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ABSTRACT 

We introduce two aspects of the optical pulses (i.e., an audience watching the dynamics and a leading 

actor raising the dynamics) and demonstrate the interactions in terms of observations of real time-resolved re-

sponses and novel applications to open up the fastest electronics. First, we propose a new calculation technique 

for the time-resolved photoemission spectroscopy that efficiently capture the real-time spectral weights of elec-

tronic structures of time-evolving single-particle Kohn-Sham orbitals in solid systems at the extremely ultra-

short temporal space. It is found that the calculation can be used to explorer the non-equilibrium phase transi-

tions of strongly correlated electron systems within the frame of the Tran-Blaha exchange potential so that it 

gives a new insight into the dynamical aspect of Zaanen-Sawatzky-Allen scheme in the case of excited CuO 

and NiO. We also introduce an appearance of pseudospin-correlated optical transitions in graphene and this 

would provide a chance to observe the dynamics of pseudospins in emerging materials. Second, control of 

electrons or their spins in the subfemtosecond time span could become a new pathway to the fastest electronics 

or spintronics based on the light-wave-induced dynamics. We shall see the applied strain in wide-gap semicon-

ductors is found to be a useful application to manipulate the light-wave-induced current in terms of change in 

effective mass as a controlling parameter. Also, we provide a smart heterojunction between 2D ferromagnetic 

transition metal tri-chalcogenide and non-magnetic semiconductor is shown as a petahertz spin device that gen-

erate spin filtered current or injector under the strong optical field. We believe our studies on the real-time 

dynamics provides an unexplored and undefined aspect induced by the optical pulses and suggests new guidance 

to the meaningful subfemtosecond physics. 

Keywords: Ultrafast subfemtosecond dyanmics, light and matter interactions, time-resolved photoemission 

spectroscopy 
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Ⅰ. Introduction 

 

1.1 Extreme time scale 

Time itself is the critical dimension along the stream of nature. Apart from the cos-

mic space or human beings where the prefer time scale belongs to thousand years or milli-

seconds, microscopic interactions governing the quantum physics and chemical reactions oc-

cur on the extreme temporal scale, that is, from 100 as to subfemtoseconds. Under this time 

of extreme periods, related reactions on the bases of atoms, molecules, and micro-structured 

systems connected by the law of quantum mechanics inherently involve in everything in the 

universe. In a sense, understanding those micro time spans definitely needs handling the dy-

namics of electrons due to the fundamental relation[1] between energy and time written as, 

ΔEΔτ ~ ℏ                               (1.1) 

ΔE is energy distribution among the effective electronic states determined by the atomic po-

tentials where the distribution is naturally given from 0.001 to 10 eV and corresponds time 

scale should be attoseconds and subfemtoseconds. Consequently, manipulation of electron 

dynamics provides a key ingredient towards the area of fundamentally fastest speed.  

For several decades, the technological advances in development of high intense and 

extremely isolated optical pulses with the duration of subfemtosecond scale has given access 

to handling the extreme ultrafast signals with nonlinear photoexcitation of electrons and en-

able us to investigate unveiled pathway to realize novel applications for the fastest electronics 

as well as understanding the ultrafast electron response. This provides a chances to drive 

electrons to move through a matter that induces ultrafast non-equilibrium phase transitions 
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of electronic structures and to obtain a picture of light-wave-induced dynamics where the 

motion of electrons effectively accelerates under the wave-form of an electromagnetic field 

which derives the particularly interesting phenomena of petahertz signal processing.  

 

1.2 Ultrafast dynamics in solids 

In the previous section, we have demonstrated why the extreme time scale is par-

ticularly important and which should we focus on. The ultrafast physicists have interested in 

the light field-induced electron carrier dynamics in a solid that would be found to overcome 

the current limit of modern semiconductor industry. Basically, ultrafast time region ranging 

from ~100 to subfemtosecond is a unit time for electronic motions and inter-electron interac-

tions.  

For instance, period time of the 1s orbit in hydrogen is 152.05 as. The time required 

for an electron in a metallic fermi surface travel along the nearest hopping channel is typically 

0.1 ~ 0.5 femtosecond. Such time behavior lies in many other scientific aspects, that is, pe-

tahertz currents, metal-insulator phase transitions, and unveiling the photo-induced psedospin 

dynamics. Also, this time is naturally connected to a pulse duration of an ultrashort light-

wave. We note that the motion of electrons is involved in the pulse shape within the sub-

femtosecond range by the Maxwell’s equations. Thus, in this thesis, we will focus on the 

electron dynamics in solid systems.  

 

1.2.1 Light as an actor: pumping the dynamics 

In solid systems, electrons are occupied in the Bloch wave or band structures, the 

most important concepts in solid state physics. We will introduce more detailed framework 

on the theory in the latter section. In the thermal equilibrium limit from the negative infinite 
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times, the electrons and their band structures are the exactly ground state. In this state, the 

expectation value of the momentum describing dynamical aspects of the electrons should be 

zero due to there are no effective particles within the quasiparticle picture, i.e, vacuum state. 

To create particles of electrons and holes to derive the subfemtosecond electronic 

responses, it should be required that the electrons in the ground state are pumped by the ex-

ternal pulse. Considering this point, the first role of the ultrashort light-wave is the pumping 

the electrons in solid matters and creates carriers made of electrons and holes as quasiparticles 

in the subfemtosecond time domain. If the laser field is strong enough, the created carriers 

accelerate through the lattice and the optical-field-induced current occurs with oscillatory 

motion almost similar to the laser frequency.  

When some kinds of correlated interactions between electrons take places, the Ham-

iltonian also changes due to the change of the many-body Coulomb potentials. This critically 

causes some rapid phase transitions in the electronic structures of the solid. As indicated 

above, laser pulses pumping the solids evolve the generation of excited electronic states and 

lead the subfemtosecond electron dynamics. 

 

1.2.2 Light as an audience: probing the dynamics 

In the previous discussion, we started by considering the ground state of solids. 

Then, we want to know what happens if the short-lived photoexcitation occurs by the injected 

energy of an external laser pulse. From this point of view, it needs real-time observation of 

the dynamics and requires suitable spectroscopic technique and sufficient time domain. Con-

sequently, this can be categorized into the time-resolved study. 

In 1967, Manfred Eigen won the Nobel prize[2] for the study of perturbation-relax-
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ation methods where time-resolved change of an absorption spectroscopy can be used to in-

vestigate chemical reactions with time domain around nanosecond. This is the beginning of 

the concept for the pump-probe experiments. Recently, pushing the evolution in the field of 

attosecond science and technology overcomes the speed barriers of the invisible temporal 

scale of attosecond. The development of ultrashort pulse enables the capture of electronic 

response itself at the breakthroughs in the extreme temporal realm. Consequently, the first 

high intense ultrashort pulse as a pump creates and manipulates the ultrafast transient states 

of electronic states and the second perturbed ultrashort pulse as a probe with a controlled time 

delay relative to the pump investigates the induced dynamics in the subfemtosecond domain. 

Each process with a single time delay provides real-time mapping of the dynamical change 

driven by the pump.     
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ⅠI. Theoretical frameworks  

 

2.1 Solving Time-dependent Schrödinger’s equations 

We present here an overview of the theoretical frameworks of our study to deal with 

ground electronic structures and their time-evolution with the Schrödinger’s equation re-

garded as a fundamental theory of quantum mechanics. Particles in the microscopic space 

such as electrons have physical quantities comparable to the Planck's constant, ℎ, which as-

sign electrons with wave properties to satisfy the wave relation, 𝜆𝑝 = ℎ or 𝛿𝑥𝛿𝑝~ℎ where 

𝜆, 𝑝, and 𝑥 are wavelength, momentum, and position of an electron, respectively. In this 

point of view, we should adopt a postulate of quantum mechanics that state kets or solutions 

of Schrödinger’s equation determines state probability of electrons. Therefore, the time-de-

pendent part of the Schrödinger’s equation controls the distributions of electrons in the basis 

space. We study some concepts related with time-evolved electron excitations of simple cases 

through time-dependent Schrödinger’s equation. Our main interest is dynamics of electrons 

in solid systems. However, before we start, we first shall study a simplest example. 

 

2.1.1 Time-evolved two-level model 

Usually, there are infinitely many sets of base kets in the real atoms, molecules, and 

solids. However, excitations by an external energy with a specific frequency only allow tran-

sitions between limited energy eigenstates coupled with the frequency so that some physical 

systems can be reduced to the simple model of two-level states. Although it has a high sim-

plicity, the model can capture the leading properties of atoms, molecules, and even solids.   

In the model, the electrons are only in the two-dimensional Hilbert space with two 

respective energy eigenvalues, |1⟩ and |2⟩ with E  and E . 
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Figure 2.1 Schematics of two-level model 

 

This introduces the static Hamiltonian and its time-dependent state ket as given by  

H =  E c c + E c c        (2.1.1.1) 

 |ψ(τ)⟩ = C (τ)|1⟩ + C (τ)|2⟩       (2.1.1.2) 

The initial state is assumed to be C = 1, the ground state. The ket notation is |1⟩ = c |0⟩. 

|0⟩ the vacuum state. Then we inject the external energy oscillation in the off-diagonal ele-

ments  

H (τ) = Ω(τ)c c + Ω (τ)c c        (2.1.1.3) 

Here the energy parameter Ω(τ) is known as Rabi-energy[3-5] which usually demonstrate 

electron-light interactions in the limit of dipole approximation, i.e., Ω(τ) = Ωe  which 

corresponds to the oscillating electric field. Now we investigate the dynamics of the ket state 

via time-dependent Schrödinger’s equations. 

𝑖 ∂|ψ(τ)⟩/ ∂τ  = H + H (τ) |ψ(τ)⟩       (2.1.1.4)  
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    This equation introduces two linear differential equations in terms of the two probabil-

ity amplitudes in the time space and couples the two equations by off-diagonal Rabi energy. 

𝑖 ∂C (τ)/ ∂τ = E C (τ) + Ω (τ)C (τ)       (2.1.1.5) 

𝑖 ∂C (τ)/ ∂τ = E C (τ) + Ω(τ)C (τ)       (2.1.1.6) 

 

Figure 2.2 Calculated populations of state ket. Blue and red lines are |C (τ)|  and |C (τ)|  

The parameters are assumed as frequency of ω = E − E  and intensity of Ω = 0.2(E −

E ).   

 

Dynamics of the two-level model in the case of resonance condition, i.e., ω = E −

E , is displayed in the Figure 2.2. The dynamics is called as Rabi oscillation. The initial 

population at the bottom state of |1⟩ starts to decrease and that of the top state |2⟩ in-

creases. The oscillations of the two states persist symmetrically as time goes on. Here the 

analytic solution of the |C (τ)|  is given by 
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|C (τ)|  =
Ω

Ω + ω − (E − E )
sin  

⎝

⎛
Ω + ω − (E − E )

2
τ

⎠

⎞   (2.1.1.7) 

In the solution, it is important to note that the period of the oscillation depend only on the 

intensity Ω not ω in the resonance case. |C (τ)| = sin τ . However, when the fre-

quency ω is detuned, the population oscillates faster as like Ω + ω − (E − E ) /2 

and amplitude of the population decreases.  

 

 

Figure 2.3 (a) Calculated |C (τ)|  as a function of ω. Blue line shows the resonance case. 



- 9 - 
 

Red and black lines indicate off-resonance case. Intensity is fixed as Ω = 0.2(E − E ). (b) 

Calculated |C (τ)|  as a function of Ω. The ω is assumed to be the resonance case. 

 

       The calculated results of the off-resonance case are displayed in the Figure 2.3(a). 

As we discussed with the analytic solution (2.1.1.7), off-resonance carries excited popula-

tions. The amplitude is found to decrease but still meaningful as effective carriers[6]. Another 

point is the period of the Rabi oscillation is shown to be faster. This is very important property 

in terms of the system has a lot of chances to get more excited population rapidly. This point 

is consistent when the ω is resonant frequency as depicted in the Figure 2.3(b). Overall, the 

strong intensity with off-diagonal frequency enables the system to show rapid responses in 

the extreme time scale. We will keep this argument and its validity when the system is as-

sumed to be semiconductor. 

 

2.1.2 Dynamics of solid systems 

As solutions of Schrödinger’s equation, Bloch state in a solid provide many proper-

ties from crystal lattice then folded into the first Brillouin zone with renormalized crystal 

momentum. Therefore, energy eigenvalues of the Bloch states are also characterized by the 

band index, n, and momentum, 𝐪, E (𝐪), called as band structures. We demonstrate a sin-

gle electron in one-dimensional (1D) periodic potential of a solid and investigate electron 

dynamics through the band dispersions. 
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Figure 2.4 Schematic picture of tight-binding hopping channels in the 1D periodic lattice 

 

We first consider the quasi-particle picture that the initial state is defined to be a 

vacuum state. Under this picture, now laser field creates electrons and holes from the vacuum. 

Thus, in the periodic lattice, there are two tight-binding hopping channels of electrons and 

holes[7]. The Figure 2.4 displays schematic picture of tight-binding lattice. Electrons and 

holes between the nearest sites are respectively coupled by the hopping parameter t  and 

t , respectively. Then the Hamiltonian in the real space is given by  

H = t (c c + c c ) + t (d d + d d )  (2.1.2.1) 

Here the c  (d ) and c  (d ) are electron (hole) creation and annihilation operators, re-

spectively, in the n-th site. To solve the band structures, we take the Fourier transform into 

the momentum space, q, by using the relations; c =
√

∑ c e  and d =

√
∑ d e . Now the Hamiltonian of (2.1.2.1) is defined by 

H = 2t cos(qa) c c + 2t cos(qa) d d   (2.1.2.2) 

In the Hamiltonian, 2t cos(qa) and 2t cos(qa) are the band structures of electrons and 

holes, respectively, in the momentum space symmetrically. If we consider the system as sem-

iconductor or insulator, we should assume an additional energy parameter required to create 
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electrons and holes. This parameter is well known as energy gap, E . Then the constant shift 

of energy eigenvalue occurs.  

H = 2t cos(qa) − 2t + E /2 c c      

+ 2t cos(qa) − 2t + E /2 d d   (2.1.2.3) 

The Hamiltonian of (2.1.2.3) demonstrates the insulating state and we formulate energy dis-

persions as a band energy E (q) = 2t cos(qa) − 2t + E /2 and also E (q). we parame-

terize the Hamiltonian by using t = −0.25 eV, t = −0.75 eV, and E = 8 eV  to de-

scribe giant gap insulator as displayed in the Figure 2.5 

 

Figure 2.5 Band structures of the 1D periodic lattice. The valence band and conduction band 

are separated by the gap. Since we adopt the quasi-particle picture, the energy eigenvalues of 

the valence band for holes should be inverted into the positive values in the real calculation. 
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       The band structures in the Figure 2.5 are formally typical. The dispersions of elec-

trons are found to be slightly faster than those of holes. This means we adopt reasonable 

parameters to simulate intrinsic of Bloch states. Now we shall calculate the time-evolving 

state kets of electrons and holes under the optical pumping. The optical transitions in the 

states are divided in to two types of transitions. The first is interband transition which creates 

electrons and holes from the vacuum. The second is intraband transition that makes the cre-

ated particles accelerate through the hopping channels. The latter is the important interactions 

to induce the current density and is considered only when the system is solids. In the Hamil-

tonian, the two transitions are written as 

H (τ) = t (τ)(c d + d c )  (2.1.2.4) 

H (τ) = 𝑖t (τ)(c c − c c ) + 𝑖t (τ)(d d − d d ) (2.1.2.5) 

The H (τ) is responsible for creating electrons and holes at the n-th site by the energy of 

t (τ). H (τ) results in a ballistic moving of electrons and holes along the hopping 

channel since the form of the elements breaks both of time and space inversion symmetry[8]. 

The real-space representation of the Hamiltonian can be converted into the momentum-space 

representation by the Fourier transform as in the (2.1.2.2). 

H (τ) = t (τ) c d + d c   (2.1.2.6) 

H (τ) = 2t (τ)sin(qa)c c + 2t (τ)sin(qa)d d  (2.1.2.7) 

Here we note that the interband transitions obey the momentum conservation law between 

electrons and holes. The intraband terms induce asymmetric dispersions like ~sin(qa) of 

the particle energy which affects the symmetric bands of ~cos(qa). Further, it is important 
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to note that we consider the holes as quasi-particles which are independent particles in the 

solid. However, if we do not consider the concept of holes and regard the system made of 

occupied and unoccupied electrons. This leads to the conversion from the quasi-particle pic-

ture to electron picture by inverting the momentum of holes as −q → q. t (τ) and 

2t (τ)  2t (τ)   are also defined as A(τ)⟨p⟩  and A(τ)⟨p⟩  

(A(τ)⟨p⟩ ) , respectively, where the A(τ)  is the vector potential with a shape of 

A cos(ωτ + ϕ) cos τ  within the range of time at |τ| < δ. The ⟨p⟩ is momentum 

matrix element. The total Hamiltonian for the insulator under the light-field is H(τ) = H +

H (τ) + H (τ)  and the total state is given by |ψ(τ)⟩ = C (τ)|0⟩ +

∑ C , (τ)|q, −q⟩[8]. Finally, the time-dependent Schrödinger’s equations are written as  

𝑖 ∂C , (τ)/ ∂τ = (E (q) + A(τ)⟨p⟩ sin(qa))C , (τ)    

+ E (q) + A(τ)⟨p⟩ sin(qa) C , (τ) + A(τ)⟨p⟩ C (τ)   (2.1.2.8) 

𝑖 ∂C (τ)/ ∂τ =  A(τ)⟨p⟩ C , (τ)          (2.1.2.9) 

The differential equations are coupled between C , (τ) and C (τ) and can be solved via 

initial value problem. In the ground state ( τ → −∞) , the system must be a vacuum, 

C (τ → −∞) = 1 . We assume the matrix elements ⟨p⟩ , ⟨p⟩ , and ⟨p⟩  as 

1.76 Å/ω, 0.59 Å/ω, and 1.5 Å/ω. In the A(τ) term, ω = 1.7 eV, δ = 8 fs, A =

0.43 VÅ /ω are given. The carrier-enveloped phase ϕ of the laser pulse is π/2. The 

form of current density is J(τ) = ∑ v (q) + v (q) C , (τ)  where v (q) = ∂E (q)/

∂q and similar to v (q).  
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The calculated time-dependent dynamics is displayed in the Figure 2.6. We intro-

duce two main properties in the results. First, although the frequency of the pulse is non-

resonance condition, the strong field intensity instantaneously creates electrons and holes as 

shown in the Figure 2.6(b)[9]. Second, the created population is found to show rapid re-

sponses as the laser field oscillates. Those rapid absorption and stimulated emission occur 

when the excitation frequency is below the band gap[10]. Those points are consistent to the 

case of two-level model as we discussed above. 

