀ"Ŧ① 5.7 Ȅ̽�ǎ'6ȅǩ͘Đ:ʡ�χ = +1 ̛ Weyl

义7̛̏ŭěɃ'6ʻ+z ɖėnȿ̛Ďɘ②�Ȫ�ɟ"ıϦÛ为ŷǫ̛Ϡʲ"

̏ư̆У上ĊΧă̊ĺ+k5ɖė"Μĺ−k5ɖė̛У上ɢϛ̀ʠ̛"ƈLȅǩ͘

Đ:Ў(χ = −1) ̛ Weyl 义"̏ŭУ上̛Цǖʡť̡Ă�ĺ②�Ȫ�,"̍L̏

ŭˤă̛Jƈ͈ǩ"í6 Weyl ˪ҍпіƫɲ̏，R̊"̏，̛ɖė̍ Weyl ˪

̛ȅǩµŽ�˱ Μ"Weyl ê主ƚɎwɢĘɲÓy̏，R̊ĄµLJĔ Weyl ˪R

̛̊̏，ɢĘl̡Mșˍ��

�

�

 

�

ĺ Weyl ê主ƚ7Ŧʊůĺ Weyl 义̛�ɒa’7ǟĂˡƈ͈ǩ̛̰Β"w

ͩ¢Ѣ Weyl ˪R̛̊̏，JΧ̡Mșˍ"\ΜċaĺJɗÙ了ŗ̏ļ̛ǲ¶,

É̋ Weyl ê主ƚ̛�̏ɈƷǛËҦҞ̛�̏，"Ϸ̄Јĺ͙Kͥ Weyl ê主ƚ

7ɭ:ɣρ[220]�Ŧ+ɏȄщ"Weyl ê主ƚªɲġ Dirac ê主ƚĔʏ̛ǩγɋ

§ͩ"Ʋ0ɟҁĂˡƈ͈Ȁ͏ҁĂˡƈ͈ίƎɲ'̈́ϛ̰ľ"ıʢċaĺɚŗļ

① 5.7  ȅǩђȟŽÄ[217]� 

Figure 5.7 Chirality selection rule[217]. 



ǌˤ�ļ,»ΡǦ˺ВОǣÛÖŴ̛͙'ǩù̮͎̆ 

82 
 

ΞĒ̛ʃd,R̊�̏，�ĺſҎʀɑ7"ƈLí6 Weyl ˪̛�̏，R̊ҔG

ϠΚϋȅǩђȟŽÄŗсϠΚϋ Weyl 义̛�ɒ͋ƺ"ʢɟ Weyl ˪ҍпɲɈ̛

ģƃү为̛ǐ、:$�

																																																														`6 7 = ℏÉa7aø4 + ℏÉVÉj,m7jøm ……… . . ……… . . . ……… (5.4)	

©7"øm:ʾÉ̫҉"ÉV:JΚϋ Weyl 义�ɒ̛Дͤ丧ƺ"	Éj,m`ϖGđėǂǩ"

	χ = Det Éj,m = ±1"͘ Đ̍ Weyl ˪̛ȅǩµŽ"ÉaјǾG Weyl 义̛�ɒ"7a =

: ⋅ ;:Û为ĺ�ɒɖė:+̛Ȓǒ�ǛË©γɋ§ͩ 

 																																		I± 7 = D 7 ± 8 7 = ℏÉ{7{ ± ℏÉ3 É�,®7��
2

®

1/2
… … . (5.5)	

ǎƈȄɲ;ѣɲ D ; /8 ; < 1ɟ"ͩɢ͙'ͥ Weyl ê主ƚ%Ă]"ÄɢȄ

Ё̛͙Kͥ Weyl ê主ƚ"lƉΰДͤҨŔ̏ŭġ͏͍Ϛ(electron and hole pockets)

̛ǐǾ�ǎΚϋwͩġíγ�< { = <°=,j˛a + <,=j˛a̡̛Mz̋ɟ"©ƈƷ̛

ģƃү为:à { = à°=,j˛a + à,=j˛a"©7	

 																																																												à± = ℏÉ3É�,®Ÿ±,�ø® … …… . . … ………… . … . . . . … (5.6)	

¿Ê`ϖ�ư̆ěɃġăƋ不͋��

�̏，ƃƺċa̍̏ŭ¿Ʀ¾ɍÙɾĖ̛̏ŭ丧ƺʲ͇¿ǛË"ıʢɲϖ三

、	

 																																									— = −=
ñIT 7
ñ7

× ÖT 7 − ÖT
0 77,T=± … . . . … ……… . . . (5.7) 

©7Ö± ; ġÖ±4 (;)¿Ê:ˤăĖ’ưϔɟ̏ư̆¿Ʀ¾ɍ�ʑȮДͤӃ主ʼÄ"

ΚϋǅЊɟҁпs"Ϫ͠ǛËʨ6 Weyl ˪Џ˿̛�̏，ƃƺ:	

 																																																																		—� = (
−=B22Ÿ2

16P2
)—� … …… . . … ………… . … . . . . … (5.8) 

тѧ—j ∝ Ÿ+"ıʢƚLKҊɈƷ�©7—=:ɚ为ʹĤƷ¾ɍ"ǐ、Ŧ,	

      —= 2 = 4 ìÏ >?U
˛

@ ∆A B
ℏ

@ >?UC
7°

&D
ℏ>?!

7,
+
×ï ∆E U

ℏ˛
− 1 Ö,4 7 − Ö°4 7 . . . . . (5.9)	

Ϸɚ为ʹɍ�ЗL�ɒƺÉa/ÉV"tĺŽ�ɒƺ̛ǲ¶,ɢ.ÉVɚ§̛�ċa

̣½͙n6Weyl˪Џ˿̛�̏， F ù !ċa¿:�ЗLȅǩ�FGù  ’�ɒƺ�F4
ù )

̛3Ѣ¿�

																																				— Ö Ω™Ö É{
Ö , Ç Ö = Ω™Ö É{

Ö —0
Ö + Ç Ö —Ç

Ö … . … ……… . … . (5.10) 
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ĺ Weyl ê主ƚ7"�ϳ͏ҁ’ɟҁĂˡƈ̛͈wͩ7 Weyl ˪̛ɍ̟¿Êɢ

Kġį̛�ɍ�ĺ7ǟĂˡƈ̛͈ Weyl ê主ƚ7"36 Weyl ˪̛ȅǩġ�ɒ

ƺѣ̡Ă"�̏，̡Mșˍ"Ŧ① 5.8 a!Ȅ̽�˱Μ"ƈLɟҁĂˡƈ̛͈w

ͩ"36ɟҁĂˡƈ̛͈ Weyl ˪̛�ɒƺ̡Ătȅǩ̡Ĕ"Μȅǩ̡Ă̛ Weyl

˪]ҁʸɲƈ͈ǩҒÌ�ɒƺċaJĔ"Ɖΰ3ƈ Weyl ˪ɲҦҞ̛¸̏，

2 FG − FGî "Ŧ① 5.8 b!Ȅ̽��

 

�

�

 

 

 

 

͙Kͥ Weyl ê主ƚ̍L©jǂ̛̏ŭǩВ"JXċaR̊ɣρ̛�̏，̋

Lś҇Χ̏ʴ"сɲɶҜǾLØΧĮdſ̄ɚΝɋĻ�̏ЬȬ�пɷ Sie ͛VÉ

̋śК¬ THz!�ļĺ͙Kͥ Weyl ê主ƚ WTe2 7ſ̄GJĔ̡;ʇ]ҁ̛

ОǣЬĆ[212]"Ŧ① 5.9 Ȅ̽�ĺſӁ7 WTe2 ̛ÇŨ;ʇ:©ȝȈҦưƼ Td ̡

�Td-WTe2 "ĺJĔʿѽ̛ THz �ļ, 3�THz� 23 THz!̡Ć̛ɖėJ�ЗL

�Ȫ�̛ʆäɖė"ѣă̊ʻ̦ɨw b Я̛Ɨҁ˝͉ƲРėLЬĆ:ȝȈưƼ

① 5.8  Weyl ê主ƚ7̛�̏，[220]�a. 7ǟĂˡƈ͈’ b. ɟҁĂˡƈ̛͈ Weyl ê主

ƚ7̛�̏，�ʨ6 Weyl ˪̛�̏，ċ¿:�ЗLȅǩ (JG) ’�ɒƺ(J4)̛3Ѣ¿� 

Figure 5.8 Photocurrent in Weyl semimetals[220]. Relations between photocurrent in a. 

centrosymmetric and b. non-centrosymmetric Weyl semimetals. Each Weyl node produces a 

photocurrent with chiraiity-dependent (JG) and chiral-independent (J4)	components. 
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̡ 1Tʹ̡�J=]Ė"åTŚŴ̂ʛʉϽҵĺ MoTe2 7É̋ 800 nm ̛�Ȫ

�Eă̄Gͥs̄Ј[213]�˱Μ"a+36ƞz7ѣʸɲϧµ̛乐ҵɢ$;ʇ̡

Ć̛°ĺ于ÛÖɢW[&Ȭϩ]"�ΰ̏ŭˤăŦxġœŭΞĒƉΰ;ʇĆä&

ĉŗ"Ϸ̄ЈɢĘġ Weyl ˪ҍп̛̏ŭ;ʇŠǂǩ̡§&:Gİ͜a+乐ҵ"

ǿcÉ̋ TDAP ͩĻ̮͎G WTe2 ̛�ˤăÛÖŴ不͋��

�

�

�

�

 

Figure 4.9 Observation of coherent interlayer shear displacements in WTe2
[212]. a. Lattice 

structure of Td-WTe2; b. Schematic of ultrafast electron diffraction setup; c. Measured diffraction 

pattern of WTe2 at equilibrium; d. Time trace of Bragg peak (130) at various terahertz polarization; 

e. Changes in Bragg peak intensities as a function of time delay. 

 

① 5.9  Td-WTe2 ĺ THz �于Û,̛Ɨҁ˝͉[212]�a. Td-WTe2 ̛ɨʒ;ʇ; b. ſӁ7

Оǣ̏ŭϓƋ̽Ƿ①; c. ĺưϔʃd,ˉ为ǛË̛ Td-WTe2 ̛ϓƋ①ʏ; d. ƦȜʒƜ

 130!̛ ϓƋǌƺĺJĔʆäɖė̛�Ȫ�еƋ,җɟҁ̛Ćä; e. ĺ�Ȫ�ʆ

äɖėĵŽɟ"Ѣ¿ƦȜʒƜ̛ϓƋǌƺ̛Ćä� 
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	 � ����"�4Eě«¨ôfòăK¢`î÷ÿ�

ǿc事�͟ϠǪ; WTe2 ̛ňǦǩВ�ƈLíƗ̛ MoTe2 ’ WTe2,�© 2H ̡

’ 1T ̡¿Ê:êƉw̡’主ƚ̡"̍L 1T ̡̛;ʇƲJ͌Ž"ȄaϷ̡lă

̊ɨʒ̕ĆЬĆ:ʡQɨͩ 1Tʹ"Ŧ① 5.10 Ȅ̽�MoTe2 ’ WTe2 íƗ̛ňǦ;

ʇ¿ÊƈƷ 2H ’ 1Tʹ̡�ňLʢ"ɲ̮͎Λȸ½ċaÉ̋Mo($,Ñ)WÑTe+Ē主ʄ

ϲϪ̡Ć—ɍċϾ̛íƗ不˘主ƚ̺ä˺"Ʋі不ҥ̏Ͼȴ�ʕ �еƋ͛ȅʦĺ

MoTe2’Mo($,Ñ)WÑTe+7ϢƆËG 2HË 1Tʹ�̡̛Ć不͋[221-224]�*·w̡MoTe2

’ WTe2 ̍ 1Tʹ ̡̛íƗŉŅǐǾ"ċaǐǾʡQɨ̛ͩ/̡ Td" Pmn21!’