 

Figure 2.6 Calculated optical-field-induced dynamics in the insulator. (a) Profile of injected 

laser pulse. (b) Real-time population of created electrons and holes C , (τ) . (c) Calcu-

lated optical-field-induced current where the transient carriers instantaneously accelerate by 

the strong field strength. 
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Therefore, excitation by the high intense laser pulse with below gap (non-resonance) fre-

quency enables us to switch the current signals at the subfemtosecond time scale. Eventually, 

the transient creation of particles and acceleration results in the optical-field-induced current 

in the insulator.   

To investigate more details on the current dynamics, real-time population of excited 

carriers in the momentum space is depicted in the Figure 2.7(a). The oscillatory motion of 

the population driven by the strong laser field is found and causes the current density. This 

oscillation of the population is clearly asymmetric distribution of carriers centered at Γ point 

in the band structures as shown in the Figure 2.7(b) and (c). 
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Figure 2.7 (a) Calculated real-time population of the particles in the momentum space. (b) 

(c) Population on the band structures colored by red bubbles at the peak of current density.  

 

As shown in the Figures of 2.6 and 2.7, the results are the non-resonance condition 

Finally, we shall test the difference behaviors between the resonance and non-resonance 

cases. This may prove that why high intense and below gap excitation is necessary. In the 

two-level model, we have shown that high intense and below gap excitation results in faster 

oscillation of population. Furthermore, we have discussed consistent results in the case of 

insulator as above. Now we focus on what happen in the insulator when the laser pulse is 

weak intense and resonance condition. In the Figure 2.8(a), the oscillation of population is 

shown to be fast and enables to switch the current at the extreme time scale. However, in the 

Figure 2.8(b), under the weak and resonance laser pulse irradiation, the population is found 

to increase but there is no decrease. This means there is no stimulated emission and it would 

not be used as the switching the current at the extreme time scale. 
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Figure 2.8 Calculated real-time population. (a) high intensity with non-resonance; ω/E =

0.212 , A = 0.43 VÅ /ω  (b) low intensity with resonance; ω/E = 1 , A =

0.043 VÅ /ω 

 

2.2 Exact diagonalization for many-body problems 

Electronic structure band theory is one of the most successful achievements for solid 

electrons, where the effective Hamiltonian is made of independent-particles rather than 

many-particles system. In this description, it should be assumed that the two-body potentials 

are averaged to be neglected. However, this approach had failed to expect the ground state of 

strongly correlated electron system, where the unit cell has odd number of electrons in out-

most shells of ions. 

Conventionally, this odd-numbered valence system should be expected to be metallic band 

structures but some category of the transition-metal oxide is found to be insulating bands. 

Historically, Hubbard model that discretizes localized many-body Coulomb interaction and 

successfully describes insulating band structures of transition metal oxides, particular, NiO. 

Here we shall study a methodology for the many-body problems with the Hubbard model by 

using exact diagonalization.  

        

2.2.1 Hubbard model 

        Here we first study the two-site Hubbard model[11] which describes hydrogen-like 

molecules. The main focus of the Hubbard model is half-filling state that the number of elec-

trons is exactly same with the number of sites. We note that the Hubbard model basically has 

a constraint for the Pauli’s exclusion principles which guarantee that the two electrons with 

same spins do not occupy the same site. Therefore, such states are not included in the base 

ket space. The two-site Hubbard model is given as  
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Figure 2.9 Schematics of the two-site Hubbard model for molecular structure. 

 

H = −tΣ (c c + c c ) + U(n n + n n ) − μΣ (n + n )  (2.2.1.1) 

−t, U, and μ are parameters for hopping, on-site Coulomb, and chemical potential, respec-

tively. The chemical potential is defined to be U/2 for the centering the energy spectrum. 

c (c ) is the creation (annihilation) operator of electron with spin σ and n = c c  

the number operator. In the case, we should analytically define the base ket system. There-

fore, the six ket states with form of |n = 1 ↑, n = 1 ↓, n = 2 ↑, n = 2 ↓⟩ are given as 

|1⟩ = |0011⟩, |2⟩ = |0101⟩, |3⟩ = |0110⟩, |4⟩ = |1001⟩, |5⟩ = |1010⟩   

|6⟩ = |1100⟩   (2.2.1.2) 

Strictly speaking, the definition of the configurations of the ket states is only depends on the 

researcher. However, it is important that the defined configurations should obey the sign-

rules of the commute relation for fermions, i.e., c c = −c c . This critically affects 

the matrix form of the Hubbard hamiltonian. In our case, the matrix form of the 6 × 6 Ham-

iltonian is given by  
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H =

⎣
⎢
⎢
⎢
⎢
⎡
𝑈 − 2𝜇 0 𝑡 −𝑡 0 0

0 −2𝜇 0 0 0 0
𝑡 0 −2𝜇 0 0 𝑡

−𝑡 0 0 −2𝜇 0 −𝑡
0 0 0 0 −2𝜇 0
0 0 𝑡 −𝑡 0 𝑈 − 2𝜇⎦

⎥
⎥
⎥
⎥
⎤

  (2.2.1.3) 

 

where the 𝜇 = 𝑈/2. By the exact diagonalization, we can obtain analytic form of the energy 

eigen value of the two-site system.   

E = − 4t +
U

4
−

U

2
 , E , , = −U, E = 0, E = 4t +

U

4
−

U

2
   (2.2.1.4) 

and the notation |1 ⟩, |2 ⟩, |3 ⟩, …  are the diagonalized eigen kets. This is the typical calcu-

lation of the exact diagonalization without any numerical assumptions or reductions. The 

result of the energy eigen value is displayed in the Figure 2.9. 

 

Figure 2.10 Calculated energy eigen value through the exact diagonalization as a function of 
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parameter U.  

 
In the Figure 2.10, when the U is zero, only hopping parameter −𝑡 divides the eigen kets 

into the three different energy states with the splitting of |2𝑡|. This splitting is proportional 

to the hopping strength and affects the band width. When the U starts to increase, the eigen 

energy of the degenerated |2 ⟩, |3 ⟩, |4 ⟩ decreases and |5 ⟩ remains at the zero. We note 

that the most important state, the ground state, |1 ⟩ regardless to the U. We focus on the 

|1 ⟩ which is composed of the base kets.  

 

Figure 2.11 Calculated probabilities of two base kets in |1 ⟩. The blue and red lines denote 

the probability of base ket; |1⟩ = |0011⟩ and |3⟩ = |0110⟩, respectively. We note that the 

probabilities for the ferromagnetic kets; |2⟩ = |0101⟩ and |5⟩ = |1010⟩, are found to be 

always zero. 

 
In the ground state, there are only two type of configuration survive, that is, anti-

ferromagnetic state (|3⟩ and |4⟩) and doubly occupied state (|1⟩ and |6⟩). When the U=0, 
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all configurations are degenerated. As U increases, the configuration of the ground state |1 ⟩ 

is changed as shown in the Figure 2.11, which splits the |1⟩ and |3⟩. This means the U 

makes antiferromagnetic states ground of the system whereas the doubly occupied state be-

comes unstable. This is the main property of the correlated insulating gap; Hubbard gap. For 

example, the electron with spin up hops to the nearest neighbor occupied with down spin is 

blocked by the U induces antiferromagnetic ground state.    

To investigate the electronic structures (or density of states) of ground state, we cal-

culate the spectral weight. Spectral weight of the valence state is obtained through removing 

a single electron from the many body state. Similarly, spectral weight of the conduction state 

is calculated by the adding an electron into the many body state. This process is consistent to 

the calculation of imaginary part of Green’s function and now the energy distribution of the 

many-body states is projected into the single-particle energy spectrum[12].  

G (ω) = ⟨1 | c
1

ω + E − H + iη
c |1 ⟩     

G (ω) = ⟨1 | c 
1

ω + E − H + iη
c  |1 ⟩    (2.2.1.5) 

 

The summation of the imaginary part (−2 𝐼𝑚∑G) of the functions with 

respect to the n and σ becomes the spectral weight for the electronic structures of the 

ground state |1 ⟩. Considering this point, we can analyze and demonstrate the electronic 

structures and their phase transition for example metal-insulator phase transition can be easily 

performed. The results of the spectral weight for the two-site Hubbard system is given in the 

Figure 2.12. As the U increases, the gap between the valence and conduction states appears 

and also increases as a function of U.  
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Now, we expand the discussion on the two-site Hubbard system for a mo-

lecular structure into the solid system. To perform the calculation, we have to increase the 

number of sites and make the periodic boundary condition. Here we study the four-site Hub-

bard system with periodic boundary condition to describe simply the leading phase transition 

of the solid system. The schematics of the four-site Hubbard system is given in the Figure 

2.13. Also, the Hamiltonian for the four-site model is given but similar to that of the two-site. 
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Figure 2.12 Calculated spectral weight of the two-site Hubbard system. The U-induced gap 

appears as a function of U. 

 

 

Figure 2.13 Schematics of the four-site Hubbard system. The closed box means the periodic 

boundary condition is included. 

 

H = −t  (c c + c c ) + U  n n − μ  n   (2.2.1.6) 

    As shown in the Figure 2.14, the spectral function of the four-site Hubbard system is 

more continuous than that of the two-site, which implies that the electronic structures of the 

system become solid bands. In the Figure, it is notable that in the solid system the spectral 

weights are more localized in the energy space and this provide heavy mass when the param-

eter U increases[13]. This induces strong coupling of antiferromagnetic insulator. 

 

2.2.2 Time-evolution of Hubbard system 

In the previous part, we discussed the ground state of solid Hubbard system 

and role of the U in the spectral weight. Now, we will study the time-evolution of the Hubbard 

system which describes the phase transition of the Hubbard system induced by the external 
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time-dependent energy pulse. The initial state of the time-dependent many-body state is the 

ground state calculated from the exact diagonalization. Then the obtain the time-evolving 

excited many-body state is given by the time-dependent Schrödinger’s equation similarly as 

described in the section 2.1. 

At this moment, the time-dependent Hamiltonian that strongly accelerates the elec-

trons across the hopping channel in the real space is given as  
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Figure 2.14 Calculated spectral weight of the four-site Hubbard system. The U-induced gap 

appears as a function of U. 

 
 

H (τ) = 𝑖t (τ)Σ (c c − c c )  (2.2.1.7) 

The field dependent term of t (τ) is same with that of the section 2.1. In the real space, 

the form of the 2.2.17 breaks time-reversal and space inversion symmetry which results in 

the unbalanced energy structure in the system[8]. The total Hamiltonian of the system is given 

by H(τ) = H + H (τ) and solve the time-dependent Schrödinger’s equation, 𝑖 ∂|Ψ(τ)⟩/

∂τ = H(τ)|Ψ(τ)⟩. Here |Ψ(τ → −∞)⟩ is the ground state of the four-site Hubbard system 

from the calculation of the exact diagonalization with the parameters of U/t = 5 as depicted 

in the Figure 2.14. 

 

The laser field induced excitation of the many-body state from the ground antiferro-

magnetic state can be simply estimated by the strength of antiferromagnetic order L  as 

shown in the Figure 2.15. This indicates only the single occupation in an ion in the half-filling 

system. By considering the point that the large single occupation means the system prefers 

the ground antiferromagnetic state, the decrease of L  is the precursor of the melting of 

the antiferromagnetic state. In the Figure 2.14, the laser pulse of resonance condition to the 

Hubbard gap is injected into the four-site solid system. The initial value 3.536 of L  in-

stantaneously decreases by the laser pulse and remains the center point near the 3.0 after the 

laser pulse irradiation. The decreased L  denotes that the electrons are excited into the 

doubly occupied state. It is also interesting point that the rapid oscillation of L  indicates 

the metallic behavior of the excited states which could be induced by the excited electrons 
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and holes. Another description for the electronic structures phase transition is real-time spec-

tral weight calculated by the photoemission spectroscopy. The photoemission spectroscopy 

in the time-evolved Hubbard model will be introduced in the results and discussion of the 

section 1.  

 

 

Figure 2.15 Calculated laser-driven melting of antiferromagnetic states. (a), The injected 

laser pulse, t (τ) = A(τ)⟨p⟩ . (b), Real-time dynamics of strength of antiferromag-

netic state L ( = ∑  (⟨Ψ(τ)|𝑛 |Ψ(τ)⟩ + ⟨Ψ(τ)|𝑛 |Ψ(τ)⟩ −
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⟨Ψ(τ)|𝑛 𝑛 |Ψ(τ)⟩)  under the different laser pulse A ⟨p⟩ = 0.5 (red) and 1.0 

(blue). The frequency of the laser is resonance case. The system is defined by the Hubbard 

parameter of U/t = 5. 

 

In the above discussion, we have discussed on the methodology for model solid sys-

tems, the calculation of exact diagonalization of the many-body state as well as independent-

particle band structures. Moreover, we have studied time-dependent Schrödinger’s equation 

for the excited solids and estimate the instantaneous responses at the extreme time scale. In 

the next part, we will discuss the method for the dynamics within the first-principle approach. 

  

2.3 Density functional theory 

In the section2.3, we will discuss on another aspect of theoretical approach in con-

trast to the previous section. In the field of theoretical physics, in particular, solid state phys-

ics, there are two major streams for describing material systems, model approach and density 

functional theory. Actually, we have discussed on the typical strategy of model approaches 

in the previous section, where the model parameters such as band width, hopping strength, 

transition matrix elements, and Coulomb strength should be defined to demonstrate the real 

materials what we want to know. This approach is meaningful in terms of analyzing the phys-

ical responses from model systems with respect to their parameter space which corresponds 

to specific material. Conversely, the Schrödinger’s equation itself is ideally complete equa-

tion for demonstrating properties of systems as long as specific species of atoms and their 

crystal structures are defined as following[14,15], 

H =
p

2m
+

e

2 r − r
−

e Z

r − R
+

P

2M
+

Z e

2 R − R
  (2.3.1) 
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p (m , r ) and P (M , R ) are momentum operator (mass, position) of electron and ion, re-

spectively. We can recognize that only input parameters are fundamental mass and crystal 

structures. In a word, therefore, when we solve full Schrödinger’s equation, we do not need 

to know any of model parameters. This is the fundamental strategy of the ab-initio approach. 

       When we adopt the Born-Oppenheimer’s limit, the Hamiltonian of (2.3.1) is reduced 

and last two terms are neglected. However, directly solving the Schrödinger’s equation using 

above Hamiltonian representation is impossible due to the critically large number of many-

body ket states. The approach of density functional theory has enabled us to obtain a solution 

of this problem. 

 

2.3.1 Kohn-Sham equation 

       Before we start the discussion, we briefly introduce the Hartree-Fock approximation 

for many-body quantum states satisfying Pauli’s exclusion principles. Here the N-body wave-

function for N-electrons in the limit of Born-Oppenheimer approximation can be written as  

Ψ(𝐫 𝜎 , 𝐫 𝜎 , 𝐫 𝜎 … 𝐫 σ )

= 1/√𝑁!

ψ (𝐫 σ ) ψ (𝐫 σ ) ψ (𝐫 σ ) … ψ (𝐫 σ )

ψ (𝐫 σ ) ψ (𝐫 σ ) ψ (𝐫 σ ) … ψ (𝐫 σ )
. . . . .

ψ (𝐫 σ ) ψ (𝐫 σ ) ψ (𝐫 σ ) … ψ (𝐫 σ )

  (2.3.1.1) 

For example, the single particle wavefunction ψ (𝐫 σ ) denotes 3th particles with spin σ  

at position 𝐫 . We rewrite the Hamiltonian (2.3.1) to become more friendly in this argument, 

H = −
∇

2m
+ V (r ) +

e

2 r − r
 (2.3.1.2) 

and write the total energy expectation value on the basis of many-body wavefuction (2.3.1.1) 
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⟨Ψ|H|Ψ⟩ =  ⟨ψ | −
∇

2m
|ψ ⟩ + ⟨Ψ| V (r ) |Ψ⟩ + ⟨Ψ|

e

2 r − r
|Ψ⟩(2.3.1.3) 

The first two terms are one-body operators and we can get the calculation easily. However, 

the last Coulomb term is two-body operator and the form of the term is quite complicated,  

⟨Ψ|
e

2 r − r
|Ψ⟩ =

1

2
  d𝐫 d𝐫

ψ∗(𝐫 )ψ (𝐫 )ψ∗ 𝐫 ψ 𝐫

r − r
  (2.3.1.4) 

−
1

2
  d𝐫 d𝐫

ψ∗(𝐫 )ψ (𝐫 )ψ∗ 𝐫 ψ 𝐫

r − r
  

In the relation of (2.3.1.4), the first term of the right side is called as Hartree energy which 

describes local-potential of electrons as shown in the classical electron dynamics, i.e., Cou-

lomb repulsion. This is trivial charge potential. But the second term of the right side is called 

as Fock energy which is responsible for non-local interactions because same electrons at dif-

ferent position vectors experience attractive Coulomb interactions and should be understood 

within the fully quantum mechanical aspect. At this moment, by using (2.3.1.3) and (2.3.1.4), 

we can extract the minimized total energy of the Hartree-Fock when there are preferred set 

of single-particle wavefunctions. This can be performed by using the functional derivatives 

of total Hartree-Fock energy as δE/δψ∗ = 0 which provides a series of equations given by  

−
∇

2m
+ V (r ) +  d𝐫

ψ∗ 𝐫 ψ 𝐫

r − r
ψ (𝐫 ) −  d𝐫

ψ∗(𝐫 )ψ 𝐫

r − r
ψ 𝐫  

= E ψ (𝐫 ) (2.3.1.5) 

The equation (2.3.1.5) is the Hartree-Fock equation[7] considering the form of many-body 

interaction. The one of the most important properties of equation (2.3.1.5) is non-linear dif-
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ferential equation since ψ 𝐫  is inserted in the linear terms of ψ (𝐫 ). Many relations be-

tween single particles ψ 𝐫  and ψ (𝐫 ) in the Fock operator result in large number of di-

mensions to solve the equations and make the calculation performance hard task to be han-

dled. Considering this point, it is important to reduce the dimension of the equations. 

       Hohenberg, Kohn, and Sham[16,17] pointed out the electronic cloud of the ground 

state is a unique quantity corresponding to the external potentials. Under this condition, the 

energy expectation value of the ground state is functional of the electronic cloud, or density, 

that is, this guarantees E[ρ(𝐫)] as long as density ρ(𝐫) minimizes the system energy E. We 

note that here the ρ(𝐫) is same with the density of many-body wavefuction. Suppose the 

single-particle equations made of non-interacting potential for the non-interacting virtual or-

bitals which give ρ(𝐫). 