íɒɨ̛ͩÔ̡ 1Tʹ"P21/m!3̈́;ʇ�ŘƗ̛Ô̡;ʇɢſ̄为ŭήɘҡƏ

w̛ˢĺʀɑ[225]"Μw̡̛/̡Äɢ͙Kͥ Weyl ê主ƚ[181,195]�̍LňǦ̛/

̡ġ互˙Ô̡]ҁ̛;ʇƢÊвƍ ʻ̦Ҩŗ̛ɨЯɲŚʜ 4°̛�ɒ!"ıʢċ

і不Ř̈́ȅʦſ̄3Λ]ҁ̡̛MЬĆ"~ŦƷÖ�̏ŭȀ͏͍ȶɽ͛[195,226]�

ĺ̡Ć̛不͋7"ċΧqҗ̦7ҁǦ̛R̊"~ŦJɄĆ/̡̛ɨwͥŃ’ɨʒ

ƫɍ̛ǲ¶,"Ċă̊ùŭuΔ̛Ćä"ċaƌϷ;ʇ͈: 1Tʹ(*)̡"Ŧ① 5.11

Ȅ̽��

① 5.10  íƗ不˘主ƚ̵əäĒ˺7ċΧ̛ùŭ;ʇͥŃ"①7˧γſçņ`ϖʨ̈́;

ʇ̛ÇňùΥ[224]� 

Figure 5.10 Atomistic structures of monolayer transition metal dichalcogenides MX2. The black 

lines show the unit cells[224]. 
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① 5.11  w̡ WTe2 7ċΧ̛ɨʒ;ʇ[212]�  

Figure 5.11 Lattice structure variant of WTe2
 [212]. 

Td-WTe27ʨ'Ɨ7̛Wùŭϛ+,3Ɨ̛ Teùŭ¿ǁ"ǐǾ*ɠʺ;ʇ�

ʻ̦ɨw a Я̛ W ùŭǐǾ zigzag ѳ"̡ 丰 W ùŭҁФ且ƍL©ŵɖė"Ɖΰ

wͩ互ƺ̛đėǂǩ�ĺùΥ7ůĺ b-c ưҨ̛ѼҨƈ͈a’ a-c ưҨ°̍ư͉

̩为 0.5"0"0.5!Ɖΰ̛˝͉ƈ͈ưҨ"ǐǾGKѨɘЬƈ͈�ĺJΚϋήɘ

Ъ中ΞĒ spin-orbit coupling, SOC!ɟ"ĺÛ为͏ҁ7¦ɲ 16 6 Weyl ˪"©

7'êuL¡, = 0ưҨ"̒ ̦Ʀѧ：ç互ƈ͈ Γ-X,�ΧƩγɋɲ 1 meV ̛Χҙ"

Ŧ① 5.12 (a) Ȅ̽�ǎΚϋ SOC ɟ"ȄɲJĺ¡, = 0ưҨ+̛ Weyl ˪ѣ？˦"

ɰͻĊÓ,¡, = 0ưҨ+̛ 8 6 Weyl ˪"©736̛uΔŦ① 4.12 (c)Ȅ̽"©

ŵ Weyl ˪̛uΔċaі不ƈ͈ɁzǛË�т 8 6 Weyl ˪хȳeƩҫ.ƉƩƸ"

ǐǾ͙Kͥ Weyl ê主ƚ��

① 5.12  Td-WTe2 ̛ΧƩ;ʇ[195]�a. Td-WTe2 JΚϋ SOC ɟ̛ΧƩ;ʇ"тѧƙ̛̽ɢʻ

̦Ʀѧ：ç互ƈ͈ Γ-X 7̛'ʦ, Σ̛Ŀʍ: (0.375,0,0); b. Td-WTe2 Κϋ SOC ɟ̛ΧƩ

;ʇ%c. 'ƈ Weyl ˪ĺÛ为͏ҁ7̛uΔ� 
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Figure 5.12 Band structure of Td-WTe2
[195]. a. Band structure of Td-WTe2 without SOC. A 

fraction of Γ-X segment is shown, the point Σ has coordinates (0.375,0,0); b. Band structure of 

Td-WTe2 with SOC; c. One of the four pairs of Weyl points. 

ňLƤɲ̛ſӁJſ"ǿcÉ̋Юd TDAP ź¢\͙'ǩù̆½ă"É̋

ęɟƃƺʽ¾̆ϱ¿ŭÛÖŴɖʼȷщ WTe2 7�ŭ�̏ŭ�œŭ͛Řή̍ƺ]

ҁ̡̛MΞĒ��Ψ´̛ʿǐ̍互ɔʿãȷщ�

																																																				I { = I0Q|Ω	(2{)=óæ	 −({ − {0)
2/2ø2 … … . … … . … . . (5.11)	

©7�ŭΧ为�Ψ´ê互Ƃ��ǌ¿Ê: 0.6 eV��10 fs ’�6.5×1010 W/cm2�т

ʏ̛—ɍϲΔΧϭǿcμǛġſӁ̡s̛�ļі为 0.6 mJ/cm2!��Ȫ�̛

ʆäɖė¿Êʻ̦ Td-WTe2 K·ưҨ̛ a Я LP-a!ġ b Я�(LP-b)"Ŧ① 5.13

 a!Ȅ̽�Td-WTe2 7'ƈ Weyl ˪̛uΔŦ① 5.13 b!Ȅ̽"©7 WP1"WP2

̛ȅǩ͘Đ¿Ê:ʡ�χ = +1 ġЎ�χ = −1 "тѧƌɰ互̛eƩġɰv̛ƉƩ

¿ÊʍϮ: band-0 ’ band-1�ǎ�ļ;ʂĖ { = 100	fs!"ǿcϪϛˤă̛

̏ŭɍ"ă̄ĺ LP-a ’ LP-b �̛˲Ƌ,"¿Êɲ 0.62%’ 0.18%̛̏ŭϛˤă

ËƉƩ"Ŧ① 5.14 Ȅ̽��

�

�

① 5.13  Td-WTe2 ̛ùŭ’̏ŭ;ʇ�a. Td-WTe2 ̛ùŭ;ʇ̽Ƿ①; b. ДͤҨҍп̛ΧƩ

;ʇ� 

Figure 5.13 Lattice and electronic structures of Td-WTe2. a. Atomic structure of Td-WTe2; b. Band 

structure of Td-WTe2 in the vicinity of one Weyl pair. 
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ǎǿc^ͺ¿ʈϛˤă̏ŭĺΧƩ+̛¿Ʀǲ¶ɟ"ă̄ĺ 0.6 eV ̛�ŭ

Χ为,"б，ư̆ˤăą�Ȫ�ʆäɖė̛Ͼȴ�Ŧ① 5.15 Ȅ̽"ĺт36

ʆäɖė̛�Ȫ�ˤÞ,"̏ ư̆У上;Ϡă̊ĺWeyl˪ҍп� ①5.15 a-b!!"

tɢċạËϛˤă̏ŭƌïȮĺJĔ̛ƉƩ+�ƈL LP-a ̛�ļ"̏ŭ;Ϡ

ïȮ͙'ʃƉƩ band-1!%ƈL LP-b ̛�ļ"̏ ŭ;ϠïȮ͙KʃƉƩ�band-2 "

Μ\eƩË band-1 ̛У上ϛȑÌ ① 5.15 c-d!!�тϺɠĺ3̈́�Ȫ�˲

Ƌ,̏ŭĺÛ为͏ҁ7ϛˤă̛ЦǖJĔ�ʢɟ"ҠϠǿc\̏ŭ;ʇ̛Ϧƺȍ

Ë©7̛ùı��

① 5.14  �ļΨ´ʿǐ’ LP-a �z̋,ϛˤăËƉƩ̛̏ŭɍ�a. �ļΨ´ʿǐ; b. LP-a �

z̋,ϛˤăËƉƩ̛̏ŭɍ"ĺ�ļ;ʂĖɲ0.62%̛̏ŭϛˤă� 

Figure 5.14 Laser waveform and excited electrons under LP-a excitaiton. a. Applied electric field 

along the in-plane direction of Td-WTe2; b. The amount of excited electrons (L) upon photoexcitation 

from the valence bands to conduction bands with LP-a excitation. After the laser pulse ({ = 100	fs), 

L = 0.62%. 
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Figure 5.15 Carrier excitations in the momentum space. a. Energy distribution of the excited 

electrons and holes at ℏω = 0.6	eV	excitation with laser pulse linearly polarized along the a-axis 

(LP-a). The red and black arrows indicate the peak of the electronic excitation and the energy 

position of WP1, respectively; c. Time evolution of the electronic occupation of band-1 and 

band-2 under LP-a excitation; b and d are analogous to a and c, but are the results when laser 

linearly polarized along the b-axis (LP-b). 

① 5.16 a-b!�ƙ̛̽ɢ Td-WTe2 ДͤΧͲ IØ!ҍпùŭЪ中¿万̛ΧƩ

;ʇ"ǿcƌҧп WP1 0¿ƦĺƦѧ：ç互ƈ͈ Γ-X +̛˪ʍϮ: W�̍L

Weyl 义̛�ɒ"ʻ̦ W-X ɖė band-1 +ɲѢ¿ k ˪ŔLIØa,"ò©ĺňǦ

ɟ�ɢѢ¿ïȮ�̍LʾÉŊŌɈƷ"ʻ̦Ϸɖė\eƩË band-1 ̛У上ϛ̀

ʠ ① 5.16 b!!�ʑȮ band-1 +̏ŭïȮǲ¶̛ƢÊ"ǿcċaÈɓĺ LP-a 

(LP-b)ˤă,"̏ư̆У上¿Êă̊ĺʻ̦ W-Γ (W-X)ɖė̛ k˪+�ıʢ"ĺ

Weyl ˪ҍп̛б，ŭˤăЦǖċaі不Ͼε�Ȫ�̛ʆäɖėʄȴÌ��

① 5.15  ϛˤăб，ŭĺÛ为͏ҁ̛¿Ʀ�a. �ŭΧ为: 0.6 eV ɟϛ LP-a �ˤă̛̏ŭ

ġ͏̛͍Χ为¿Ʀ, ①7Ͱγġ五γ͢Ş¿Ê`ϖϛˤă̏ư̆Ɯ�uΔa’ Weyl ˪

WP1 ƈƷ̛Χ为; c. ͙'ʃƉƩ band-1!’͙KʃƉƩ band-2!+̏ŭïȮɍҗɟҁ

̛Ćä; b ġ d ¿ÊͥsL a ġ c, tƈƷ̛ɢ�ʆäɖėʻ̦ɨw b Я LP-b!̛;ʊ� 
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Figure 5.16 Orbital-dependent selective excitation in WTe2. a. Band structure along the 

high-symmetry lines in the Brillouin zone and the weight of W-5d and Te-5p orbitals. The red dot 

represents the position of WP1. Arrows 9 and : show the carrier transitions that near or far 

away from the Weyl node; b. The magnification of the band structure along X-Γ, and with more 

detailed atomic orbital information. The red arrows represent the transitions with LP-a and LP-b 

excitations with photon energy of 0.6 eV; c. Schematics of the chiral selection rule of the	Ç =

+1Weyl node in momentum space; d. Schematics of the orbital-dependent selective excitations 

under linearly polarized laser pulses. 