−
∇

2m
ψ (𝐫)  + V (𝐫)ψ (𝐫)  = E ψ (𝐫) (2.3.1.6) 

And the energy as a functional of density is given  

𝐸[ρ(𝐫)] = T[ρ(𝐫)] + d𝐫 V (𝐫)ρ(𝐫) (2.3.1.7) 

The kinetic term T[ρ(𝐫)] is ∑ ⟨ψ | − ∇ /2m |ψ ⟩ . If we assume the exchange part that 

induces non-linear equation of Hartree-Fock equation as unknown parameter of density func-

tional, E . then effective scalar potential V (𝐫) can be written as  

V (𝐫) = d𝐫
e ρ(𝐫 )

|𝐫 − 𝐫 |
+

δE

δρ
+ V (𝐫) (2.3.1.8) 

Eventually, the Kohn-Sham equation for virtual single particle orbitals with density ρ(𝐫) 

displays same physically observable quantities from those of many-body wavefuction. This 

equation can be written as  
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−
∇

2m
ψ (𝐫)  + d𝐫

e ρ(𝐫 )

|𝐫 − 𝐫 |
+

δE

δρ
+ V (𝐫) ψ (𝐫)  = E ψ (𝐫) (2.3.1.9) 

In practice, we do not know exact E  fundamentally, good approximation is required so 

that the ground state from the Kohn-Sham equation (2.3.1.9) demonstrates more realistic sys-

tem. The effective scalar potential is also called as Kohn-Sham potential and made of Hartree 

potential, exchange-correlational potential, and external ionic potentials, respectively. A pro-

cess to solve the equation (2.3.1.9) is known as Self-Consistent-Field. When we assume ini-

tial density into the effective potential, then solve the (2.3.1.9). Obtained solution of ψ (𝐫) 

is reinserted into the effective potential as a new density, ρ(𝐫) = ∑ |ψ (𝐫)| . Self-Con-

sistent-Field makes converge the correspondence between solution ψ (𝐫) and inserting den-

sity ρ(𝐫). If we check the convergence, we can do analyze the electronic structures of the 

system, that is, we can derive band structures, optical spectrum, Berry curvatures, etc... On 

the other hands, exchange-correlational potential V =  has very important position. 

The choice of well-known V  maybe local-density approximation (LDA) from an interact-

ing model of uniform electron gas and generalize gradient approximation (GGA). Both of 

two are well defined and explained, therefore, we will not explain repeatedly those potentials 

in this thesis. 

 

2.3.2 Augmented plane wave 

There are some methods to solve the Kohn-Sham equation of (2.3.1.9). Those meth-

ods are pseudopotential planewave basis and augmented plane wave (APW)[18,19] basis. 

Here we mainly study Augmented plane wave method. APW divide the basis into the two 

different regions, muffin-tin and interstitial and obtain an efficiency for calculation on the 

localized states of all-electrons with smaller number of plane waves. 
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Figure 2.16 Schematics for the APW method. Two different basis sets are adopted in the 

different regions, Muffin-tin for ion sites and interstitial for around the ions. 

 

Total wave function based on APW is given by  

ψ 𝐤(𝐫) = c 𝐆(𝐤)γ𝐤 𝐆 (𝐫, E)

𝐆

   (2.3.2.1) 

𝐤 and G are crystal and reciprocal momentum vectors, respectively. c 𝐆(𝐤) the APW coef-

ficient. As denoted in the Figure 2.16, the APW methods divide the two regions. 

γ𝐤 𝐆 (𝐫, E) = e (𝐤 𝐆)∙𝐫 for Interstitial 

γ𝐤 𝐆 (𝐫, E) = 𝑎 (𝐤 + 𝐆)𝑢 (𝐫, E)Y (𝐫 )  for Muffin − tin    (2.3.2.2) 

One can recognize that the basis for the interstitial is just plane wave and Muffin-tin 

the hydrogen-like basis. 𝑢 (𝐫, E) and Y (𝐫 ) are a radial solution of the polar-symmetric 

hydrogen-like Hamiltonian for atomic site α and spherical harmonics. This 𝑢 (𝐫, E) de-

pends on the form of averaged spherical core potential V (r) as given in  

1

2m
−

d

dr
+

l(l + 1)

r
+ V (r) − E ru (r, E) = 0  (2.3.2.3) 
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To complete the total wavefunction, we consider the boundary condition at the Muffin-tin 

sphere R  and apply addition theorem for spherical harmonics, which gives site factors 

𝑎 (𝐤 + 𝐆)  

𝑎 (𝐤 + 𝐆) = 4πie( )∙
j (|𝐤 + 𝐆|R )

u (R , E)
Y∗ (𝐤 + 𝐆)   (2.3.2.4) 

To achieve continuous condition at the boundary between Muffin-tin and interstitial, lineari-

zation APW method is employed. This method gives more variational degree of freedom into 

the APW by inserting additional energy derivative radial solutions of the Muffin-tin as shown 

in 

γ𝐤 𝐆 (𝐫, E) = 𝐴 (𝐤 + 𝐆)𝑢 (𝐫, E ) + 𝐵 (𝐤 + 𝐆)
𝑑𝑢 (𝐫, E)

𝑑𝐸
Y (𝐫 ) (2.3.2.4) 

Here basically the radial parts of APW in the Muffin-tin are fixed at the linearization energy 

E , the center energy of a band, but technically this can be adjusted variationally depending 

on an option of some open source code. If one use technique of (2.3.2.4), the calculation 

process is now called as Linearization APW (LAPW) method[20,21]. 

    Usually LAPW is not so flexible enough to treat the semi-core state, which causes the 

overlap problems of the energy windows between valence states and semi-core states. This 

problem occurs when the semi-core states has same angular momentum l with respect to those 

of valence states. Such problems are usually solved by method of APW+lo[22] which adds 

new degree of freedom into the variation by employing semi-core local orbitals (lo). 

Φ (𝐫) = 𝐴 (𝐤 + 𝐆)𝑢 (𝐫, E ) + 𝐵 (𝐤 + 𝐆)
𝑑𝑢 (𝐫, E)

𝑑𝐸
Y (𝐫 ) (2.3.2.5) 

This semi-core lo state should be separated from the valence windows and only defined 
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within the Muffin-tin space, that is, Φ (𝐫) is zero at the Muffin-tin boundary and inter-

stitial region. Those degrees of freedom make the calculation more stable and solve the over-

lap problem causing high-lying ghost band so that the calculation now variationally treat the 

different energy windows showing same angular momentum, i.e., valence p-orbitals and 

semi-core p-orbitals. When we know all basis wavefunction γ𝐤 𝐆 (𝐫, E) in real space, then 

we solve nonlinear eigenvalue problem[23].  

 

2.3.3 Local-density approximation 

       Basically, the one of the successful description for electronic structures of crystal 

solids is local-density approximation[24]. In the equation (2.3.1.9), we have introduced ex-

change-correlational potential given as V = , the derivative of energy. Now we study 

formalism of local-density approximation as a V [ρ], which stand for ‘basically’ unknown 

form but we should make this unknown very small so that the Kohn-Sham equation itself is 

enough to describe properties of real materials.   

𝑉 [ρ] =
∂

∂ρ(𝐫)
E [ρ]  

=
∂

∂ρ(𝐫)
E [ρ]ρ(x)d 𝐫  

= E [ρ] + ρ
∂E [ρ]

∂ρ
  (2.3.3.1) 

 

Where the defined energy density E [ρ] is E [ρ] + E [ρ], that is, exchange energy density 

and correlational energy density, respectively. Here in the case of local-density approxima-

tion, E [ρ] can be solved from the expectation Fock-energy of interacting uniform electron 
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gas. 

The Hamiltonian for a Coulomb part of interacting uniform electron gas in the Har-

tree-Fock limit can be written as  

V  = V(κ)⟨c c ⟩c c

, ,

− V(κ)⟨c c ⟩c c

, ,

 (2.3.3.2) 

V(κ) is just Coulomb potential in momentum space and c  (c ) the electron creation (an-

nihilation) operator at momentum l. We note that the (2.3.3.2) is exactly same with the Har-

tree-Fock representation as shown in (2.3.1.4), therefore, first and second parts of the 

(2.3.3.2) are Hartree and Fock terms, respectively. The expectation of second term using non-

interacting basis sets is given as  

E = − V(κ)⟨c c ⟩c c

, ,

= −
k

2π
F

k

k
 (2.3.3.3) 

Here F(𝑧) = 1 + ln  is the Lindhard function k  the Fermi wavevector. The ex-

pectation of the function can be written as 

F
k

k
=

1

𝑉
𝑑𝑘𝑑𝜃𝑑𝜙F

k

k
𝑘 𝑠𝑖𝑛𝜃 = −

3

2
 (2.3.3.4) 

By using the relation between k and uniform gas sphere (volume), the exchange energy can 

be rewritten as E = − /r  ~ − 0.4582/r  and r  the radii of uniform gas 

sphere. This also can be converted into the density representation  

E [ρ(𝐫)] =  −
3

4

3

π
ρ(𝐫)  (2.3.3.5) 

The correlation energy for local-density approximation is initially parameterized by the 

Quantum Monte Carlo simulation. Now we know exact form of local-density approximation 
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of E [ρ(𝐫)], which determine the energy strength at the certain position 𝐫 depending on 

whether the density is dense or not.  

 

2.3.4 Modified Becke-Johnson potential 

       Calculation of many-body effects through the Hartree-Fock type equation in the pre-

vious discussion requires expensive configurations of bases of wavefunctions due to the non-

local product form of the exchange potentials which can be directly obtained from the Fock 

energy (2.3.1.4) 

V  (𝐫) = − d𝐫
ψ (𝐫)ψ∗ (𝐫 )ψ (𝐫 )

|𝐫 − 𝐫 |

1

ψ (𝐫)
 (2.3.4.1) 

we note that the notation for the position of electrons is changed as 𝐫 and 𝐫  for simplicity 

and spin indices are included. Slater[19] suggested that the exchange potential of (2.3.4.1) 

can be reduced in the dimension by employing averaged density of ψ (𝐫) (or 
| (𝐫)|

(𝐫)
) as 

written   

V  (𝐫) = −
1

ρ (𝐫)
 ψ∗ (𝐫) ψ (𝐫) 

,

d𝐫
ψ∗ (𝐫 )ψ (𝐫 )

|𝐫 − 𝐫 |
   

=
|ψ (𝐫)|

ρ (𝐫)
V  (𝐫)  

= d𝐫
ρ (𝐫, 𝐫′)

|𝐫 − 𝐫 |
  (2.3.4.2) 

the simplified version of exchange potential V  (𝐫), Slater’s exchange potential, in terms 

of the non-local product can be determined by the averaged density. Furthermore, V  (𝐫) 

can be understood a concept of hole, i.e., depletion of electrons due to the Pauli exclusion 
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principle, that is, Hartree-Fock exchange hole ρ (𝐫, 𝐫′) = − ∑
∗ (𝐫) (𝐫) ∗ 𝐫 𝐫

(𝐫), .   

However, Slater’s exchange potential still has an expensive cost for the calcula-

tion[25]. Thus, understanding the exchange hole and obtaining an efficiency for the calcula-

tion of exchange effect is important. Becke and Roussel (BR)[26] introduced the spherically 

averaged exchange hole for the single electron-like with hydrogenic density in terms of radius 

r  from the fixed reference position 𝐫′ written as  

ρ  (𝐫, r ) =
1

4π
ρ (𝐫 + 𝐫𝟎)dΩ   (2.3.4.3) 

Where the hole density is ρ (r) = e . This leads rather simplified form of exchange 

hole and eventually exchange potential is obtained as  

V (𝐫) =
X (𝐫)e (𝐫)

8πρ (𝐫)
1 − e (𝐫) −

1

2
X (𝐫)e (𝐫)   (2.3.4.4) 

the X (𝐫) is basically defined by αr but involved with non-linear equation of kinetic en-

ergy density τ (𝐫) = ∑ |∇ψ (𝐫)| , density ρ (𝐫), gradient density ∇ρ (𝐫), and ∇ ρ (𝐫). 

The asymptotic behavior for large radius of the BR potential leads −1/r[26]. It is important 

to note that the Slater potential needs a correcting term in the case of homogeneous electron 

gas limit, which should be consistent with the LDA exchange potential. Becke and Johnson 

suggested that the C(σ, 𝐫) =  5/6 t (𝐫)/ρ (𝐫) should be added to the Slater potential. 

Consequently, when we consider the case of the BR potential instead of the Slater potential, 

i.e.,  V (𝐫)+C(σ, 𝐫), the Becke and Johnson (BJ)[27] potential V (𝐫) can be derived. 

Finally, we shall study on the modified BJ potential which is suggested by the Tran 

and Blaha[28] with empirical parameter c   

V (𝐫) = c V (𝐫) + (3c − 2)C(σ, 𝐫) (2.3.4.5) 
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Here the c  is empirically determined by the −0.012 + 1.023(bohr) √𝐺 where the 𝐺 

is the averaged electron density in the crystal structure, i.e., 𝐺 =
[ ]

∫ ∑
|∇ (𝐫)|

(𝐫)
d 𝐫 

The parameter c = 1 recovers the V (𝐫) but higher than 1 reduces attractive potentials 

around the low ρ  which the conduction states dominantly contributes. Therefore, band gap 

of through the mBJ potential well described for many insulating materials including strongly 

correlated electron system. We will use this potential for the calculation on the correlation-

induced phase transition in the results and discussion. 

 

2.3.5 Time-dependent density functional theory 

We previously studied on the density functional theory that contains density as a 

unique parameter which show the physical quantities from different orbital representations 

between true many-body system and Kohn-Sham system to become identical. Now we focus 

on the time dependent electronic dynamics based on the density functional theory. To do this, 

we have to get the Hohenberg, Kohn, and Sham’s analogy into the time space, the Runge-

Gross theorem. In 1984, Runge and Gross[29] proved that the one-to-one mapping between 

time-dependent density and time-dependent potentials leading the time dynamics. That is, as 

long as an initial wavefunction is given, all physical observables can be calculated by the 

density of time-evolving wavefunction evolved from the initial condition.  
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Figure 2.17 Schematic graph for the Runge-Gross theorem. Two wavefunctions time-

evolved by two different external potentials, respectively. Initial wavefunction is same. 

Runge-Gross theorem proves that the two electronic density of each time-evolving wave-

function are exactly different with each other. 

   
We assume the initial given state, Ψ(𝐫, τ ), but evolving this state by different ex-

ternal potentials V (𝐫, τ) and V (𝐫, τ). Here the external potential is defined as 

the Hamiltonian subtracted by the electron-electron interactions and kinetic energy. First, the 

Runge-Gross pointed out that the current densities from different time-dependent external 

potentials should differ as time goes on, which guarantees one-to-one mapping between cur-

rent density and external potentials. Second, time-evolving with different external potentials 

provide different densities ρ(𝐫, τ) and ρ (𝐫, τ) by using continuity equations. This gives 

one-to-one mapping between densities and external potentials. Those imply the physical ob-

servables ⟨O⟩  are represented as functionals of density and initial given state, 

⟨O⟩[ρ(𝐫, τ), Ψ(𝐫, τ )].  

Based on those properties, one can obtain exact time-propagation of the density of 

many-body wavefunctions by solving the single particles time-dependent Kohn-Sham equa-

tion, 
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i
∂ψ (r, t)

∂τ
=

1

2
−i∇ + 𝐀𝐞𝐱𝐭(τ) ψ (𝐫) + V (𝐫, τ)ψ (𝐫) (2.3.5.1) 

The 𝐀𝐞𝐱𝐭(τ) is vector potential and V (𝐫, τ) now contains time dependent Hartree, ionic, 

and exchange-correlational potentials. One can calculate the magnetic properties even non-

collinear system, Khon-Sham magnetic density energy 𝛔 ∙ 𝐁𝐞𝐱𝐭(τ) + 𝐁𝐱𝐜(τ)  and spin 

orbit interaction term 𝛔 ∙ (∇V (𝐫, t) × −i∇) can be inserted in the equation (2.3.5.1). 

The solve the equation (2.3.2.1) provides time dynamics of the excited system much cheaper 

and faster than that of exact calculations. If we want to calculate periodic system, we insert 

the formal wavefuction of Bloch state ψ (𝐫) = U (𝐫)e 𝐤∙𝐫 where U (𝐫) represent periodic-

ity of crystal structure. 

 

 

Figure 2.18 Electronic structures of insulating solid, LiF, and the band structures. 

 

       We now calculate the ground state LiF insulator and obtain time-evolving Kohn-

Sham wavefunctions by the driving external laser pulse using vector potential in equation 

(2.3.2.1) implemented in ELK code[30]. LiF is rocksalt insulator with band gap of 8.82 eV. 

Experimental band gap is found to be 13 eV. This difference is originated by an imperfect of 

the exchange-correlational potential. But this does not so critically affect our argument here. 
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The electronic structures of LiF may provide similar results from our previous model study 

on insulating tight-binding model system. The sampled Brilluion zone of 83 and criterion for 

the number of plane basis of wavefunctions (rgkmax), |r ∙ (G + k)| , is 8.0.  

 

Figure 2.19 (top) The vector potential of injected laser field with a frequency of 1.5 eV. 

(bottom) Calculated current density. 

 
We check the non-resonance subfemtoseond dynamics in the LiF. The time-dependent vector 

potential as shown in the Figure 2.19 is injected into the ground state of LiF. The response of 

current density is observed. Current density is extracted through the time-evolving Kohn-

Sham wavefunctions by the relation of  

⟨𝐩(τ)⟩ =
1

V
 ⟨ψ 𝐤(τ)|𝐩 −

𝐀𝐞𝐱𝐭(τ)

c
|ψ 𝐤(τ)⟩ 

,𝐤

 (2.3.5.2) 

The momentum operator p extracts the momentum from the gradient of all time-evolving 

Kohn-Sham wavefunctions in the momentum space. Interestingly, strong field strength of 
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2.3 V/Å with non-resonance frequency condition results in rapidly excited photo-carriers so 

that the carriers also accelerates and induces time-dependent unbalance of the total momen-

tum, that is, the current density within the subfemtosecond time span. This exactly corre-

sponds to our model study of the tight-binding.  

 

2.3.6 Time-resolved angle-resolved photoemission spectroscopy 

       Photoelectron spectroscopy based on the photoelectric effect is the one of the pow-

erful ways to understand electronic structures of materials in terms of analyzing spectra cre-

ated by released single-particles[31], i.e., spectral weight.  Recently, technical improve-

ments of photoelectrons have provided precise angle-dependent energy spectra of solids so 

that one can extract high-resolution maps of occupied band structures from various solid mat-

ters. Also, theory of photoemission has been well developed and describes complicated pro-

cesses of photoemission in real world. In a theoretical way, we focus on the three-step model 

which derives relations of photoemission based on purely phenomenological approaches. The 

three-step model is simple but well simulate complicated photoemission process into three 

steps. 

       Before we start the three-step model, we introduce approximation of photoemission 

that final state is assumed as plane-waves. 

J𝐤
 =  

,𝐪

𝐤 𝐩 ∙ 𝐀 ψ 𝐪 δ E 𝐪 + W + E − ω  (2.3.6.1)  

Here the 𝐩 ∙ 𝐀  is optical transition term by probe vector potential and this makes occu-

pied ψ 𝐪  electrons into the plane wave states, |𝐤⟩ . E 𝐪, W, E , and ω   are eigen 

value of ψ 𝐪, work function, eigen value of |𝐤⟩ and photon energy of probe, respectively. 

We note that the notation for the momentum is changed as (𝐪: crystal momentum, 𝐤: plane 
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wave). J𝐤
  now the photoemission intensity at the momentum 𝐤. 

There is a different point between (2.3.6.1) and the three-step model which only con-

siders optical transition by 𝐀  within the solids. That is, the step 1 of the three-step 

model is the optical excitation of the Bloch electron in solid. Photoemission usually per-

formed by injecting extreme ultraviolet (XUV) pulse into the solid as a probe process. This 

pulse of order of 10 ~ 100 eV has ignorable momentum so that we can ignore intraband 

transition of Bloch electrons when the XUV has passed. Therefore, momentum of Bloch 

electron directly conserved and only energy of XUV is transferred into the Bloch electrons 

as shown in the below figure 2.20. This excitation can be written as[32]  

J𝐤
 =  

, ,𝐪

ψ 𝐪 𝐩 ∙ 𝐀 ψ 𝐪 δ E 𝐪 − E 𝐪 − ω δ E + W − E 𝐪   (2.3.6.2). 

 

Figure 2.20 Schematics of XUV transition in solids.  
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The (2.3.6.2) describes XUV creates excited Bloch electron from E  into the E . This pro-

cess is denoted as ψ 𝐪 𝐩 ∙ 𝐀 ψ 𝐪 δ E 𝐪 − E 𝐪 − ω . The excited electrons still 

remain in the crystal solid. Now the electrons travel towards vacuum satisfying energy relation 

of δ E + W − E 𝐪 .  

The step 2 of the three-step model is transport of the Bloch electron towards the vacuum. 

Bloch electrons excited by XUV and satisfying the (2.3.6.2) can travel across the solids. The 

classical treatment of the transport can be given 

𝐿(E , q) = T
1

ℏ

dE

dq
  (2.3.6.3). 

The parameter T is mean-free time of the solid and 
ℏ

 the group velocity so that L now 

the mean-free path. Developed relation between single mean-free path and number of photoelec-

trons Δ(E , q) is given  

Δ(E , q) ~
χL

1 + χL
  (2.3.6.4). 

The optical coefficient χ denote for χ , the optical penetration depth. Asymptotic behavior of 

photoelectrons can be estimated by the optical penetration depth. When the penetration depth is 

longer than the mean-free path, the photoelectron can release restrictively, that is, Δ ~ χL. How-

ever, when the mean-free path is longer than the penetration depth, Δ~1.  

       The step 3 is escape of Bloch electron into the vacuum space. In this process the mo-

mentum conservation law should be corrected.  
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Figure 2.21 Schematics for photoelectron momentum. k  is the out-of-plane momentum of 

photoelectron and k\\ the in-plane momentum of photoelectron. The magnitude of the mo-

mentum is 2E  

 

The figure 2.21 represents momentums of a photoelectron in the vacuum space. We note that 

we ignore secondary effects resulting in distortions from the surface or etc, what we want not 

to know. 𝐤  is naturally determined by the 2E cos(𝜃) however the in-plane momen-

tum 𝐤\\ should satisfy the conservation law with the crystal momentum, i.e., 𝐤\\ = 𝐪 + 𝐆 

where G is the reciprocal vector. Consequently, when we analyze the photoelectron map 

across the 𝜃 , we can track the band dispersions of Bloch electron ψ 𝐪 = ∑c𝐪,𝐆𝑒 (𝐪 𝐆)∙𝐫 

where the electron initially existed in.  

In the present formulation for the time-dependent density functional theory, time-

resolved photoemission spectroscopy (TRPES) is formally based on the three-step model of 

the photoemission; To build up a theoretical formulation of TRPES, we employ the first-

principles time-dependent density functional theory calculation. We obtain the time-evolving 
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Kohn-Sham (KS) wave function ψ 𝐪; τ  for the occupied electron with the momentum q 

and the band index n, whose time evolution is governed entirely by an optical pump 

𝐀 (𝜏)  through time-dependent density functional theory. A probability amplitude 

c𝐤
,𝐪

(𝜏 )  for finding the photoelectron from ψ 𝐪; τ   can then be computed through the 

first-order time-dependent perturbation theory due to the optical probe 𝐀 (𝜏 − 𝜏 ), i.e., 

extreme ultraviolet (XUV) pulse, with the time delay 𝜏   with respect to the pump 

𝐀 (𝜏), 

 

c𝐤
,𝐪(𝜏 ) =  𝑑𝜏 e

∫
𝐤

  𝐤|ψ 𝐪 ψ 𝐪 𝐩 ψ 𝐪; τ ∙ 𝐀 (𝜏 − 𝜏 ). 

 (2.3.6.5) 

       The equation (2.3.6.5) is derived from the formalism (2.3.6.1) within the represen-

tation of first-order time-dependent perturbation correction, which is made of time-evolving 

states as |𝐤⟩ → |𝐤(τ)⟩, ψ 𝐪 → ψ 𝐪; τ  and summation those products with 𝐀 (𝜏 −

𝜏 ) in terms of time leads transition probability as (2.3.6.5). The most important point in the 

equation that the identity ∑  ψ 𝐪 ψ 𝐪  is inserted which makes the equation (2.3.6.5) 

to satisfy the three-step model. 

In equation (2.3.6.5), |𝐤⟩ is the final photoelectron state and p the linear momen-

tum operator, respectively. Vector potentials of pump and probe pulses are given by 

𝐀 (𝜏) = 𝐀 Φ 𝜏, 𝜔  and 𝐀 (𝜏) = 𝐀 Φ 𝜏, 𝜔 , respectively, with 

Φ(𝜏, 𝜔) = cos(𝜔𝜏) cos (𝜋𝜏/2𝜏̅) Θ(𝜏̅ − |𝜏|). Here, Θ(𝑥) is the Heaviside step function and 

𝜏̅  is adopted as 4.9 fs. Furthermore, A /𝐴  ≪ 1  is assumed. We note that the 

ψ 𝐪 𝐩 ψ 𝐪; τ  is responsible for the time-evolving excitation of Bloch electrons within 



- 47 - 
 

the bulk and 𝐤 ψ 𝐪  represents Bloch electrons travels into the vacuum. Basically, those 

process completely satisfy the three-step model naturally. Through the equation (2.3.6.5) we 

can operate the XUV pulse as an audience of light which just captures the dynamics of excited 

Kohn-Sham orbitals ψ 𝐪; τ  as described in the introduction part. 

Then the spectrum of TRPES gets to be 𝐽𝐤(𝜏 ) = ∑  ,𝐪 c𝐤
,𝐪(𝜏 )  . In our ap-

proach of the three-step model, the step 2 is actually ignored by neglecting the surface scat-

tering, which guarantees that the time-dependent density functional theory calculation, i.e., 

the time evolution of ψ 𝐪; 𝜏 , could be carried out with the full translational symmetry of 

the material. 
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ⅠII. Results and discussion I: correlation-dressed excited states of solids  

 

A theory of the time-resolved photoemission spectroscopy (TRPES) is developed. 

The theory enables to explore the real-time dynamics of excited states of infinitely periodic 

solids. In the strongly correlated electron systems NiO and CuO, the early-stage dynamics of 

the valence band edge are found to be sharply contrasted between the two systems in the 

spectra of TRPES. This provides a new dynamical insight to the Zaanen-Sawatzky-Allen 

(ZSA) classification scheme of correlated insulators and makes us assert clearly that NiO is 

like the Mott-Hubbard insulator (MHI) and CuO is like the charge transfer insulator (CTI). 

In the two-dimensional gapless semiconductor graphene, the real-time dynamics of quantum-

phase-dressed excited states, i.e., due to the Berry phase and the pseudospin correlation, are 

investigated in an unprecedented way through the time-resolved angle-resolved photoemis-

sion spectroscopy (TR-ARPES). In particular, the dephasing dynamics of optically doped 

electrons and holes in the massless Dirac band, accompanying a field-induced moving of the 

Dirac cone, are discovered.  

 

3.1 Correlation-dressed excited states of solids 

Ultrafast phenomena of the optically driven transient changes in charge, spin, lattice, 

and orbital degrees of freedom and their crosslinks provide benchmarks for the photoinduced 

dynamics of a given material. In particular, the dynamical instabilities induced by the coop-

erative interplays among those degrees of freedom would be classified as the photoinduced 

phase transitions (PIPTs)[33,34], which are in fact observed in a wide range of materials. An 

optical doping through the pulse laser pumping triggers the photoinduced deployments of 

simultaneously introduced electrons and holes differently from the chemical doping, which 
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carries all the essence of the photoinduced dynamics and related PIPTs. Hence, instead of 

conventional approaches based on the time-resolved macroscopic electro-optic measure-

ments[35-37], one may attempt to explore the photoinduced ultrafast dynamics through an 

explicit tracking of the creation, development, and destruction of optically doped electrons 

and holes. For the purpose, the most promising framework would be the time-resolved pho-

toemission spectroscopy (TRPES). TRPES, a kind of the pump-probe spectroscopy, takes a 

snap shot of the photoemission using the delayed probe pulse under the dynamics initiated 

by the pump pulse and monitors the time evolution in the electronic structures of a material 

out of equilibrium in a manifold of energy and time[38-48], i.e., conjugate variables in the 

Heisenberg uncertainty principle. Insulator-metal transition (IMT) is one of the most exciting 

phenomena in condensed-matter physics[49]. One of possible routes to drive IMT is to sim-

ultaneously introduce electrons and holes by irradiating an insulator, i.e., the photoinduced 

IMT (PIIMT)[33,34] It is TRPES that is a superb tool to probe PIIMT in a real-time domain 

through a direct observation of temporal changes of the electronic structure caused by opti-

cally doped electrons and holes[38-43,45,48]. In the experimental aspect, TRPES requires 

high standards of quantum optics and electronics so that it has only recently been imple-

mented actively. Meanwhile, in the theoretical side, TRPES is much less explored due to 

several difficulties in the concept as well as the formulation[50-52]. In fact, no established 

theoretical formulation is available yet especially for the infinitely periodic systems. For the 

numerical encoding of TRPES, a complicated engagement of many electrons in the photoe-

mission process should be managed at an appropriate level of approximation.  

       We develop an original theory of TRPES within the three-step model of photoemis-

sion and address the issues relevant to optically induced transient changes in the electronic 
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structure of transition metal oxides NiO and CuO and two-dimensional gapless semiconduc-

tor graphene within the theory. We examine the time evolution of the valence band edges of 

NiO and CuO and provide a new dynamical vision to the Zaanen-Sawatzky-Allen (ZSA) 

scheme[53]. It is found that a strong optical pump results in a reconstruction of valence band 

edge to create incoherent in-gap states in NiO, whereas a simple weight reduction in the va-

lence band edge of CuO. With this finding, we conclude unambiguously that NiO is like the 

Mott-Hubbard insulator (MHI) and CuO like the charge transfer insulator (CTI). For a two-

dimensional hexagonal lattice of carbon atoms graphene, we investigate the dynamics of ex-

cited states in the angle-resolved mode, which are fully dressed with the dynamical quantum 

phase determined by the Berry phase and the pseudospin correlation depending on the polar-

izations of pump and probe pulses. Those excited states in the massless Dirac band, incorpo-

rating a gliding of the Dirac cone according to an acceleration of electrons along the easy 

direction, are further explored by tracing optically doped electrons and holes in the real-time 

domain. 

 

3.2 Correlation induced band mixing in excited states of NiO and CuO 

Over the past few decades, one of the most intensively discussed issues at the heart 

of condensed matter physics is the strongly correlated electron system. Historically, the fun-

damental test bed of correlated solid electrons has been the 3d transition metal oxide, which 

includes NiO that has then been long considered to be MHI. In MHI, a band gap opened 

between the upper Hubbard band (UHB) and the lower Hubbard band (LHB) is scaled by the 

d-d Coulomb correlation U[54], which is described by the Hubbard model[55]. Later, how-

ever, studies of the x-ray photoemission spectroscopy (XPS)[56] and the cluster calcula-

tion[57] have suggested that, differently from the previous understanding, ligand p orbitals 
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from oxygen atoms are strongly associated with the valence edge and the band gap is deter-

mined between the p-like ligand band and the d-like UHB. This indicates another kind of 

insulator, CTI, according to the ZSA scheme[53]. Later, there have followed more investiga-

tions that NiO should be possibly classified as an intermediate one rather than either MHI or 

CTI because the p-d hybridization nontrivially affects the electronic structure[58-60]. Unlike 

NiO, CuO has been regarded as CTI due to a relatively simple electronic structure with the 

Coulomb correlation U larger than the charge transfer strength[61]. 

Density of states (DOS) of NiO and CuO are displayed in Fig. 3.1a,b. Comparing 

between those, p- and d-band characters are mixed at the valence band edges of both materi-

als, but the p character is found relatively stronger in CuO than NiO. 𝐸 =

𝜔 𝐴 = 1V/Å is taken, where 𝜔  is chosen resonant to a band gap of the ma-

terial. 𝜔  is taken as 25 eV. In Fig. 3.1c,d, we provide the spectra of TRPES at time 

delays 𝜏 =  −9.8 fs and 13.4 fs for NiO and CuO. Let us be aware that spectra at 𝜏 =

−9.8 fs (i.e., before the pump pulse arrives, see the equation (2.3.4.1)) corresponds to the 

conventional PES, which directly reflect the occupied DOS in the ground state. However, 

spectra at 𝜏 = 13.4 fs are indeed interesting in that snapshots of dynamical responses of 

the electronic structure under the optical pumping are taken. It is of great importance to note 

that both valence and conduction band edges are reconstructed to shift inwardly so that in-

gap states are created in NiO of Fig. 3.1c. The resultant gap is found much smaller than the 

original gap 𝐸 . In CuO of Fig. 1d, however, such a shift of the valence band edge is not 

shown. Instead, just a slight decrease in the weight near the edge is observed. Besides, the 

reconstructed edge of the conduction band looks likely spreading over the gap. It is remark-

able to find that although p and d characters at the valence band edges are similarly mixed in 

both materials in the ground state, the edge behaviors are obviously different from each other 
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in TRPES. Schematics of band reconstructions of NiO and CuO are sketched in Fig.3.1e,f. 

 

Figure 3.1 Spectra of TRPES of NiO and CuO. (a),(b), DOS of NiO and CuO. (c),(d), Spectra 

of TRPES of NiO and CuO at 𝜏  = −9.8 fs and 13.4 fs. Dashed lines denote the band gap in 

the ground state 𝐸 . (e),(f), Schematics of the band reconstruction induced by the optical 

pump in NiO and CuO. In the calculation of the angle-integrated spectra, a slow variation of 

the matrix element to remain after completing an angle integration is neglected. Moreover, 

for the calculation, we adopt the Tran-Blaha modified Becke-Johnson potential and the 
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Perdew-Wang local density approximation (TB-mBJLDA) as the exchange and the correla-

tion potential. TB-mBJLDA is seen to predict correctly band gaps and magnetic moments for 

NiO and CuO, whose reliability would be of the same order as the hybrid functionals or the 

GW method[62] (see Table 3.1). 

 

Table 3.1 Electronic structure calculation of strongly correlated electron systems NiO and 

CuO. Band gap energies (in eV) and magnetic moments (in 𝜇 ) between TB-mBJLDA cal-

culation and experiments. (References for exp band gaps of NiO[56] and CuO[61] and mag-

netic moment of NiO[63] and CuO[64].) 

 

 For the calculation, we adopt the Tran-Blaha modified Becke-Johnson potential and the 

Perdew-Wang local density approximation (TB-Mbjlda)[30] and perform the spin-polarized 

calculation with a sampling of the first Brillouin zone of 4 × 4 × 4. The maximum momentum 

cutoff for the augumented plane waves (APWs) is 4.408 a.u. and the reciprocal lattice vector 

cutoff for the electron density and potential is 12 a.u.. Also we use the linearized APWs to 

match higher order derivatives at the muffin-tin surface. 

Real-time dynamics are demonstrated through the spectra of TRPES at 𝜏 = −4.9, 

−2.4, 0, 2.4, 4.9 fs shown (Fig. 3.2a,b). We keep track of a reconstruction of the valence and 

conduction band edges for NiO and CuO, which are marked by V and C, respectively. Ac-

cording to Fig. 3.2c, as time goes, both edges V and C of NiO are clearly shown to proceed 

to the inside of the gap and make in-gap states, as previously discussed in Fig.3.1. Experi-

ments of 1T-TaS2[38], TbTe3[39], 1T-TiSe2[40], VO2 [43], and cuprateS[48] have actually 

reported inward shifts of LHBs, which result in a formation of forbidden mid-gap states. In 
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the sense, a reduction of the gap could be regarded as intrinsic in correlated d bands under 

the optical pumping. In Fig. 3.2d, on the other hand, V of CuO in fact shows no noticeable 

shift even though C moves similarly to NiO. Moreover, the two-dimensional plots of spectra 

of TRPES clearly identify the retardation time 𝜏  to reach a reconstruction of the electronic 

structure (Fig.3.2e,f). 
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Figure 3.2 Band edges in spectra of TRPES of NiO and CuO. (a),(b), Spectra of TRPES of 

NiO and CuO at 𝜏  = −4.9, −2.4, 0, 2.4, 4.9 fs. A typical position of the valence band edge 

is represented by V, whereas a peak position of the conduction band edge by C. In the inset 

of (a), zoomed spectra near the conduction band edges of NiO are given and arrows indicate 

peaks. (c),(d), Time-resolved behaviour of V and C of NiO and CuO. (e),(f), Two-dimensional 

plots (in logarithmic scales) of spectra of TRPES of NiO and CuO. 

 

Different behaviors in the valence band edge between NiO and CuO are then further 

analysed through the orbital-resolved spectra of TRPES in Fig. 3.3. First, the d-orbital spectra 

of NiO and CuO of Fig. 3.3a,b are quite different from each other especially when focusing 

on the valence band edge. The d-orbital spectra of NiO behave like typical correlated d bands 

(i.e., edge shifts into the gap) under the optical pumping, while those of CuO exhibit a little 

weight decrease near the edge. Second, according to Fig.3.3c,d, the p-orbital spectra of NiO 

also behave like correlated d bands, but those of CuO exhibit a more appreciable weight 

decrease near the edge. That is, interestingly, the orbital-resolved spectra tell us that, due to 

the probable p-d hybridization, the oxygen p band of NiO is d-like and the Cu d band of CuO 

is p-like. With this observation, it becomes more strengthened that NiO should be MHI-like 

and CuO be CTI-like. Exact diagonalization studies of the many-body model Hamiltonian 

evidently support our conclusion in Figure 3.4. 