 

① 5.16  ùŭЪ中�З̛ђȟǩˤă�a. ʻ̦Ʀѧ：ç互ƈ͈¿Ʀ̛ΧƩ;ʇ’ùŭЪ

中̡̛ƈЏ˿�Ͱ˪`ϖ WP1 ҍп̛ k˪�͢Ş9’:¿Ê`ϖҧпȀ且́ Weyl ˪̛ˤ

ă; b. ʻ̦ Γ-X ɖėΧƩ;ʇ̛ɆŚ"ùŭЪ中̛�ǮɭÙªw�Ͱγ̛͢Ş`ϖGĺ LP-a

’ LP-b ˤă,̛̏ŭУ上Цǖ; c. ȅǩ͘Đ:ʡ(χ = +1)̛Weyl ˪ĺ②�Ȫ�,̛ȅǩђ

ȟŽÄ; d. χ = +1̛ Weyl ˪ĺ�Ȫ�,̍LùŭЪ中ƈ͈ǩƉΰ̛ђȟǩˤă� 
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̍ʆäɖėȴÌ̛ђȟǩˤăʄήL Weyl ˪ҍпùŭЪ中̛Jƈ͈¿Ʀ�

і不ƌ̏ŭʿ¾ɍȒǒËđ6ùŭЪ中"ċạËĺ Weyl ˪ҍп̛̏ŭǦ;Ϡ

̍ W-5d ’ Te-5p Ъ中Џ˿�̍LΧƩĂЬ"band-0 ’ band-1 ̛Ъ中Ǿ¿MȬ"

Ĕɟ band-1 ġ band-2 ĺ Weyl ˪ҍп̛ùŭЪ中Ǿ¿ɲɠɣ̛ƢÊ ① 5.16!�

ʑȮУ上ђȟŽÄ"б，ư̆У上¼̀�ЗLЪ中;ʇ"ò	ojm = Œm ö Œj "©

7ojm:ÇǦ Œj ’ɹǦ Œm ]ҁ̛У上̫҉��ǿcă̄ʻ̦ W-Γɖė"ĺ LP-a

ˤă," ì,A ó æÑ ’ ì,A ó ìÑ, :36;Ϡ̛У上Цǖ"Μʻ̦ X-W ɖė"

ĺ LP-b ˤă," ì,A ∂ ìM, :ɰѨϠ̛ˤăЦǖ тѧ"ɨw̛ a Я’ b Я¿

ÊƈƷſ͏ҁ̛ x ’ y Я!�тP˻Ư̈̄У上Цǖ̍Lƈ͈ǩϠʲĺĉ'ˤăʃ

d,ɢϛ̀ʠ̛"~Ŧ ì,A ∂ æÑ = ì,A ∂ ìÑ, = ì,A ó ìM, = 0�ıʢ"ҔG

ǿc+ɏȸË̛ĺ②�Ȫ�ˤă,̍ϦÛ为ŷǫƉΰ̛ȅǩђȟŽÄŗ"Weyl

˪ҍп˾˻̛ʿ¾ɍ˻ǕElƉΰwͩ�ЗL�Ȫ�ʆäɖė̛ђȟǩˤă� 

ǿc͟íϬϱЪ中ƈ͈ǩƉΰ̛ђȟǩˤăġȅǩђȟŽÄ̡̛sġƢǂ

]Ŕ�事�"3ΛѣµŽG Weyl ˪ҍпб，ư̆ˤăЦǖ"ĺȅǩђȟŽÄ7"

̏ŭěɃ②�Ȫ�̛�ŭ"ĺϷ不͋7qҗ̦ήɘ̛ΘЬ"Ɖΰĺ�nȿɖė+

Weyl 义3�̛Jƈ͈ˤă�~Ŧ"ƈLχ = +1̛ Weyl ДͤŭěɃ'6ʻ+z ɖ

ėnȿ̛Ďɘ②�Ȫ�"ıÛ为ŷǫ̛Ϡʲ"̏ư̆У上ĊΧă̊ĺ+ß,ɖė"

Μĺ−ß,ɖė̛У上ɢϛ̀ʠ̛ ① 5.16 c!!�ĺǿc̛ƞz7"LP-a ̛�

Ȫ�НËGġĎɘ②�Ȫ�ͥs̛z̋"}Ǜ̏ŭĺ Weyl ˪ҍпí�ˤă� ˱

Μ"ǿcȸ½̛ђȟǩˤă�ЗL�Ȫ�̛ʆäɖė’ùŭЪ中˻Ǖ"Ʋʄ˜

L͙Kͥ Weyl ê主ƚ̛7ǟĂˡƈ͈ǩ̰Β’ Weyl 义̛�ɒ�ĺȅǩђȟŽ

Ä7"②�Ȫ�̛ϑɘǩ’ Weyl ˪̛ȅǩȆɢµŽıͪ� 

+'εǿcȸË Weyl ê主ƚ7б，ư̆Jƈ͈ˤăƌϹƉ½ɣρ̛�̏，��

① 5.17 a-b!ƙ̛̽ɢĺ3̈́�Ȫ�ˤă,ʻ̦ɨw a Яġ b Яɖė̛�̏

，5c"5N�.¡Ƌ�̡ł̛̠̏，¿为.©ưϒ¿为̡ʪ"̏，ǌƺɠɣвǊƲ

ƙ̄½JĔ̛Ȫκϒ:��~ŦĺLP-aˤă,ʻ̦ bЯɖė̛̏，¼Aíė与Û"

ɣ̽½.ȕ͉，̡п̛ǩВ"J不Ɠʢ̄Ј̛ǝϢɼÌ¿ʈɲǗLĖΆ̆ϱġ
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ſӁ̛ȵ专"ĺ̄ҊʦJHaƙǁϬϱ�ĺ① 5.17 c-d!7ǿcƌ5c"5N�ɟҁ

͇¿"̀ ϖб，ŭˤă̛̏λ͇ͮɈƷ�ċạ½"ĺ�ļ;ʂĖ"LP-a ’ LP-b

�ĺɨw a Яġ b ЯɖėĽϹƉ½Ăė̛̏λ͇ͮ"©ſ͏ҁ¿Ʀċa̍Ƣ¿̏

λ¿Ʀ①ϖ̽�① 5.17 e-f!7ƙ̽GíΥ7+Ɨùŭ ① 5.13 a!7˧γō

�ưҨ!ĺ 50 fs ’ 150 fs ɟƈƷ̛Ƣ¿̏λ¿Ʀ"Ž?:∆– R, { = – R, { −

– R, 0 "©7– R, { : t ɟÏ̛̏ŭƃƺ�͏ҁJĽâ̛̏λ¿Ʀƌĺʀɑ°Ѣ

。¡°ǀ̏ļƲ.˻Žœŭʝ、ΞĒ"ȸ�;ʇ̡Ć̛于ÛÖ��

Ñɏȸ’"Sie ͛VÉ̋ THz �ļĺWTe27ϢƆËGJ�ЗL�Ȫ�ʆ

äɖė̛Ɨҁ˝͉"Ɖΰ WTe2 Ǫɢ\© Td ̡ˡäË7ǟĂˡƈ͈;ʇ 1TʹȀ

1Tʹ(*)̡[212]�˱Μ"ǿcϫ:і不^ͺϾȴˤ��ŭΧ为"互ƺđėǂǩ̛�ˤ

ăċaſ̄"\Μċaƈ̡ĆɖėÙaȴÌ�:GϺɠϷ乐ҵ"ǿc事�ϬϱΧ

ř˞ТЪ中ђȟǩˤă̛�ŭΧ为θĴ�\ùŭЪ中Ǿ¿̛Χ为¿Ʀ̣"Ċɲĺ

Weyl ˪ҍп̍L Weyl 义̛�ɒa’Ъ中Ǿ¿̛Jƈ͈¿ƦȆlƉΰб，ư̆

ˤăЦǖƈ�Ȫ�ʆäɖė̛�З�˱Μ"ƈL'ʂ THz ʿʦ̛Ψ´ˤ�"

©�ŭΧ为śv ~Ŧ 23 THz	≈ 0.095	eV!aίLJΧƌ̏ŭˤăË互Χ̛Ɖ

Ʃ band-2!"ıʢJ͡ʆäɖėŦx"̏ŭѣĊΧ\eƩУ上Ë band-1��EƓ

ɢĊΧă̊.① 5.16 b!75LP-a6̡s̛ˤă�ĉ'ɖҨ"ǎ�ŭΧ为śŚ

ɟб，ư̆ˤăƌ且́ Weyl ˪"ʢɟУ上不͋ƌ.w̛ͩȝȈǩВɚ§"©ˤ

ăЦǖŦ① 5.16 a!7Цǖ:Ȅ̽�ıʢ"ĺa+̛3̈́ǲ¶, THz�’ċϡ

�ʿʦ�ļ!"ĽJlw̄½б，ŭˤăЦǖƈʆäɖė̛ђȟǩ"\ΜĊΧϢ

ƆËđėĔǩ̛Ɨҁ˝͉��

�
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:Gϳſa+Ϻʼ"ǿcϪGùΥ°ʨ6ùư̆uΔҗɟҁ̛Ćä"Ʋƈ

ʨƗùư̆u͉�ÙġưĽ"~Ŧ"ʻ̦ɨw b Яɖė̛Ɨҁu͉Ž?:$�

																																														∆∂ { =
1

é
∂� { − ∂� 0

é

�=1

… …………… . . … ………… . . (5.12)	

©7∂j { :͙ i 6ùŭĺ{ɟÏʻ̦ b Яɖė̛uΔ�① 5.18 ƙ̛̽ɢǎ�ŭΧ

为: 1.5 eV ɟϛˤăб，ư̆Χ为¿Ʀ’Ɨҁu͉ǲ¶�ʢɟ�ļ̛ê互Ƃ: 6 

fs�ĺ 30 fs ɟ三ËɰŚƮ�I4 = 0.028	V/Å�① 5.18 (a) �ċạË"ƈL LP-a

’ LP-b 3̈́ʆäɖė"̏ŭġ͏͍ѣϛˤăË且́ДͤΧͲ̛̏ŭǦ+�Ɨҁ

˝̛͉ɖėJ�ЗL�Ȫ�ʆäɖė"ǪɢРėL}wͩǬŖ7ǟĂˡƈ͈"

тġƤɲ̛ſӁJſ̡'ΰ��

① 5.17  �Ȫ�ʆäɖė�З̛�̏，�a-b. ̍ LP-a ’ LP-b �Ȫ�ϹƉ̛ʻ̦ɨ

w a Яġ b Яɖė̛�̏，5c"5N; c-d. ƈ5c"5N�ɟҁ͇¿; e-f. 50 fs ’ 150 fs ɟÏˤă

Ǧ.ňǦ]ҁ̛Ƣ¿̏λƃƺ¿Ʀ� 

Figure 5.17 Laser polarization dependent photocurrent. a-b. Laser induced current along 

a-axis (5c) and b-axis (5N) under LP-a and LP-b excitations; c-d. Time integrals of 5c  and 5N%

e-f. Charge density differences between ground and excitation states at 50 fs and 150 fs. 
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① 5.18  �ŭΧ为: 1.5 eV ɟ WTe2 7б，ư̆ˤă’Ɨҁu͉�a. �ļʿǐ; b. б，

ŭˤăЦư̈̄̽Ƿ①; c. ĺ LP-a ˤă,"б，ư̆Χ为¿Ʀ�Ͱγ’σγ͢Ş`ϖąˤ

ă̏ŭ’͏̛͍Ɯ�uΔ¿Ê: 0.8 eV ’-0.7 eV; d. Ɨҁ与Ûʻ̦ɨw b Я̛u͉; e ’

f ͥsL c ’ d": LP-b �ǲ¶,̛;ʊ� 

Figure 5.18 Carrier excitation and interlayer shear displacement with photon energy of 1.5 eV. 

a. The Waveform of applied laser pulse; b. Schematic illustration of the carrier excitation under 

the light field; c. Energy distribution of the excited carriers with LP-a excitation, where the red 

and blue arrows denote the peaks of the excited electrons and holes, which locate at the energy 

level of 0.8 eV and -0.7 eV, respectively; d. Shear displacements of two layers along b-axis; e 

and f are analogous to c and d but under LP-b excitation. 