 

Figure 3.3 Orbital-dependent spectra of TRPES of NiO and CuO. Orbital-resolved spectra 

of TRPES taken at 𝜏   = −9.8 fs and 13.4 fs. (a),(b), d-orbital spectra of NiO and CuO. 

(c),(d), p-orbital spectra of NiO and CuO. A weight reduction in the valence band edge of 

CuO is denoted by arrows. In the calculation, an orbital-resolved amplitude c
, (𝑙𝑚; 𝜏 ) for 

the photoelectron from |𝑛, q; 𝜏⟩ is obtained by disassembling into the spherical harmonics 

|𝑙, 𝑚⟩ with angular momentum 𝑙 and its z-component 𝑚. 

 



- 56 - 
 

 

 

We propose a model Hamiltonian 𝐻 comprising 𝐻  and 𝐻 , where 𝐻  describes the one-

dimensional (1D) crystalline solid 

𝐻 = −𝑡 (𝑐 𝑐 + 𝑐 𝑐 )  +
𝑈

2
𝑛 𝑛 + 𝜇 𝑛

+ Δ (−1) 𝑛            (𝑆1) 

and 𝐻  the dynamical process of TRPES 

𝐻 =  𝜀𝐤𝑐𝐤 𝑐𝐤

𝐤

+ 𝑉 (𝜏) + 𝑉 (𝜏 − 𝜏 ).           (𝑆2) 

Here 𝑐  (𝑐 ) is an electron creation (annihilation) operator at the 𝑖-th site with its spin 𝜎 

and similarly 𝑐𝐤  or 𝑐𝐤  a photoelectron operator with its energy 𝜀𝐤 = k /2  and spin 𝜎. 
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Figure 3.4 (a)-(d) Exact diagonalization study of the N-site (N = 4) Hubbard Hamiltonian 

with 𝑈/𝑡 = 5 (Δ = 0) . (a) Spectral function of N electrons, i.e., at half-filling 

𝐸 = 4.1 eV . (b) Spectral function of N + 1 electrons. (c) Spectral function of N −1 elec-

trons. (d) Spectra of TRPES (blue) and PES (red) of N electrons. (e)-(h) Exact diagonalization 

study of the N-site semiconducting model with Δ/𝑡 = 4 (𝑈 = 0). (e) Spectral function of N 
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electrons (𝐸 = 8.6 eV). (f) Spectral function of N +1 electrons. (g) Spectral function of N 

−1 electrons. (h) Spectra of TRPES (blue) and PES (red) of N electrons. Binding energies in 

(d) and (h) are measured from the valence band edge of the conventional PES. 

 

𝑛 (= 𝑐 𝑐 ) is the electron number operator. t implies the nearest neighbor hop-

ping and 𝑈 the on-site Coulomb repulsion. 𝜇 is the chemical potential and Δ the ionic po-

tential. Pump and probe terms of 𝐻  are 𝑉 (𝜏) = 𝑖𝑡𝑉 Φ 𝜏, 𝜔 ∑ (𝑐 𝑐 −

𝑐 𝑐 )and 𝑉 (𝜏) = 𝑉 Φ 𝜏, 𝜔 ∑ ∑ (𝑐 𝑐𝐤 + 𝑐𝐤 𝑐 ) 𝐤 , respectively, with 

Φ(𝜏, 𝜔) = cos(𝜔𝜏) cos (𝜋𝜏/2𝜏̅) Θ(𝜏̅ − |𝜏|). Here, Θ(𝑥) is the Heaviside step function and 

𝜏̅ is adopted as 4.9 fs. Further, 𝑉 /𝑉  ≪ 1 is assumed. 

In Figs.3.4, Δ = 0 and 𝑈/𝑡 = 5 is taken and 𝐻  then falls to the N-site Hub-

bard model. Figures 3.4 (a)-(c) provide the spectral functions of N (i.e., half-filling), N + 1, 

and N − 1 electrons, respectively. At half-filling, the spectral function shows a Hubbard gap 

𝐸  (= 4.1 eV) opened between the upper Hubbard band (UHB) and the lower Hubbard band 

(LHB) (Fig. 3.4 (a)). This defines a correlated insulator corresponding to the prototype of the 

Mott-Hubbard insulator (MHI). The (N + 1)-electron spectral function shows that, when add-

ing an electron to the N-electron system, the electron does not jump simply into the N-elec-

tron conduction band, but into a reconstructed state (marked by ”e”) just below the conduc-

tion band (Fig. 3.4 (b))[65]. Similarly, when adding a hole to the N-electron state, the hole 

does not stay in the N-electron valence band, but instead prefers a reconstructed state (marked 

by ”h”) just above the valence band (Fig. 3.4 (c)). TRPES incorporates an optical doping (i.e., 

a simultaneous creation of electron and hole due to the optical pumping) and naturally in-

volves both features of (N + 1)- and (N − 1)-electron spectral functions, i.e., both of ”e” 

and ”h”, which clearly explains inward shifts of the conduction and valence edges into the 
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gap as schematically drawn in Fig.3.2(e). Figure 3.4 (d) gives the spectra of TRPES and PES, 

whose calculation can be done by extending the many-body Hilbert space to include the pho-

toelectron under the total Hamiltonian 𝐻 (= 𝐻 + 𝐻 )[50]. Spectra of TRPES show well 

the conjugated feature of (N + 1)- and (N −1)-electron spectra, which confirms the discussion 

above. Meanwhile, Figs. 3.4 (e)-(h) treats 𝐻  with 𝑈 = 0 and Δ/𝑡 = 4, which describes 

an ordinary semiconducting material. As illustrated in Figs.3.4(e)-(g), it is seen that when 

adding either an electron or a hole to the N-electron system, the band edges behave rigidly 

because electrons or holes are not correlated with each other. Of course, such rigid behaviors 

of band edges are clearly assessed in TRPES of Fig. 3.4 (h). Together with the TDDFT results 

of Figs.3.1-3, therefore, Fig. 3.4 could then support that the valence band edge of NiO is d-

like and that of CuO is p-like, in other words, NiO is MHI-like and CuO is CTI-like. 

An ionic model system of Fig.3.5 is described as a dielectric band without any cor-

relation. In the case, the optical excitation does not induce in-gap states and the electronic 

structure behaves rigidly under the optical pumping. Similarly to the p-like valence band edge 

of CuO, we capture the dynamics of rigid bands in the ZnS semiconductor, whose band gap 

about 3.62 eV according to Fig. 3.5 (a), through TRPES of Fig. 3.5 (b). Even after the optical 

pumping, valence band spectra of ZnS just show a slight reduction in the spectral weight 

consistently with the valence band edge of CuO. 
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Figure 3.5 (a) Density of states (DOS) of ZnS semiconductor. A direct band gap of 3.62 eV 

is found at the Gamma point. (b) TRPES of ZnS semiconductor. Parameters of the pump and 

probe pulses are same with those used in the main text but the pump pulse frequency is 3.62 

eV. With the optical pumping, neither of valence and conduction bands shift into the gap, 

which are different from the strongly correlated systems. 

 

3.3 Quantum-phase-dressed excited states of graphene 

During the last decades, the angle-resolved photoemission spectroscopy (ARPES) 

has been the most direct and powerful method for an investigation of two-dimensional solids 

in their reciprocal lattices. A dimensional extension of ARPES along the time is the time-

resolved ARPES (TR-ARPES). Because TR-ARPES can track the q-dependent electronic 
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structure in the manifold of energy and time and provide a wealth of real-time quantum in-

formation on the electronic dynamics, it should be a killer application especially for the two-

dimensional semiconducting systems. 

ARPES has a merit in observing the quantum phase absorbed in the matrix element, 

for instance, the Berry phase for graphene[66]. Taking 𝜔 = 35 eV, we provide the mo-

mentum-energy distribution curves (MEDCs) of ARPES, i.e., the band mapping, of graphene 

(Fig.3.6a,b) and electron-doped (n-type) graphene (Fig. 3.6d,e) along the K − Γ − K direc-

tion and the 𝐪 -direction through the K point. In MEDCs, not only the massless Dirac bands 

cutting the Fermi level but also low-lying 2s-like bands are shown (Fig. 3.6a,b,d,e). In Fig. 

3.6c,f, schematics of two Dirac cones centered at K  and K points with relevant pseudo-

spins near the zero binding energies are depicted. Matrix elements for ARPES, which contain 

the information on the Berry phase[66], make a characteristic selection for the Dirac cones 

such that only half (blue-colored conical section) of the lower or the upper Dirac cone along 

the 𝐪 -direction through the K  or K point survives for the 𝐱-polarized probe pulse (Fig. 

3.6a,c,d,f). Different phases of pz orbitals from two carbon atoms characteristically cancel the 

matrix element for the photoelectron state |𝐤⟩ [63,67] depending on whether it is emitted 

from the lower or the upper Dirac cone. Along the 𝐪 -direction through the K point, how-

ever, the full Dirac cones are signaled in Fig. 3.6b,e. Moreover, taking 𝜔 = 3 eV and 

𝐸 = 𝜔 𝐴 = 0.1 V/Å , we provide MEDCs of TR-ARPES of graphene at a 

fixed delay time 𝜏 = 7 fs along the 𝐪 -direction through the K point for the 𝐱-polarized 

pump (Fig. 3.6g) and the K − Γ − K direction for the 𝐲-polarized pump (Fig. 3.6j) and the 

constant energy mappings (at E = 1.5 eV (> 0), i.e., in the upper Dirac cone) in the crys-

tal momentum space for the 𝐱-polarized (Fig.4h) and the 𝐲-polarized pump (Fig. 3.6k). TR-

ARPES captures the physics of dynamical quantum phases of the excited electron or hole 
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states through the pseudospin correlation. Pseudospins of the Dirac cones are definitely cou-

pled with the optical transition (Fig. 3.6i,l)[64,68]. Obviously, the pseudospin correlation 

should be considered together with the selection due to the matrix elements in determining 

the spectra of TR-ARPES. Consequently, vanishing nodal lines result along q = 0  and 

q = K around the K point for the 𝐱-polarized and 𝐲-polarized pumps, respectively, in the 

constant energy mappings of TR-ARPES (Fig. 3.6h,k). For the first-principles TDDFT cal-

culation, the local density approximation (LDA) is adopted for the exchange correlation po-

tential, together with 27 × 27 × 1 k-point grids and Rgkmax=8.0. 

 

Figure 3.6 Spectra of ARPES and TR-ARPES of graphene. (a),(b),(d),(e), MEDCs of ARPES 

of graphene (a,b) and electron-doped n-type graphene, i.e., additional 0.6 electrons a unit cell 

(d),(e). Geometry of the present system (inset of b). (c),(f), Half of the Dirac cone for gra-

phene (c) and halves of the Dirac cones for the n-type graphene (f) with nonzero matrix ele-

ments (blue-coloured conical surfaces), which contain the information on the Berry phase, 

are captured by ARPES. Red arrows denote the pseudospin configuration. (g),(h),(j),(k), 

Spectra of TR-ARPES of graphene at 𝜏 = 7 fs for the 𝐱-polarized (g),(h) and the 𝐲-po-

larized pump (j),(k), i.e., MEDCs (g),(j) and the constant energy mapping at E = 1.5 eV 

(h,k). Arrows in g,j indicate the weight transfers to the conduction bands due to the optical 

pumping. (i),(l), Pesudospin selection under the interband transition due to the 𝐱-polarized 

(i) and the 𝐲-polarized pump (l). A compact form of the tight-binding model Hamiltonian, 

H = v 𝐪 ∙ 𝛔 , where 𝐪  is the electron wave vector, 𝛔  the Pauli matrix representing the 

pseudospin, and v   the Fermi velocity, is cast to H = H + H   with H =

−v 𝐀 (𝝉) ∙ 𝛔  under the optical pump. For the 𝐱 -polarized pump, i.e., [H , 𝜎 ] = 0 

prohibits the optical excitation at q = 0 on the Dirac cone because 𝜎  should be reserved 

in the optical transition (i). A case for the 𝐲-polarized pump could be understood in the same 

fashion (l). For the first-principles TDDFT calculation of graphene, the local density approx-

imation (LDA) is adopted for the exchange and correlation potential. 
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In Fig.3.7, the time-dependent constant energy mappings of TR-ARPES of graphene focusing 
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on the K-centerd Dirac cone are displayed at 𝜏 = −7, −2.4, 0, 2.4, 7 fs. First, it is inter-

esting to compare the spectra of ARPES of the n-type graphene with the Dirac point near 

−1.5 eV (Fig. 3.7a) with TR-ARPES of graphene from the 𝐱-polarized (Fig. 3.7b) and the 

𝐲-polarized pump (Fig. 3.7c). Spectra of TR-ARPES at E < 0 are from the lower Dirac 

cone with optically doped holes at 𝜔 = 3 eV are found to be almost same as ARPES 

of the n-type graphene at E < −1.5 eV, which indicates that the valence band is in fact 

rigid with respect to the optical doping but a tiny reduction in the spectral weight. As previ-

ously stated, the anisotropy selecting a half of the Dirac cone with q < K (q > K) in the 

spectra of TR-ARPES at E < 0 (E > 0) under the 𝐱-polarized probe pulse comes from 

the Berry phase involved in the matrix element. Meanwhile, the spectra at E > 0 are from 

the upper Dirac cone with optically doped electrons, i.e., electrons excited to the conduction 

band by the pump pulse, which are inevitably carried with the pseudospin correlation. As the 

time delay increases, nodal lines become clear along q = 0 and q = K for the 𝐱-polar-

ized (Fig. 3.7b) and the 𝐲-polarized pump (Fig. 3.7c), respectively, which results from the 

dynamical quantum phase due to the pseudospin correlation. Spectra of ARPES of the n-type 

graphene would be more or less reproduced by making a summation of both of those of TR-

ARPES from the 𝐱-polarized and 𝐲-polarized pumps. 
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Figure 3.7 Constant energy mappings of TR-ARPES of graphene. (a), Constant energy map-

ping of ARPES of the electron-doped n-type graphene focusing on the 𝐊 -centered Dirac 

cone. Dirac point is positioned around E = −1.5 eV. (b),(c), Real-time sequence of con-

stant energy mappings of TR-ARPES of graphene focusing on the K-centered Dirac cone for 

the x-polarized (b) and the 𝐲-polarized pump (c) at the time delays 𝜏 = −7, −2.4, 0, 2.4, 

and 7 fs. Spectral intensities in constant energy mappings at E = 0.5 − 1.5 eV of b,c are 

multiplied by 4 times. 

 

Needless to say, the dynamical quantum phase should be also incorporated in a part 

of the optically doped holes. We attain the difference spectra as 𝐽𝐤(𝜏 ) − 𝐽𝐤(𝜏 ) between the 

two time delays 𝜏  and 𝜏  (𝜏 > 𝜏 ) in Fig.3.8. For a case of the 𝐱-polarized pump, the 

spectral differences of doped electrons (red) and holes (blue) in the constant energy mapping 

at E = 1.5 eV and E = −1.5 eV, respectively, are reasonably dispersed according to the 

spectra of TR-ARPES.  
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Figure 3.8 Real-time dynamics of optically doped electrons and holes. (a), Area of the Bril-

louin zone in consideration. (b), Difference spectra of constant energy mappings of TR-

ARPES as 𝐽𝐤(𝜏 ) − 𝐽𝐤(𝜏 ) between the two time delays 𝜏  and 𝜏  (𝜏 > 𝜏 ) for the 𝐱-

polarized pump. (c), Silhouette of the full Dirac cone with the nodal line of k = 0 from an 

addition of difference spectra at E = 1.5  eV and E = −1.5  eV for the 𝐱 -polarized 

pump. (d), Difference spectra for the 𝐲-polarized pump. (e), Difference spectra between with 

and without the static field E 𝐲 at E = 0 eV (Fig.S8). Dirac cone of graphene under-

goes an outward shift along the 𝐱-direction as well as a gliding shift along the static field (∝

 𝐲). For the 𝐲-polarized optical pump, only the outward shift along the 𝐱-direction would 

remain in an approximate sense. (f), Field-induced moving (δκ) of the Dirac cone with re-

spect to the time delay at the 𝐲-polarized pump. 

 
Notably those of doped holes have a nodal line along q = 0  just like elec-

trons[69]. Both of doped electrons and holes undergo dephasing monotonically as time goes 
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and get to reside on well-defined Dirac cones through the energy conservation (Fig. 3.8b). 

Thus, a silhouette of the full Dirac cone with the nodal line is acquired by adding the spectral 

differences at E = 1.5  eV (electrons) and E = −1.5  eV (holes) in 𝐽𝐤(7 fs) −

𝐽𝐤(2.4 fs) (Fig. 3.8c). For the 𝐲-polarized pump, doped electrons and hole-like signals (i.e., 

instead of “doped holes”, due to a reason to be cleared soon) are definitely unbalanced in 

their spectral densities (Fig. 3.8d) even if, for the 𝐱-polarized pump, the charge neutrality of 

the doped carriers is roughly maintained. Hence, such hole-like signals at the 𝐲-polarized 

pump should not be due solely to the optical doping. Let us note that, in our geometry, the 

𝐲-polarized pump is along the armchair direction of graphene so that it could efficiently ac-

celerate p -orbitals belonging to a pair of neighboring carbon atoms along the 𝐲-direction. 

In this consideration, the 𝐲-polarized pump breaks the C3 rotational symmetry of the system 

and gives rise to a real-time moving of the Dirac cone[70]. In fact, a gliding shift of the Dirac 

cone outward the Brillouin zone along the 𝐱-direction is found for the static field along the 

𝐲-direction (Fig. 3.8e,3.9). Therefore, the broad hole-like signals around the edge of the hex-

agon (Fig. 3.8d) indicate a decrease (blue) and an increase (red) in the electronic states in the 

momentum space at E = −1.5 eV according to a continuous field-induced moving of the 

Dirac cone beyond the K point along the 𝐱-direction (Fig. 3.8f), which would be clear in 

the difference spectra of MEDCs (see Fig.3.10). 
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Figure 3.9 Moving of the Dirac cone under the in-plane static field along the 𝐲-direction. (a) 

Constant energy mapping of ARPES at the Dirac point  without the field, i. e.,

J𝐤(−∞) at E = 0  eV .   (b) Schematics of moving of the Dirac cone under the in-plane 

field. Dirac cone undergoes not only a gliding shift along the 𝐲-direction but also an outward 

shift along the 𝐱-direction. (c)-(d) Constant energy mapping J𝐤(τ) at E = 0  eV under 

the in-plane field along the (−)𝐲-direction and the difference spectra J𝐤(τ) − J𝐤(−∞) at 

E = 0  eV. (e)-(f) Constant energy mapping under the reversed in-plane field and the dif-

ference spectra. 