 



͙ 5 ͖ ŗƏê主ƚ̛�ΰ̡Ć 

95 
 

ǿcҰϩǎ�ŭΧ为}Ǜ̍ùŭЪ中ƈ͈ǩµŽ̛ Weyl ˪ҍпђȟǩˤă

ɲɈɟ ~Ŧ 0.6 eV!"ƌă̊˝͉ɖė�ЗL�Ȫ�ʆäɖė̛Ɨҁ与Û"

Ŧ① 5.19 Ȅ̽�ĺ LP-a ’ LP-b �̛ˤă,"WTe2 7̡丰3Ɨùư̆与Û丧ƺ

¼A̡Ĕ�≈ 0.25	Å/ps "tɢĺт3̈́ǲ¶,Ɨҁ̡ƈư͉ɖė̡Ă�ĺ LP-a

�̛ˤÞ,",Ɨ’+Ɨùŭ¿Êʻ̦ɨw b Яʡė’Ўė与Û"Ɖΰwͩ两；

ǬŖ7ǟĂˡƈ͈"òă̊\ Td Ë 1TʹȀ 1Tʹ(*)̡̛ЬĆ�˱Μƈ LP-b �"̍L

Ɨҁu͉ɖė.ÑΛ̡Ă"Ɖΰw̛ͩJƈ͈ǩ专'ʣĻŏǌ�тϺɠ"ċaʑ

ȮƗҁ与Ûɖėƈ�Ȫ�̛�З§ͩ}WTe2ĆǾ7ǟƈ̛͈ȝȈưƼ̡Ȁĉ

'Ҧ7ǟƈ̛͈ȝȈ̡��

�

�

�
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① 5.19  �ŭΧ为: 0.6 eV ɟƗҁ̡ƈ与Ûɖėƈ�Ȫ�̛�З�a. �Ȫ�ʆäɖ

ėʻ̦ɨw a Я LP-a!̛;ʊ; b. �Ȫ�ʆäɖėʻ̦ɨw b Я LP-b!̛;ʊ�ȹ

①:̡Ʒ̛与Ûʝ、� 

Figure 5.19 Polarization-anisotropic response of interlayer shear displacement with photon 

energy of 0.6 eV. a. Interlayer shear displacement under LP-a excitations; b. Interlayer shear 

displacement under LP-b excitations. The inset in each panel shows the corresponding shear 

mode. 
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ȥ˲+ɏ̡Ĕ̛ɖʼ"ǿcĔɟϪGwͩʨƗùŭʻ̦ɨw a Я’ c Я̛

ưĽu͉"¿ÊŽ?:�

																																																				∆ó { =
1

é
ó� { − ó� 0

é

�=1

… ……………………… . . (5.13)	

																																																					∆∑ { =
1

é
∑� { − ∑� 0

é

�=1

… ……………………… . . (5.14)	

©7ój { ’∑j { ¿Ê:͙ i6ùŭĺ{ɟÏʻ̦ aЯ’ cЯɖė̛uΔ�① 5.20 ƙ

̛̽ǎ�ŭΧ为: 0.6 eV ɟʻ̦*6ɖė̛与Ûǲ¶ʪв�. b Яɠɣ̛Ɨҁ

u̡͉ʪ"©ŵ36ɖė̛Ɨҁ̡ƈ与Û¼Aċaǥ̓JϪ�тɢı: Td-WTe2

Ċɲʻ̦ b Я̛ƗҁÔÀœŭʝ、"}ǛĺϷɖė+̏ŭ�œŭΞĒ̛ǌƺɰŚ

[227,228]��

�

�

 

 

 

�

① 5.20  WTe2 ʻ̦JĔɖė̛Ɨҁ与Û�a-b. ùΥ°,Ɨ’+Ɨùŭĺ LP-a �ˤă,

ʻ̦ a, b, c Я̛ưĽu͉; c-d ͥsL a-b"tƈƷ̛ɢ LP-b �,̛;ʊ� 

Figure 5.20 Interlayer displacements of WTe2 along different directions. a-b. The averaged 

atomic displacement of one layer along a, b, c-axis under LP-a excitations; c-d. The figures are 

analogous to a-b, but under LP-b excitation. 
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a+"ǿca�ŭΧ为: 0.6 eV Ψ´ê互Ƃ 10 fs"�ǌ 6.5×1010 W/cm2!

̛;ʊ:~ϺɠGđėǂǩ̛Ɨҁ与Ûʝ、ġ Weyl ˪ҍпʿ¾ɍ̛ŠǂǩƃÀ

̡§�ſҎ+ǿcɄĆ�ŭΧ为̛�"ă̄ĺ 0.5~0.8 eV ̛θĴ°ѣlǛËͥs

̛;ʊ�① 5.21 ƙ̛̽ɢϷθĴ°*6JĔ�ŭΧ为,̛;ʊ�ǿc̣Ë"ǎ

�ŭΧ为Пƍɟ"Ɨҁ̡ƈ与Ư̂丧ƺПǣ"тċΧǍıLʢɟб，ư̆ˤăɭ

ҧп Weyl ˪�ąҒL͙'ǩù̆ʝȞˤăǦÛÖŴ̛Ϫ͠ǾɺơŚ"̟Ñǿc

ʝȞ̛ɰѽɟҁ: 600 fs"Ȅaɺƞz7ƙ̛̽;ʊĊƈƷ̡̦Ć不̛͋ɝɷҊ

ʦ�ĺ]Ė"wͩċΧĺ三Ë'6Ɨҁư͉҄�Ėрİ©ÇŨ˼Ǧ"Ʋĝ̄½

ğɷȪκ̛ϒ:"J不тҠϠ专'ʣĻ̮͎��

�

�

 

 

① 5.21  Ɨҁ̡ƈ与Ûƈ�ŭΧ为̛�З�a-b. ùΥ°,Ɨ’+Ɨùŭĺ LP-a �ˤă,ʻ

̦ b Я̛ưĽu͉; c-d ͥsL a-b"tƈƷ̛ɢ LP-b �,̛;ʊ�тѧ"ȄɲΨ´�̛Ȣ

Άɟҁġǌƺѣ̡Ĕ� 

Figure 5.21 Photon-energy dependence of interlayer shear displacement. a-b. Time-evolutions of 

interlayer shear displacement of the bottom and the top layer under LP-a excitation; c-d. The 

figures are analogous to a-b, but under LP-b excitation. For all the light pulses, the laser duration 

and intensity are same as those shown in Fig. 5.14 (a). 
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ʆäɖė�З̛Ɨҁ̡ƈ与Û:Ͼȴ WTe2 ̛ȝȈǩВȸ�G'̈́ɲɈɖʼ��

̍LùŭƗҁ̡̛ƈ与Û"wͩ Weyl ˪̛uΔElҗ]ɄĆ�ĺ LP-a �ˤÞ

,"Ȅɲ Weyl ˪ѣl？˦Ȱ"Μĺ LP-b �,"ȅǩ̡Ă̛ Weyl ˪ĺÛ为͏ҁ

7̛Ф́lJɓŏŚ"ƲĺϖҨǐǾʆѽ̛Дͤǉ;ʇ�① 5.22 ƙ̛̽ɢĺJ

Ĕǲ¶, Weyl ˪̛uΔҗɟҁ̛Ćä"©7 WP1 ’ WP2 :ɰп丰̛36 Weyl

˪"ƈƷ̛习ɍ¿Êɢ+1ġ−1�ĺưϔʃd,�{ = 0	fs "36 Weyl ˪ĺÛ为

͏ҁ7̛Ф́Śʜ: 0.7% O+ "©7 O+ :�ɡɨʒ̩为�ĺ LP-a �̛ˤÞ,"

Weyl ˪̡MҧпƲ0ĺ{ = 150	fs	ɟă̊？˦"wͩǪ̛ Weyl ˪̛ɍ̟:Ҟ"

Ǿ:ȝȈưƼǦ�Μĺ LP-b �, Weyl ˪̡M且́"ƉΰĺÛ为͏ҁ7¿́͋

ƺɭŚ"~Ŧĺ{ = 300	fs�ɟ36 Weyl ˪ҁ̛Ф́: 5% O+ �вŚ͋ƺ̛ Weyl

˪¿́ɲÜLſ̄ơŚ̛为ŭĂƫҡƏɈƷ"ҡƏ̏ƉʡʪL Weyl ˪ĺÛ为͏

ҁ7̛Ф́[229,230]�ǎ专'ʣĻŏŚƗҁ̡ƈu͉ɟ"WP2 ĺ{ = 600	fsɟƌ.

©ѼҨƈ͈0̡Ăȅǩ̛ Weyl ̡ћƲɰͻ？˦"ȝȈê主ƚ WTe2 7 Weyl ˪̛

ɍ为̍£6Ć:į6�ıʢ"ċaі不ɄĆ�Ȫ�̛ʆäɖėġ�ŭΧ为Ͼȴ

WTe2 7 Weyl ˪̛Ф́’ɍ为"① 5.23 ƙ̛̽ɢ Weyl ˪]ҁ¿́͋ƺƈ�ŭΧ

为’ʆäɖė̛�З̡①��

�

�

 

① 5.22  JĔ�ļʃd, Weyl ˪uΔ̛ſɟˡä� a. ß, = 0 ưҨ°36ɰ丰п Weyl

˪̛uΔ; b. ß, = 0 ưҨ° Weyl ˪̛ɍ̟’¿́͋ƺ��
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Figure 5.22 Time-dependent position of Weyl points under different laser fields. a. The two 

nearest Weyl points in the ß, = 0 plane at various shear displacement conditions; b. Schematic 

illustration of the number of Weyl points and their separations in the ß, = 0 plane. 
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① 5.23  Td-WTe2 7�ΰȝȈ̡Ćƈ�Ȫ��ŭΧ为 ℏω!’ʆäɖė #!̛�

З̡①� 

Figure 5.23 Phase diagram of laser-driven Td-WTe2 topological phase transition on the 

dependence of photon energy ℏω and incident angle #.  
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WTe2 7ċaі不ɄĆ�Ȫ�̛ˤ�—ɍϾȴ©̡Ć不͋�ǿcȸ½ĺ Weyl

˪ҍп̛б，ŭˤăJtϠ§ˀ Weyl ˪̛ȅǩсϠ^ͺ¿ʈ©ҍп̛ʿ¾ɍù

ŭЪ中˻Ǖ"3ΛѣƌƉΰƈˤăЦư̈̄ђȟǩ�©ʞ�ǿc½ WTe2 7�ΰ

ȝȈ̡Ćƈ�Ȫ�ʆäɖėġ�ŭΧ为�З̡̛①�Ϸƞz:˒¡̆ϧ Weyl

˪̛Šǂǩȸ�Ğϱ�Ȯ�ĉŗ"ɺɏȄѥ̛̋Ϫ͠ɖʼ’̡§¿ʈȅʦɲɶ

Ǿ:ɸʄ̮͎ȝȈʀɑ7Ҧǩ�Ŵ̄Ј̛ɲÖƞª�
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 (!ǿcȺ̽Gĺ͙Kͥ Weyl ê主ƚ WTe2 7̍ùŭЪ中ƈ͈ǩȄƉΰ̛
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