 

In the following Figs.3.10(a)-(c), we give the difference spectra of MEDCs of TR-

ARPES when the 𝐱-polarized pump excites the Dirac cone, which undergo the dephasing 

and gets monotonically evanescent as the time delay goes. For the 𝐲-polarized pump, how-

ever, the difference spectra in the valence band are observed to be rather nontrivial, whose 

intensity decreases and increases again in the time span of −2.4 fs ≤ 𝜏 ≤ 7 fs . This 

would be understood by the noting the fact that the 𝐲-polarized pump breaks the C3 rotational 
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symmetry and makes a field-induced moving of the Dirac cone.  

 

Figure 3.10 Difference spectra of the momentum-energy distribution curves (MEDCs), i.e., 

the band mappings, of TR-ARPES of graphene. Graphene is excited by (a-c) the 𝐱-polarized 

pump and (d-f) the 𝐲-polarized pump. Red and blue colors represent positive and negative 

values in the spectral difference of TR-ARPES, respectively. In the far right, a field-induced 

continuous moving of the Dirac cone near the K or K  point at the 𝐲-polarized pump is 

schematically given. 
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Figure 3.11 Pseudospin-correlated optical pump excitation of graphene. (a) Energy eigenval-

ues of an ideal Dirac cone. Energy is given in a unit of Hartree. Electron population in the 

conduction band of the Dirac cone for (b) the 𝐱 -polarized pump and (c) the 𝐲 -polarized 

pump, which is calculated from the effective k-p Hamiltonian. 

The effective k-p Hamiltonian describing the Dirac cone is given by  

𝐻 = v (𝐤 − 𝐀 (𝜏)/𝑐) ∙ 𝝈,       (3.3.1) 

where 𝐤 is the electron momentum, 𝝈 the Pauli matrix for pseudospins, and v  the Fermi 

velocity. When an optical pump is applied, Hamiltonian is cast to have 𝐤 ∙ 𝛔 − 𝐀 (τ) ∙

𝛔/c. Here the 𝐀 (τ) ∙ 𝛔/c is an off-diagonal pumping term and excites valence elec-

trons into the conduction band. If 𝐀 (τ) = A (τ)𝐱, the electrons excited in the con-

duction band are found to make the pseudospin flip along the 𝐲 -direction as shown in 

Fig.3.11(b). Similarly, for 𝐀 (τ) = A (τ)𝐲, the electrons excited are as in Fig. 3.11 

(c). 

 

3.4 Conclusion 

In conclusion, we have explored an original theory of TRPES or TR-ARPES based 

on the three-step model of the photoemission and examined the real-time spectra focusing on 

the excited valence band edges of strongly correlated electron systems and the quantum-

phase-dressed excited states of a two-dimensional semiconductor graphene. In strongly cor-

related systems, dynamics of valence band edges under a strong optical pump have been 

found very different between NiO and CuO. This could provide a novel insight to the dynam-

ical aspect of the ZSA scheme, from which we conclude unambiguously that NiO is MHI-

like and CuO is CTI-like. In graphene, a single layer of carbon atoms, excited states dressed 

with the Berry curvature and the pseudospin correlation have been thoroughly tracked in the 
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angle-resolved mode. Particularly, the dephasing dynamics of optically doped electrons and 

holes on the Dirac cone, more intricately on a field-induced moving of the Dirac cone, have 

been discovered in the real-time domain. 
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ⅠV. Results and discussion II: Spins at petahertz time scale 

 

Proposing a theoretical model of a layered ferromagnetic (FM) -nonmagnetic (NM) 

heterostructure under fewcycle optical driving, we render the light-wave-induced charge 

transport spin asymmetric and achieve petahertz frequency control of spins. Transition-metal 

trichalcogenides (TMTCs) are suggested for the FM layer. With the strong FM TMTCs (i.e., 

high-spin TM3+ therein), major and minor spins undergo cross transfer to the NM and FM 

layers, respectively, whereas with the weak FM TMTCs (i.e., low-spin TM3+), only major 

spins are transferred to the NM layer due to the Coulomb blockade for minor spins. These 

findings present prototypes of petahertz spin devices, broadening the horizon of spintronics 

up to the subfemtosecond time span. 

 

4.1 Petahertz frequency control of spins 

       High-intensity subfemtosecond laser pulses have revealed novel opportunities not 

only for an essential study of nonlinear extreme ultrafast dynamics of matter but also an ex-

ploration of future application in electronics and electronic signal processing [9]. New time-

domain insight into fundamental electronic processes and exotic novel physics in atoms, mol-

ecules, and solids has been allowed at the time scale of 100 as to 1 fs (1 as = 10−3 fs = 10−18 

s) [9,71-73]. Recently, in particular, lightwave-controlled charge processing, i.e., driving of 

a current by an instantaneous optical wave form, has come to emerge as one of the hottest 

issues due to its huge potential for future electronics [74,75,76,77,78]. 

Schiffrin et al. [74] observed that an isolated high-intensity optical pulse induces a 

macroscopic charge separation and electric current oscillating at the petahertz frequency in 

amorphous silica (SiO2). Remarkably, the transient conductivity driven by the optical field 
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was found to increase by more than 18 orders of magnitude over the static dc conductivity 

within 1 fs. After that, Mashiko et al. [77] and Paasch-Colberg et al. [78] demonstrated the 

optical driving of carriers at the petahertz frequency in a wide-band-gap semiconductor GaN. 

Theoretical investigations concerning the subcycle control of electric current have also been 

conducted. Recently, a primitive petahertz device performing a diode function has been pro-

posed on the basis of a heterostructure of two dielectrics with different polarities [79], being 

analogous to a semiconductor pn junction 

A timely and important question may be whether spin control can be achieved by 

employing light-wave-induced petahertz charge processing. Simply, if charges are made to 

move asymmetrically with respect to the spin carried, nontrivial spin motion will be enabled 

at the swing speed of charges. In this regard, a layered heterostructure made of ferromagnetic 

(FM) and nonmagnetic (NM) materials would be advised as potentially an interesting system 

that could bring a new prospect of extreme ultrafast dynamics of spins. In such a heterostruc-

ture, spin-polarized cross excitations by the few-cycle optical pumping may push the motion 

of net spins up to the subfemtosecond time domain, giving much faster time scales than those 

of recent noticeable progress about a spin generation based on the continuity of a superdiffu-

sive transport [80,81]. 

        For a two-dimensional (2D) FM material of layered FM/NM van der Waals (vdW) 

heterostructure, Fe3GeTe2 [82], transition-metal trihalides [83], and transition-metal trichal-

cogenides (TMTCs) could be good candidates. In particular, however, recent extended ex-

perimental or theoretical investigations have given strong evidence for the existence of vari-

ous 2D FM TMTCs (in fact, single-layer or few-layer FM TMTCs); for instance, CrSiTe3 

[15–19/84,85,86,87,88], CrGeTe3 [88], MnPSe3 [89], CrSnTe3 [90], and CrPTe3 [91]. Be-

sides this, it was also reported that successful isolation of single- and few-layer NiPS3 leads 
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to antiferromagnetic (AFM) order [92]. 

In the present study, we propose a model of layered heterostructure of FM TMTC 

and NM semiconductor and demonstrate a petahertz frequency driving of the spin flow at 

light-wave-induced charge processing. In fact, the NM semiconductor need not necessarily 

be 2D. To relieve the computational burden of TDDFT calculation, the NM semiconductor 

is assumed to be 2D. Two different magnetic structures of FM TMTCs, depending on the 

spin states of the TM ions, i.e., strong FM (SFM) and weak FM (WFM) cases, are considered. 

Characteristic spin dynamics of the heterostructure with SFM or WFM TMTCs are explored 

based on the many-body time-dependent Schrödinger equation. With SFM TMTCs, major 

and minor spins make cross transfer to the NM and FM layers, respectively. With WFM 

TMTCs, in contrast, only major spins are effectively transferred to the NM layer since minor 

spins are blocked by Coulomb repulsion. First-principles time-dependent density functional 

theory (TDDFT) calculation is shown to reasonably agree with the model study. Our findings 

introduce prototypes of petahertz spin devices and provide a mechanism to guide us to an-

other realm of petahertz spintronics. 

 

4.2 Model for petahertz spins 

Figure 4.1(a) displays the crystal structure of a typical TMTC, in which a TM atom 

forms an octahedral structure with six neighboring chalcogens. We assume a strong in-plane 

optical pulse as shown in the optical pumping geometry of Fig. 4.1 (b). An out-of-plane pulse 

would explicitly distort the electron cloud of atoms isolated along the out-of-plane direction, 

which would not give the desired solid-state electronics. In FM TMTC, TM used to be TM3+, 

which may be approximated to have three empty and three occupied molecular orbitals. Then, 
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electronic and spin configurations of the ground states of SFM and WFM TMTCs are pro-

vided in Figs. 4.1(c) and 4.1(d) on the basis of the molecular picture. It should be noted that 

most of the Cr-based FM TMTCs, whose magnetic moments mainly come from Cr3
+ with a 

localized spin of S = 3/2, correspond to SFM TMTCs. However, it would be assumed that, 

allowing Hund’s coupling JH to be JH > 0 (i.e., an antiparallel configuration preferred) at the 

multiorbital, a smaller effective value of spin was available. This would be the case of WFM 

TMTCs. 

 

Figure 4.1 (a) Crystal structure of TMTC (side view). The transition metal (TM) atom is 

surrounded by six chalcogens and forms an octahedral structure. X is a nonmetallic atom with 

p orbitals. (b) Sketch of the optical pumping geometry at the FM/NM heterostructure. A high-

intensity in-plane ultrashort optical pulse is assumed in the low-dimensional heterostructure 

of the FM TMTC and NM semiconductor. (c),(d) Molecular models incorporating a TM ion 
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(denoted by SFM or WFM) and semiconductor atom (denoted by NM) of SFM/NM and 

WFM/NM heterostructures. Electronic and spin configurations of the ground states are illus-

trated. 

 

With this picture of the molecular orbitals, the model Hamiltonian H  describing a 

coupling between a FM TMTC and NM semiconductor in a layered FM/NM heterostructure 

is proposed to be 

H = (ε c c + ε v v  ) +
U

2
n n  

,, ∈ ,

  (4.2.1) 

c  (c ) and v  (v ) are the electron operators of conduction (empty orbitals) and valence 

(occupied orbitals) states with spin σ, respectively, where i runs for the localized FM d and 

NM p orbitals belonging to the FM and NM layers, and the orbital energies are assumed to 

be given by ε = −1 eV and ε = −1 eV. N  (= c c ) is the electron number operator 

and U is the Coulomb repulsion between conduction electrons of TM3+. H  is combined 

with the optical pumping H (τ) by a strong few-cycle laser pulse A(τ)  

H′(τ) = A(τ)z  

∈

(c v + H. c. ) 

∈

 

+A(τ)z  

∈

(c v + H. c. ) 

∈

 

+A(τ)z  (c v + H. c. ) 

, ∈

 

+A(τ)z  (c v + H. c. )  (4.2.2)

, ∈

 

The strong few-cycle optical field is given by the vector potential A(τ) =
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𝐴 𝑒 sin (ωτ)  and hence by the electric field E(τ) = − ∂/ ∂τA(τ) , i.e., E = 𝜔𝐴 , 

which drives various interlayer and intralayer optical transitions together with the corre-

sponding dipole matrix elements z , z , z , and z . Let us note that 

z  (z ) indicates the interlayer transition from the NM (FM) valence state to the 

FM (NM) conduction state. A z  and A z  inter are set at 0.128 and 0.144 eV, 

respectively. On the other hand, both 𝐴 z and 𝐴 z  intra are simply taken to be 0.27 

eV. In addition, 𝜏   is taken to be 1.43 fs, corresponding to the full width at half maximum 

(FWHM) of 2.38 fs, and the photon energy ω to be 2 eV, which will be used hereafter unless 

otherwise mentioned. Now, the total Hamiltonian H arrives at 

H = H + H (τ) (4.2.3) 

The dynamics of the heterojunction under optical pumping can be described by solv-

ing the time-dependent Schrödinger equation 𝑖 ∂/ ∂τ|Ψ(τ)⟩  = H|ψ(τ)⟩,. For an actual cal-

culation, following the molecular picture provided in Fig. 4.1(c) or 4.1(d), we take the ground 

state comprising five electrons of three FM d and two NM p electrons, which should be the 

initial state |Ψ(0)⟩, i.e., |Ψ(0)⟩ = Π v |0⟩ (|0⟩: vacuum state). Further, |Ψ(0)⟩ should 

be either SFM/NM [Fig. 4.1(c)] or WFM/NM [Fig. 4.1(d)] depending on the spin configura-

tion of TM3+. 
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Figure 4.2 Light-wave-induced charge and spin dynamics in the SFM/NM heterostructure. 

(a) Subfemtosecond transfer of up and down spins, i.e., T↑ and T↓, to the NM semiconductor 

across the junction. Up (down) spins stand for major (minor) spins. (b) Subfemtosecond 

transfer of net spin T  and charge T  to the NM semiconductor. E(τ) is the electric field 

of the few-cycle laser pulse applied to the heterostructure. The inset shows spin (N ) and 

charge (N ) densities accumulated in the NM semiconductor during the few-cycle pulse du-

ration, whose units are μ /TM atom and e/TM atom, respectively. 

 

The light-wave-driven cooperative dynamics of charge and spin of the SFM/NM 

heterostructure are provided in Fig. 4.2. An overall feature of the dynamics is that, as the 

optical pumping continues, the major spins (up spins) transfer from SFM to NM and the 

minor spins (down spins) transfer from NM to SFM. As can be seen in Fig. 4.1(c), in SFM 

TMTC, the unbalance of the spin configuration of TM3+ is extreme, i.e., no more empty states 

for up spins remain. For this reason, no electronic configuration that can cause Coulomb 

repulsion U appears through the optical transition in the SFM/NM heterostructure. Conse-

quently, Fig. 2(a) and the accompanying schematics show that major and minor spins sym-

metrically undergo cross transfer to NM and SFM, respectively. This is clearly displayed in 

the calculation of the spin transfers T↑(τ) and T↓(τ) to NM [note T↓(τ) < 0] in Fig. 4.2(a). 
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The symmetric cross transfer largely cancels the charge transfer, but practically maximizes 

the net spin transfer. Figure 2(b) provides transfers of net spin T (τ)  and charge T (τ) 

like T (τ) = T↑(τ) − T↓(τ)  and T (τ) = T↑(τ) + T↓(τ) , from which we have  T (τ) ≪ 

T (τ) and T (τ) ≈ 2T↑(τ) ≈ 2|T↓(τ)|. This is featured not only in T (τ) and T (τ) of Fig. 

4.2(b) but also in the accumulated density of net spin N (τ)[= ∫ dτ T (τ ) and charge 

N (τ)[= ∫ dτ T (τ ) of the inset of the figure. All the relevant dynamics are found to be 

on the subfemtosecond time span and belong to the petahertz frequency range, i.e., ∼1 PHz, 

which is much faster than time scales of the orientational relaxation of semiconductors [93]. 

 

Figure 4.3 Light-wave-induced charge and spin dynamics in the WFM/NM heterostructure. 

(a) Schematics of the interlayer transition from the NM valence to the FM conduction state 

causing Coulomb repulsion U. (b) Transfer of up and down spins, i.e., T↑ and T↓, to the NM 
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semiconductor as a function of U. Inset schematics show that the transfer of minor spins is 

blocked by Coulomb repulsion, different from major spins. (c) Transfers of net spin (T ) and 

charge (T ) to the NM semiconductor at U = 0 (dashed line) and U = 2 eV (solid line). (d) 

Spin (N ) and charge (N ) densities in the NM semiconductor at U = 0 (dashed line) and U 

= 2 eV (solid line). 

 

In sharp contrast with the SFM/NM dynamics shown in Fig. 4.2, Fig. 4.3(a) indicates 

that there would occur a blockade against the optical transition from NM to WFM due to the 

Coulomb repulsion U. With an increase of U, this Coulomb blockade strongly suppresses the 

transfer of minor spins, whereas it could hardly affect major spins. This is manifested in the 

calculation of the spin transfers T↑(τ)and T↓(τ)to NM at several values of U of Fig. 3(b). 

Given that the values of U are 0 and 2 eV, Figs. 4.3(c) and 4.3(d) indicate the transfers of net 

spin T (τ) and charge T (τ) and the accumulated densities of net spin N (τ) and charge 

N (τ), respectively. If the Coulomb blockade is complete, one would have N (τ) ≈ N (τ), 

which would imply the transfer of only a single kind of spin (i.e., major spin). In the present 

case, the Coulomb blockade is not complete but appreciable, so that major spins are actually 

dominantly transferred to NM. 

Magnetization (or spin moment) ΔM (τ → ∞) attained by the NM side after the 

optical pulse has passed is provided in Fig. 4.4(a) with respect to the strength E  of the 

optical field. To be consistent with the previous findings of Figs. 4.2 and 4.3, it is understood 

that the SFM/NM heterostructure can deliver the spin moment to NM more efficiently than 

the WFM/NM heterostructure. Further, it is worth noting that ΔM (τ → ∞) is approxi-

mately ∝E  for both SFM/NM and WFM/NM cases, which would be an example of the 

transient quadratic magnetoelectric (ME) effect [94]. In Fig. 4.4(b), some interesting appli-

cations of the present SFM/NM and WFM/NM heterostructures are suggested. First, the 
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SFM/NM heterostructure injects an up-spin electron and up-spin hole into NM; the different 

spin magnetic moments will be separated when the bias electric field E  is applied. This 

could be regarded as the quasi spin Hall effect (SHE), which is a potential substitute for spin 

separation (or filtering) without topological insulators or valley degrees of freedom [95]. Sec-

ond, the WFM/NM heterostructure induces the petahertz injection of (approximately) a single 

kind of spin into NM, which could be used as a gate controller between the source and drain 

under Ebias in a spin transistor. In a sense, Fig. 4.4(b) introduces prototypes of petahertz spin 

devices. 
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Figure 4.4 (a) Attained magnetization (i.e., spin moment) ΔM (τ → ∞)  of the NM side 

after the optical pulse has entirely passed. An optical field 𝐴 𝑒 sin (ωτ)  with E =

𝜔�̅�  is assumed. (b) Schematics of the spin transfers to NM in the SFM/NM (upper) and 

WFM/NM (lower) heterostructures. The upper panel could induce a separation of spin mag-
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netic moments as in the SHE device and the lower panel accelerates spin as in the spin tran-

sistor, respectively, by applying an additional electric field E . 

 

 

4.3 TDDFT results of CrPTe3/Sb(111) 

Figure 4.5 (a) Crystal structures of the CrPTe3/Sb(111) van der Waals (vdW) layered heter-

ostructure. Blue, yellow, black, and red balls represent Cr, P, Te, and Sb atoms, respectively. 

In the ground state, the spin density is shown to be strongly localized at Cr atoms but minutely 

induced in the Sb(111) layer. (b) PDOS of Cr d (blue) and Sb p (red) orbitals. The CrPTe3 

layer exhibits a typical ferromagnetism because the spin-dependent DOS of the Cr d orbitals 

is highly unbalanced. On the other hand, the Sb(111) layer is nonmagnetic. (c) TDDFT cal-

culation of the spin transfer T (τ) and charge transfer T (τ) across the CrPTe3/Sb(111) 

heterostructure. The few-cycle optical pulse [represented by E(τ)] has photon energy ω = 
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2 eV, intensity of 2.52×1013 W/cm2 (i.e., field strength of 1.37 V/Å), and FWHM of 2.38 fs. 

(d) TDDFT calculation of the time-dependent magnetization ΔM  induced in the Sb(111) 

layer. A comparison with the model calculation (gray lines) of the SFM/NM heterostructure 

is provided in (c) and (d). 

 

Finally, we perform first-principles calculation of the light-wave-induced spin dynamics for 

a more realistic heterostructure. For a material belonging to 2D FM TMTCs, we take account 

of CrPTe3, a 2D hexagonal system with a lattice constant of 6.88 Å, which has a typical FM 

electronic structure [91]. Meanwhile, Sb(111) is a well-known 2D NM semiconductor with 

an optimized lattice constant of 4.01 Å [96]. The ground state is obtained by the local density 

approximation (LDA) with 15×15×1 k-point mesh and the time-dependent calculation (i.e., 

TDDFT calculation) is done using the ELK-FPLAPW code [30] with 4×4×1 k-point mesh 

in a time step of 0.2 a.u. It is found that the √3 × √3 supercell of Sb(111) is well matched 

with a unit cell of CrPTe3 [see Fig. 4.5(a)]. In the ground state, the spin moment is shown to 

be highly localized at the Cr atoms but almost negligible in the Sb(111) layer. In Fig. 4.5(b), 

the partial densities of states (PDOS) of Cr d (blue) and Sb p (red) orbitals are given, which 

are predominant near the Fermi level. In the supercell of CrPTe3/Sb(111), 97% (−5.24 μ ) 

of the total magnetic moment (−5.39 μ ) is found to be from Cr atoms, i.e., −2.62 μ  for a 

single Cr atom, and the remnant from the interstitial region, from which it is noted that CrPTe3 

corresponds to SFM TMTCs (here, TM3+ has formally a spin of 3/2, i.e.,−3 μ ) of Fig. 1(c). 

As a matter of fact, according to Figs. 4.5(c) and 4.5(d), the subfemtosecond dynamics of 

spin and charge transfers essentially reproduce those of the SFM/NM model of Fig. 4.2. The 

spin transfer from CrPTe3 to Sb amounts to about 0.58 μ /Cr atom , actually sizable 

enough, which is also consistent with the model calculation. It is critical to note that the spin 

transfer follows the instantaneous field oscillation of the high-intensity optical pulse, which 
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indicates that the petahertz spin signal is actually produced by the light-wave-controlled 

charge processing. In this calculation, the spin-orbit coupling (SOC) has not been considered 

because it can hardly affect the relevant spin dynamics. 

 

 

4.4 Magnetic exchange in the heterostructure 

 

Figure 4.6 Three cases of interlayer optical transitions incorporating the Coulomb repulsion 

U. 

 
It is well known that the Coulomb interaction is incorporated to induce the spin magnetic 

exchange in the extreme two-site t-J limit[97], i.e., J = t /U, where t and U are the hopping 

integral and on-site Coulomb repulsion, respectively. In the limit, according to Fig. 4.6, the 

spin magnetic exchanges for three interlayer optical transitions of our cases could be esti-

mated. Firstly, the case (i) induces a ferromagnetic exchange between WFM and NM layers 

J( )~ − 2A(τ)
z

U↓↓
  (4.4.1) 

where 2 is the case multiplicity of (i) and z means z . Similarly, the case (ii) also 

induces a ferromagnetic exchange with the multiplicity 4 

J( )~ − 4A(τ)
z

U↓↑
  (4.4.2) 
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Lastly, the case (iii) induces an antiferromagnetic exchange with the multiplicity 2 

J( )~ + 2A(τ)
z

U↓↑
  (4.4.3) 

A sum of three magnetic exchanges leads to an effective ferromagnetic spin Hamiltonian 

H  under an assumption of U↓↓ = U↓↑ = U 

H  ~ − 4A(τ)
z

U
𝐒𝐖𝐅𝐌 ∙ 𝐒𝐍𝐌  (4.4.4) 

 

where 𝐒𝐖𝐅𝐌 and 𝐒𝐍𝐌 denote the nominal spins of WFM and NM layers, respectively. 

This result is consistent with our model calculation of the main text. It should be noted that a 

one-way spin transfer has been brought about in the limit of large U in contrast to U = 0. 

 

4.5 Spin-orbit coupling effect  

Spin dynamics of the CrPTe3/Sb(111) heterostructure including the spin-orbit cou-

pling (SOC) in a framework of the first-principles TDDFT are displayed in Figs 4.7(a) and 

(b), where the calculation conditions are same as Fig.4.5 of the main text except for SOC. 

The TDDFT calculation includes the effects of SOC not only from the atomic field but also 

the potential gradient at the interface. In Fig.4.7(a), it is noticeable that the total spin angular 

momentum is not conserved so that the total magnetization reduces. This is driven by the 

spinflip channel due to SOC in atomic d-orbitals[98-100], which slowly occurs only in 

CrPTe3. This implies that the interfacial field does not contribute much. Further, it is shown 

in Fig.4.7(b) that SOC hardly affects the dynamics of T  and T , which are found to be 

similar to those of Fig.4.5(c) of the main text. We also treat the spin-flip dynamics by adding 

the  atomic SOC term (without the interfacial term) to the model Hamiltonian, which is 
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given by the offdiagonal elements describing the spin-flip of electrons, i.e., |l σ ⟩⟨l σ |λ𝐋 ∙

𝐒|lσ⟩⟨lσ| , where l and σ represent orbital and spin angular momentum quantum numbers 

and 𝐋 and 𝐒 their operators, respectively, and λ is the SOC constant. Then H  reads  

H =  V c c

, ∈ ,

  (4.5.1) 

 

 

Figure 4.7 (a) TDDFT calculation of spin dynamics of the CrPTe3/Sb(111) heterostructure 

including SOC. Black, violet, and red solid lines represent the total, CrPTe3, and Sb magnet-

izations, respectively. (b) TDDFT calculation of spin transfer T  and charge transfer T  in-

cluding SOC. (c) Model calculation of magnetization as a function of VSO. Black, violet, and 

red solid lines represent the total, CrPTe3, and Sb magnetizations, respectively. The inset 

indicates a magnification of the total and FM parts. (d) Model calculation of T  as a function 

of V . T  with V  = 0.01 and 0 eV are vertically offset. 
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We assume the energy scale of V  to be comparable to λ, which has 0.01-0.1 eV 

usually in the 3d-electron systems[101]. In Fig. 4.7(c), as V  increases from 0 to 0.05 eV, 

a reduction of the total magnetization also increases. The reduction is induced only by the 

spin-flip scattering in FM working at much longer time scale after the optical pulse has 

passed. On the other hand, the light-wave-induced spin transfer immediately follows the op-

tical waveform centered at 0 fs. Further, as shown in Fig.4.7 (d), V  can barely affect the 

spin transfer dynamics across the junction. These are completely consistent with the TDDFT 

results considering the full SOC effects of Figs.4.7(a) and (b), which confirms again that the 

interfacial field contributes little. In fact, this can be readily understood from 𝐒 ∙ (𝐯 × 𝐄) ≈ 

0 because 𝐯 and 𝐄 are almost parallel to each other, where 𝐯 is the velocity of an inter-

face-traversing electron and 𝐄 is the interfacial electric field. Hence, it is understood that 

SOC would not break the spin states at the interlayer charge transfers. 

 

4.6 Conclusion 

To summarize, we have proposed a material model of heterostructure comprising a 

layered FM TMTC and NM semiconductor. Real-time dynamics of spins and charges at the 

strong subfemtosecond optical driving have been investigated by incorporating the many-

body time-dependent Schrödinger equation. In the SFM/NM case, spins undergo two-way 

transfer, i.e., major and minor spins transfer from SFM to NM and from NM to SFM, respec-

tively. In the WFM/NM case, on the other hand, the spin transfer occurs mostly in a one-way 

direction from WFM to NM because transfer in the opposite direction is blocked by Coulomb 

repulsion. The former would be further processed for a SHE device under the field effect, 
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whereas the latter would be for a spin transistor. These findings suggest prototypes of pe-

tahertz spin devices that can manipulate spin-polarized flow at petahertz control speed and 

should be the first step for the opening of another area of petahertz spintronics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



- 90 - 
 

V. Results and discussion III: Subfemtosecond charge driving 

 

First-principles calculations indicate that, before falling into dielectric breakdown, 

charge transport induced by a strong-intensity few-cycle optical waveform in the subfemto-

second time domain can be precisely controlled depending on band distortion engineered by 

strain along the [0001] direction in wurtzite-AlN. It is further discovered from a model of 

electron-hole interaction that the subfemtosecond charge driving with band engineering can 

be substantially strengthened by excitonic correlation and dynamics. With these findings, we 

reveal band engineering to be a route to the ultrafast charge control of semiconductors and 

indeed suggest an unexplored prototype of solid-state petahertz (1015 Hz) device. 

 

5.1 Subfemtosecond charge driving with correlation-assisted band engineering 

Insight into the interaction between electron and highintensity subfemtosecond laser 

pulse has opened a window on the extreme ultrafast dynamics at the time scale of 100 as 

(10−16 s)–1 fs (10−15 s) [9,72,102-109]. During the last decade, in particular, subfemtosecond 

electron dynamics instantaneously driven by few-cycle optical waveforms have attracted 

great attention to the potential of light-wave-induced solid-state electronics, which may dra-

matically increase the speed of the electric signal processing up to the petahertz (1015 Hz) 

frequency range. Realization of those light-wave-induced and -controlled dynamics have 

been attempted through not only charge [71,73,110-114] but also spin degrees of freedom 

[115]. It has been reported that macroscopic charge transport is generated by the light-wave-

induced charge excitation in amorphous silica (SiO2), where the driven electric conductivity 

exceeds the static one by more than 18 orders [8]. This result represents a breakthrough in 

managing the electric current at a petahertz clock speed below the breakdown threshold, by 
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manipulating a reversible wavelike flow of electrons. Theoretical investigations concerning 

such sub-cycle petahertz currents have been extensively carried out based on the independ-

ent-particle picture [75,116] or real-time first principles dynamical simulation [117]. The 

real-time charge dynamics have been shown to depend on the crystal orientation, i.e., the 

localized current verges into delocalized tunneling along the bond axes of SiO2 [117]. Re-

cently, the petahertz diode has been proposed to rectify the light-wave-induced current using 

a heterostructure made of low-hole-mass and low-electron-mass dielectrics [8], which im-

plies that the oscillating current could actually be rendered and properly accessible for signal 

processing. More recently, the petahertz optical driving of carriers has also been demon-

strated in a wide-gap semiconductor III-V nitride group (e.g., GaN) with efficient optical 

polarization, incorporating an interband transition [77]. Broadening the material class from 

dielectrics to wide-gap semiconductors is important because semiconductors have (i) ubiqui-

tous applications in modern electronics, (ii) efficient interband transition (a relatively weak-

field optical pulse is available), (iii) good permittivity, (iv) diverse controls of electronic 

structure, and so on. Fine control of the material polarization now emerges as an important 

issue for realizing wide-range functionality of the solid-state petahertz device. 

In this paper, we theoretically investigate light-wavecontrolled subfemtosecond 

charge transport in a wide-gap IIIV nitride semiconductor under a band distortion engineered 

by an external strain. In particular, wurtzite-AlN is known to have the largest piezoelectric 

coefficient of all III-V wurtzite materials [118] and its electronic structure is found to cru-

cially change under a strain along the [0001] direction, which results in an increase in electron 

mobility and a subfemtosecond enhancement of charge transport. Further, that enhancement 

is found to be strongly intensified by the excitonic correlation according to a model investi-
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gation exploring the longrange electron-hole interaction. This demonstration shows band en-

gineering to be a direction for subfemtosecond charge driving and control of semiconductors. 

In fact, it indicates the potential for the accurate processing of light-wave-controlled charge 

signals, by deploying band-engineered AlN plates. The outline of the paper is as follows. 

Then, we investigate the subfemtosecond charge transport of AlN under an applied external 

strain within the framework of the timedependent density functional theory (TDDFT). Fur-

thermore, we propose a one-dimensional two-band model incorporating the long-range exci-

tonic correlation and study the lightwave-induced charge transport by solving the time-de-

pendent Schrödinger equation. In the section, we also suggest a brief idea of the device ap-

plication of the corresponding dynamics. Finally, we provide a summary and conclusion. 

 

Figure 5.1 (a) Schematics of carrier dynamics induced by two orthogonally polarized optical 

waveforms consisting of injection and driving pulses. (b) Crystal structure of wurtzite-AlN. 
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Blue and white balls represent N and Al, respectively. (c),(d) A driving pulse along the -A 

direction, together with an orthogonally polarized injection pulse, is applied to (c) the un-

strained and (d) the strained AlN. An external tensile strain z is made along the [0001] direc-

tion, i.e., Γ − A direction. Electrodes are positioned at both ends of the AlN system along 

the Γ − A direction. Only the current along the direction will then be measured by the Am-

pere meter. 

 

5.2 Band engineering 

Comprehensive schematics of the light-wave-controlled charge dynamics in the 

wurtzite-AlN plate are displayed in Fig. 5.1. Figure 5.1(a) describes a situation in which a 

highintensity pulse injects carriers into the conduction band (CB) from the valence band (VB) 

of AlN and another pulse drives an acceleration of carriers and induces the charge transport. 

The wurtzite-AlN crystal is depicted in Fig. 5.1(b). As shown in Figs. 5.1(c) and 5.1(d), the 

polarization direction of the injection pulse field 𝐅 (τ) is tuned parallel to the Γ − K direc-

tion and that of the driving pulse field 𝐅 (τ) to the Γ − A direction (i.e., the [0001] direc-

tion ∝ 𝐳), which is the geometry in our consideration. The two pulses without time delay 

are orthogonal to each other in order to distinguish the dynamical processes between injection 

and driving. Those fields can be expressed from their vector potentials 𝐀 (τ) =

A e sin(ωτ + ϕ) 𝐱  and 𝐀 (τ) = A e sin(ωτ + ϕ) 𝐳  as 𝐅 (τ) = − ∂/ ∂τ𝐀 (τ) 

and 𝐅 (τ) = − ∂/ ∂τ𝐀 (τ), respectively, i.e., with F = ωA  and F = ωA . ϕ is the 

carrier envelope phase (CEP), which is taken as π/2 through the work unless mentioned oth-

erwise because it gives the maximum charge transfer (shown later). Charge transport induced 

by the driving pulse is attained by Q = ∫ dτJ(τ), where J(τ) is the current density along 

the Γ − A direction [i.e., the current which will be probed by the Ampere meters in Figs. 

5.1(c) and 1(d)]. In the calculation given later, the photon energy ω of both pulses will be 
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taken as 0.7 eV smaller than the band gap E  of AlN (E  = 4.19 eV in our calculation [119]). 

The ponderomotive potential U  (≡F /4ω ) at the assumed value of F  = 0.7 V/Å is 

then 1.9 eV, which is much larger than ω. Also, the Keldysh parameter γ (≡ ω 2E /F ) 

will be estimated to be ∼1. U ≫ 𝜔 or γ ≪ 1.5 [120,121] would then be interpreted as a 

criterion of the adiabatic excitation and driving. In addition, the pulse width τ  is taken to 

be 3.66 fs, being short enough to avoid dielectric damage. To perform the theoretical explo-

ration using the first-principles calculation, we employ TDDFT implemented in the full-po-

tential linearized augmented plane wave (FP-LAPW) method within the ELK code[30]. In 

the TDDFT calculation, the local density approximation (LDA) of Ceperley-Alder exchange 

correlation functional based on Perdew-Zunger parameters, 6 × 6 × 4k-point grids, and 9.0 

rgkmax are used. All APWs are converted into the linearized APWs for the calculations. 
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Figure 5.2 (a) Electronic band structure of AlN. CB and VB represent the lowest conduction 

band and highest valence band, respectively. (b) Band distortions in CBs by the tensile strain 

ϵ . (a), (b ) Electronic structure calculation with LDA+U. On-site Hubbard U for p orbitals 

of Al and N are adopted to be 5.44 and 1.36 eV, respectively. Electronic band structure and 

band distortions of CBs by the tensile strain ϵ  are given. A corrected gap is found to be 

5.01 eV. (c) CB energy change E , which is defined by E (ϵ = 1.03) − E (ϵ = 1) 

of (b), in the first Brillouin zone. The figure describes ΔE  along the arc of the circle in the 

momentum space. Note that the bottoms of CBs at the Γ point are aligned with 0 eV in (b), 

(b’), and (c). (d) Relative effective mass and momentum (p ) expectation of CB near the Γ 

point (in fact, at a single grid point of k mesh from the Γ point along the Γ − A direction) 

as a function of ϵ . 
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Firstly, the static limit of AlN under a strain-engineered band distortion needs to be 

examined. Figure 5.2(a) shows the electronic structure of the unstrained AlN, which exhibits 

a direct band gap at the Γ point. When AlN is exposed to an external strain (ϵ > 1), a mod-

ulation occurs in CB along the Γ − A direction as displayed in Fig. 5.2(b) due to the strong 

piezoelectric coefficient, and concomitantly the band curvature increases along that direction. 

On the other hand, CB along the Γ − K direction is found to hardly change under the same 

strain. In Figs. 5.2(a’) and 2(b’), LDA+U corrections in the band structure calculation are 

provided. In spite of the quantitative corrections, no serious qualitative renormalization is 

found. Through the work, therefore, LDA  

 

Figure 5.3 (a) Excited charge Q  with respect to F . Inset shows the band structure in the 

ground state (gray) and the effective instantaneous band structure during the dynamics 

(green). Lateral and vertical shifts of conduction and valence bands are originated from 𝐩 −

𝐀𝐝 for electrons and 𝐩 + 𝐀𝐝 for holes, respectively. (b) Time-dependent transition proba-

bilities. Red and blue lines are cases of F = 0.7 V/Å and 1.5 V/Å, respectively. Black 

line denotes the electric field F (τ) of the injection pulse. (c) Charge transfer Q  and its 

increment ratio [Q (ϵ )/Q (ϵ = 1) ] with respect to ϵ  at values of F  and F =

0.11 V/Å. Inset also gives the charge transport increment Q  with respect to F  at values 

of ϵ  and F = 0.11 V/Å. (d) Snapshot of the current density J(τ) at ϵ = 1.03. Red 

and blue domains correspond to positive and negative values of the current, respectively. (e) 

Difference in the electron density ρ, which is defined by ρ(ϵ = 1.03) − ρ(ϵ = 1), after 

the optical pulse has passed. White and black clouds mean area with accumulated and dis-

persed charges, respectively. F = 0.7 V/Å and F = 0.11 V/Å are taken in (d) and (e). 

 



- 97 - 
 

 

 

will be employed for the electronic structure calculation. In Fig. 2(c), the CB energy change 

ΔE  caused by the strained distortion (at ϵ  = 1.03) is plotted in the first Brillouin zone, 

where an increase in the band energy (i.e., the band curvature) along the Γ − A direction 

compared to other directions is obvious. This leads to a clear decrease in the CB effective 
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mass along the Γ − A direction, but little change otherwise, and furthermore enhances the 

momentum expectation of ⟨CB|p |CB⟩ near the Γ point [Fig. 5.2(d)]. 

Now the light-wave-controlled charge transports occurring on the subfemtosecond 

time domain are presented in Fig. 5.3. Excited charges Q  into CB by the injection pulse 

polarized along the -K direction are found to follow roughly ∝F  (in fact, roughly ∝

F F ) in Fig. 5.3(a), which immediately signifies that the third-order process is engaged, 

i.e., 3ω ≈ E  ≈ E − ⟨𝐀 (τ) ∙ 𝐩⟩ − ⟨𝐀 (τ) ∙ 𝐩⟩  with ⟨𝐀 (τ) ∙ 𝐩⟩  ≈ 1.44 eV and 

 ⟨𝐀 (τ) ∙ 𝐩⟩  ≈ 0.6 eV in the calculation. In the inset, E  is an effective energy 

gap reduced due to the intraband transition and intense laser field (indicating a temporal mod-

ulation of the light-matter interacting band structures) [122], at which the charge excitation 

would be made most actively. In Fig. 5.3(b), the carrier excitation by the injection field can 

be reached through the real-time transition probability |⟨CB|VB(τ)⟩| . |VB(τ)⟩ corresponds 

to the time-evolved wave function of valence electron state, which can be managed within 

the framework of TDDFT. A field strength F giving rise to the dielectric breakdown is 

empirically estimated to be F ≥ E /a [113] so that it gives about 1.35 V/Å for AlN with 

a lattice constant a ≈ 3.1 Å. Here it is interesting to compare the real-time probabilities be-

tween 0.7 V/Å and 1.5 V/Å. At 0.7 V/Å, a signal profile turns out to be completely reversi-

ble at the petahertz control rate, while at 1.5 V/Å, the profile is no longer reversible even 

after a complete pass of the injection pulse, which is a clear symptom of dielectric breakdown. 

Charge transports at F = 0.11 V/Å are provided as their increments ΔQ  [Q (𝜖 ) −

Q (𝜖 = 1)] and increment ratios Q (𝜖 )/Q (𝜖 = 1) in Fig. 5.3(c). It is explicitly shown 

that Q  gradually increases in terms of the band engineering according to the enhancement 

in charge mobility, consistent with Fig. 5.2. In that sense, we note that Q  can be made to 
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increase a lot in a controlled fashion. Intriguingly, the inset in Fig. 5.3(c) reveals the existence 

of a critical field strength F  to give a threshold initiating an appreciable Q . Fc can be 

estimated from 3F d  ≈ E  , where the thirdorder process is considered [Fig. 5.3(a)] 

on the basis of the static electronic structure and d   (≈1.89 Å) is the interatomic bond 

length of Al-N along the Γ − K direction. This gives F  ≈ 0.4 V/Å, a value consistent with 

the inset in Fig. 5.3(c). Figure 5.3(d) represents a snapshot of the current density of injected 

charges in the real space. Injected charges appear to form an optical-field-driven conducting 

channel through the Al-N bond along the Γ − A direction, such that those charges flow 

through the channel. Of course, the channel is also activated by the strain. This is confirmed 

in Fig. 5.3(e), which shows a difference in the charge density Δρ between 𝜖 = 1.03 and 

𝜖 = 1 after the optical pulse has completely passed. Charge transfers from Al to N are ob-

vious in the figure. 

 

5.3 Excitonic correlation 

To capture the complete dynamical nature beyond TDDFT, we address a model 

Hamiltonian H to contain the electron-hole interaction based on the one-dimensional (along 

the driving pulse polarization, i.e., the Γ − A direction) tight-binding approximation [8]. The 

Hamiltonian H reads as follows: 

H =  E (τ)c c +  E (τ)d d   

+   v(q)c c d d  

+p[A (τ) + A (τ)]  (c d − d c )   (5.3.1) 



- 100 - 
 

The first term in H represents the effective band energies of electrons and holes of 

a given semiconductor, that is, E (τ)  and E (τ)  are given by E (τ) = ε −

p A (τ) sin(ka) and E (τ) = ε + p A (τ) sin(ka) for electrons and holes, respectively. 

a is the lattice constant. ε  and ε  are the tight-binding band energies at the wave vector k, 

i.e., ε = + Δ [1 − cos(ka)] and ε = + Δ [1 − cos(ka)]. The time dependence of 

effective band energies comes from combining the intraband transition due to 𝐀 (τ). In fact, 

p  and p  are the matrix elements governing the intraband transition. Within the tight-bind-

ing picture, electron hopping is obtained from its kinetic energy like = ⟨l| |l + 1⟩ =

⟨l|p |l⟩⟨l|p |l + 1⟩ = pp , where l denotes the site index and p and p  correspond to 

⟨l|p |l⟩ and ⟨l|p |l + 1⟩ , respectively. We then have the effective electron band energy, 

E (τ) = ε − [Δ A (τ)/4p] and also the effective hole band energy in the same fashion. 

⟨l|p |l⟩ = ⟨l|p |l⟩ = p is assumed. The second term in H gives the attractive potential be-

tween electron and hole to bring about the excitonic correlation. This may be approximated 

as a long-wavelength sector of the (screened) Coulomb interaction like v(q) =

− V Θ(q − |q|) . This is an expression of the long-wavelength sector of the 

(screened) Coulomb attraction incorporating a finite momentum width. In fact, how to treat 

the one-dimensional Coulomb potential has been a long standing problem due to the mathe-

matical instability. To avoid the problem, soft core Coulomb potentials or nonsingular Cou-

lomb potentials have been conventionally adopted and the present study may be understood 

in a similar context. [123-125]. Θ(q) is the Heaviside step function. The last term in H de-

scribes the interband transition between CB and VB. For an actual calculation, the parameters 

of E  = 4.5 eV, Δ  = 4.5 eV, Δ  = 2.0 eV, and p/ω = 3 Å are taken and the cutoff wave 

vector q = π/20a is set. 
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Figure 5.4 (a) Adiabatic response of carriers. (b) As ω  approaches the resonance, the re-

sponse becomes nonadiabatic. Note that n (τ), i.e., the number of excited electron-hole 

pairs, is given by ∑ |G(k, k , τ)|  . F = 0.7 V/Å, F = 0.15 V/Å, and V  = 1.0 eV 

are used. 

 



- 102 - 
 

 

Figure 5.5 (a) Relation between the band width modification parameter η and the crystal 

strain ϵ . (b) η is determined by an estimation of the conduction band width (ηΔ ) as a 

function of the strain ϵ  from LDA and LDA+U [see Figs. 5.2(b) and 2(b’)]. 

 

Dynamics under the double-pulse optical pumping can be described by solving the time-

dependent Schrödinger equation 𝑖 ∂/ ∂τ|ψ(τ)⟩  = H|ψ(τ)⟩ . |ψ(τ)⟩  is the quantumme-

chanical state of the total system, which can be written as |ψ(τ)⟩ = G(τ)|0,0⟩ +

 G(k, k , τ)|k, k ⟩. |0,0⟩ means the vacuum state of |0⟩ |0⟩  and |k, k ⟩ now indicates 
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c d |0⟩ |0⟩ . The time-dependent Schrödinger equation leads to a population imbalance 

around the  Γ point and makes the light-wave-induced current J(τ) = ∑ p sin(ka) +

p sin(k a) |G(k, k , τ)|   [8]. It is important to realize the adiabatic dynamics of carriers 

accompanying the excitonic Coulomb interaction at the petahertz clock speed. Figure 5.4(a) 

displays that the dynamics at V  = 1.0 eV are shown to be adiabatic in that n (τ) simply 

follows the field oscillation of the optical pulse under the condition of E ≫ ω = ω = ω. 

ω  and ω  are frequencies of the injection and driving pulses, respectively. In the condi-

tion, the carrier generation and driving become mutually synchronous. In contrast, in Fig. 

5.4(b), as ω  approaches the resonance, the adiabaticity is found to fail. Carriers would then 

be nonadiabatically excited and remain even after the injection pulse has passed. It may be 

worth noting that the experimental setup corresponding to Fig. 5.4(b) can be used for the 

high-order sideband generation in semiconductors [36]. To simulate the strain effect, we at-

tempt to control the conduction band width by putting Δ → ηΔ , where η plays a role of 

the band width modification parameter. In Fig. 5.5, it is shown that the strain ϵ  from 1.0 to 

1.03 quantitatively corresponds to the band modification of ηΔ  with η from 1.0 to 1.1 (or 

from 1.0 to 1.16) according to the first-principles calculation of LDA (or LDA+U). Conse-

quently, in the following model calculation, we focus on a range of η up to 1.2. Schematic 

of the effective electron (CB) and hole (VB) bands at a given time τ according to the effective 

Hamiltonian H is illustrated in Fig. 5.6(a). Figure 5.6(b) shows the charge transfer Q  with 

respect to ϕ, i.e., CEP, where the maximal transfer occurs at ϕ = π/2. Charge transports 

are enhanced by the band width modification parameter η and the injection pulse strength 

F  [Fig. 5.6(c)]. The band modification of ηΔ  with η ≈ 1.1 in the model calculation 

quantitatively corresponds to the strain-induced change (at the 3% strain, i.e., ϵ  ≈ 1.03) in 

the first-principles band structure of LDA results of Fig. 5.5 [also see Fig. 5.2(b)]. Compared 
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to Fig. 5.3(c), a critical scale such as F  is not observed because the material dimension 

along the injection pulse polarization (i.e., Γ − K direction) is completely suppressed in the 

present model, which is different from the TDDFT calculation of AlN. Interestingly, never-

theless, charge transports such as in Fig. 5.6(c) are found to be further enhanced by turning 

on the excitonic correlation v(q). For instance, they are strengthened by about three times 

more at V  = 1 eV than 0 eV as shown in Fig. 5.6(d). It is understood from Fig. 5.6(e) that 

by the excitonic correlation, scattered momenta of excited carriers may suppress stimulated 

recombination during the dynamics and consequently, more pairs of excited electrons and 

holes are sustained, which could then participate in the resultant charge transfers. Recently, 

it was actually pointed out that the excited carrier occupation during the attosecond carrier 

injection into GaAs increases 

 

Figure 5.6 (a) Schematic of effective bands E (τ) (CB) and E (τ) (VB) at a given time 

τ. Block arrows at electron (CB) and hole (VB) denote each propagation direction at the time. 

(b) Charge transport Q  with respect to ϕ, i.e., CEP. (c) Charge transport increment Q  

as a function of the band width modification parameter η at values of F . (d) Charge 

transport with the excitonic-correlation-assistedband engineering. Q  as a function of the 

parameter η at values of V  = 1.0, 0.5, 0.25, and 0 eV. F  = 0.15 V/Å is adopted in (c) 

and (d). (e) The number of excited electron-hole pairs, n (τ). F   = 0.7 V/Å and F  = 

0.15 V/Å are used. (f) (upper panel) Strain may be applied in an electrical way such that the 

signal array of ...1011... would be removable or rewritable. (lower panel) Strain may be ap-

plied in a mechanical way such that the signal array of ...1011... would be less removable or 

less rewritable. 
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significantly due to intraband motion [37]. Considering this, the Coulomb scattering would 

be a source of the intraband transition (i.e., c c  for electrons and d d  for holes) 

and result in a coherent increase of carriers. It will then be a general expectation that the long-

range excitonic correlation should support the optically induced charge dynamics of semi-

conductors. Application of the strain could be done in two ways. One is an electrical way, 

where the compressive or tensile strain is generated by an applied voltage to the AlN plate 
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due to an electromechanical interaction, i.e., the piezoelectric effect. The other is a mechani-

cal way, where mechanical tension may be produced in the AlN plate by a suitable substrate. 

Manipulating the band structure of the AlN plate in either way, the signal array of... 1011... 

could be prepared in terms of strained or unstrained AlN plates as shown in Fig. 5.6(f). Sub-

femtosecond readouts of the arrayed signals have been discussed throughout the work, being 

enabled in the double pulse geometry in Fig. 5.1. Depending on whether the strain is applied 

electrically or mechanically, the signal processing could be obtained in a volatile manner or 

in a (almost) nonvolatile manner [Fig. 5.6(f)]. In particular, although the volatile operation 

including the petahertz application of strain (i.e., petahertz writing) may have difficulties at 

the current stage, the nonvolatile operation of only the petahertz reading from the perma-

nently applied strain to AlN would have practicalities. This would be an example where the 

light-wave-induced current could be directly accessible for petahertz electronic signal pro-

cessing in memory devices. 

 

5.4 Conclusion 

To summarize, we have theoretically investigated lightwave-controlled charge 

transport through the band engineering of a wide-gap semiconductor AlN with real-time sub-

femtosecond dynamics of optical injection and driving of carriers by high-intensity subcycle 

optical waveforms. Subfemtosecond charge transport was found to be enhanced by the exter-

nal tensile strain along the [0001] direction of AlN within the framework of the first-princi-

ples TDDFT. In addition, their strong excitonic reinforcements were addressed by scrutiniz-

ing their dynamical nature beyond TDDFT, using a model of electron-hole interaction in 

strained semiconductors. This demonstration proposes that wide-gap wurtzite semiconduc-
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tors could be used for base materials for a solid-state petahertz device with diverse ramifica-

tions, which eventually concludes that the band engineering can be a guidance to the sub-

femtosecond physics of semiconductors. 
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VI. Summary 

       In this thesis, we have investigated the light-induced dynamics in various excited 

matters within the subfemtosecond time scale. Such extreme time limit provides unexpected 

couplings between electronic interactions and transitions and even on/off switching rate for 

electric current. In the theoretical aspects, we employee the two main streams of the theoret-

ical condensed matter physics, i.e., density functional theory and model study, and demon-

strate a new way to determine correlation band characters with a dynamical aspect of ZSA 

scheme in strongly correlated electron system, pseudospin-correlation dynamics in the gra-

phene.  

In the study, we develop an original formulation of TRPES based on the time-de-

pendent density functional theory (TDDFT) within a three-step model of the photoemission. 

In the formulation, the first-principles TDDFT calculation can be carried out keeping the full 

translational symmetry of the material, which makes the theory extremely versatile and adapt-

able. This is the first-time achievement of theoretical formulation of TRPES for infinitely 

periodic solids and drastically widens a scope of the investigation of real-time dynamical 

responses of solids at the first-principles level. Moreover, we unveil a hidden link between 

dynamics and correlation. This delivers a new dynamical insight to the Zaanen-Sawatzky-

Allen scheme, which makes us conclude unambiguously that NiO is like the Mott-Hubbard 

insulator (MHI) and CuO is like the charge transfer insulator (CTI) although particularly NiO 

has been a long-time controversy between MHI and CTI. In the other side, quantum-phase-

dressed excited states of graphene, i.e., governed by an interplay between the Berry phase 

and the pseudospin correlation, are investigated in an unprecedented way, from which the 
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dephasing dynamics of optically doped electrons and holes in the massless Dirac band, ac-

companying a field-induced moving of the Dirac cone, are discovered. 

In the results and discussion 2, we focus on the subfemtosecond dynamics of elec-

trons and spins in terms of processing controls. We first suggest that the spin controls at the 

swing speed of the light field oscillation. We mainly aim at devising a smart solid-state junc-

tion to filter the spin dynamics, for which a basic idea is that, if charges are made to move 

asymmetrically with respect to the spin carried, nontrivial spin motion would result at the 

same swing speed of charges. A proposed heterostructure is found to make the distinctive 

spin flows depending on the magnetic structure of the junction material, which could define 

the functionalities of spin transport by the strong few-cycle optical pulse pumping and intro-

duce prototypes of the petahertz spin devices.  

In the final part, we explore the subfemtosecond light-wave-controlled charge driv-

ing with the band engineering in a wide-gap semiconductor AlN, which is found to be sub-

stantially promoted by the excitonic correlation and dynamics. Here we demonstrate that the 

band engineering should be a new route to the subfemtosecond charge driving and control of 

semiconductors, for instance, wide-gap III-V wurtzite semiconductors, in particular, by con-

firming that the route is substantially strengthened by the inherent excitonic correlation due 

to the long-range electron-hole Coulomb attraction.  

We believe that the studies in the present thesis contribute the field of subfemto-

second physics, devices, technology.    
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요 약 문 

 

Theoretical studies on subfemtosecond dynamics of excited matters 

 

본 연구에서 우리는 광의 두 역할을 활용하여 물질로부터의 전자의 극한속도인 수 펨토초 극

초고속 시간분해 반응과 동역학의 새로운 활용 가능성에 대하여 이론적 측면의 제안을 하였다. 

첫 번째로, 우리는 고체물질 속 단일 전자 Kohn-Sham 오비탈의 실시간 전자구조를 효율적으로 

관찰할 수 있는 시간분해 광전자분광 계산 테크닉을 제안하였다. 이 계산에서 우리는 Tran-

Blaha 교환 작용으로 기술되는 강상관물질 CuO 와 NiO 에서 동역학적 Zaanen-Sawatzky-Aallen 

과정을 제안하였다. 또한, 우리는 그래핀에서 가짜스핀-연관 광학적 작용을 관찰하였으며, 이는 

신물질에서의 가짜스핀 동역학을 연구할 새로운 기회를 제공할 수 있다. 두 번째로, 우리는 빛

의 전기장에 의해 유도되는 전자의 극초고속 동역학의 응용성에 관한 연구를 수행하였다. 넓

은 갭 반도체에 압력을 가하여, 에너지띠를 변화하여 전자의 유효질량을 변화시키면, 그 물질

에서의 빛에 의한 전류를 효과적으로 제어할 수 있음을 알 수 있었다. 또한 마지막으로, 저차

원 강자성물질과 비자성 물질의 이종접합을 고려하여 고강도 레이저펄스에 노출시키면, 빛에 

의한 전자의 움직임이 순수 스핀의 움직임으로 변환될 수 있음을 발견하였다. 본 연구가 미지

의 영역인 전자계 극한 시간영역에서의 움직임과 그 활용을 이해할 수 있는데 기여를 할 수 

있을 것이라 기대한다. 

 

핵심어: Ultrafast subfemtosecond dyanmics, light and matter interactions, time-resolved photoemission spec-

troscopy 
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