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研究成果の概要（和文）：本研究計画の目的は、多軌道模型を解析することで、励起子絶縁体の非平衡操作に関
する理論を構築すること、そして強相関電子系における高次高調波発生の起源を明らかにすることである。励起
子絶縁体の非平衡操作に関しては、励起後散乱が本格的に始まる前のPrethermalと呼ばれる状態を使うことで、
非平衡特有の励起子絶縁相が出現することを明らかにした。また高次高調波発生の研究においては、強相関特有
の励起状態が高次高調波発生が重要な役割を果たすことを明らかにした。

研究成果の概要（英文）：In this project, we aim to theoretically study possible control of excitonic
 insulators out of equilibrium and to reveal the origin of the high-harmonic generation in strongly 
correlated systems using multi-orbital models.
In the study of excitonic insulators out of equilibrium, we revealed that there emerges, in the 
prethermal regime, a noneqilibrium ordered phase with no analogue in equilibrium, In the study of 
the high-harmonic generation, we showed that  excitation structures peculiar in strongly correlated 
systems play an essential role.

研究分野： 非平衡物性理論

キーワード： 非平衡物性理論　励起子絶縁体　高次高調波発生

  ２版

令和

研究成果の学術的意義や社会的意義
本研究は、近年非平衡物性の分野で注目を集めている励起子絶縁体のダイナミクスと高次高調波発生に焦点を当
てている。我々の研究成果は、光を用いた物性操作に関する新しい指針を提供しており、今後あたらしいタイプ
の光誘起相転移や高次高調波発生の観測につながると期待される。また、長期的にはこれらの成果をベースにし
て光高速スイッチングや通信デバイスへの応用も期待される。

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。



様 式 Ｃ－１９、Ｆ－１９－１、Ｚ－１９（共通） 

１．研究開始当初の背景 

 物質を光励起すると物性の操作や新機能創造が可能となる。近年、励起子絶縁体における光誘

起ダイナミクスの実験や固体における高次高調波発生の実験が盛んに行われている。特に、励起

子絶縁体候補 Ta2NiSe5 の秩序相の起源に関する議論は活発であり、光誘起実験を用いてその起

源を探る試みもなされている。また、半導体 MoS2 における相互作用増大に伴う高次高調波増大

の可能性が実験的に示され話題を呼んでいる。一方、これらの問題は、理論的には相関電子系の

非平衡物性ということもあり、理論手法が限られ、現象の理解が進んでいなかった。 

 

２．研究の目的 

多軌道模型を非平衡グリーン関数法などの非平衡手法を用いることで解析し、励起子絶縁相の

光誘起ダイナミクスと高次高調波発生における相関効果を明らかにすることである。具体的に

は、励起子絶縁相の光誘起ダイナミクスの特徴の解明し、秩序相の異なる起源を光誘起ダイナミ

クスを用いて区別する手法を見つけることを目的とした。さらには、励起子絶縁相を外場で操作

する方法を探索し、新しい実験提案を行うことも目的とした。また、高次高調波発生に関しては、

相関電子系における光放出過程を調べることで、その起源を明らかにし、実験で報告されるよう

な相関効果の高次高調波発生への影響の有無を明らかにする。 

 

３．研究の方法 

本研究では、多軌道模型で記述される相関電子系を非平衡グリーン関数法などの非平衡手法を

用いて解析した。 励起子絶縁体に関しては、弱相関と強相関模型の両方の模型を解析した。ま

た、実験との共同研究も行い、実験結果を説明した。高次高調波の研究では、多軌道模型に加え

て１軌道 Hubbard 模型の解析も行い、幅広い視点からの研究を行なった。 

 

４．研究成果 

励起子絶縁体に関する研究 

近年、候補物質として注目されている Ta2NiSe5 に焦点を当て、その集団励起モードに関する理

論予言をした。また、実験との共同研究を行い、励起子絶縁体を示唆する集団励起モードの観測

に成功した。これら結果は、Ta2NiSe5 の秩序相の起源に関する重要な知見を与えている。 また、

多軌道の強相関電子系の非平衡ダイナミクスも解析し、散乱過程が始まる前に(Prethermal 状態

で)平衡系では期待できないタイプの励起子秩序が発展することを見出した(図１)。この研究は、

Prethermal 状態を用いた非平衡秩序誘起の可能性を新たに示唆するものであり、非平衡物性の

研究の新たな方向性を示している。  



 

 

高次高調波発生に関する研究 

強相関電子系の高次高調波発生に関して、いくつかの代表的な模型を調べた。多軌道ハバード模

型では、強相関系特有のストリング状態が高次高調波スペクトルに現れることを示した。また、

一次元のハバード模型の解析では、多体系の素励起に対する 3ステップ模型が有効であり(図２)、

この系の高次高調波は多体の励起構造を直接反映することを示した。また、スピン自由度と高次

高調波特性の関係も明らかにした。これらの結果は、強相関電子系の高次高調波発生が、半導体

とは異なり、多体の素励起と深く関わることを表しており、スピンや温度自由度を用いた高次高

調波発生制御の可能性を示している。 
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FIG. 2: (a,b) Evolution of the OP after a quench from ∆cf = 1.75, T = 0.2 to the indicated values of ∆cf. In panel (a) we
plot the real (dashed lines) and imaginary (solid lines) part of φY (t), and in (b) the trajectory of the OP in the complex plane.
Arrows and colored dots indicate the values reached after thermalization. Panel (c) illustrates the MF dynamics for a quench
from ∆cf = 2.0, T = 0.3 to ∆cf = 1.74, 1.68, 1.39, 1.345, 1.325. τx

Y ≈
√
2ReφY and τy

Y ≈
√
2ImφY .

tropy in the spin sector increases after the quench. This
is qualitatively similar to the adiabatic case.

More surprising is the result after the quench to ∆cf =
1.3, where the energy injected by the quench dominates
the cooling effect and results in a thermalization at T =
0.238, far above the equilibrium EI phase (see gray dot in
Fig. 1(a)). Nevertheless, the complex OP grows to values
comparable to the previous simulation, which shows that
there occurs a symmetry breaking to a nonthermal EI
with |φY | > 0. While this transient electronic order will
melt at long enough times, the DMFT results show that
it lives much longer than the longest simulation time,
which for typical bandwidths corresponds to O(100) fs.
As shown in the SM, excitonic order is not induced in
quenches from high-spin states due to the lack of entropy
cooling.

It is instructive to plot the traces of the complex OPs
for different values of the post-quench ∆cf, see Fig. 2(b).
In the same panel we also indicate by colored dots the
values of the OPs reached after thermalization. For
1.35 ≤ ∆cf < 1.5 we clearly see a quench-induced symme-
try breaking, with an OP that rotates around the thermal
value reached in the long-time limit in an anticlockwise
fashion. Between ∆cf = 1.35 and 1.3, a dynamical phase
transition [40, 41] occurs. For ∆cf ≤ 1.3, the thermal
OP is zero, and the transient OP encircles the origin in a
clockwise fashion. Still, for ∆cf ≈ 1.3 the modulus of the
OP reaches large values and the nonthermal EI state is
long-lived. In contrast to the thermal OP with ReφY = 0,
this nonthermal OP reaches its largest values along the
real axis. Since the excitonic order is related to magnetic
dipoles/multipoles [32], the transient order observed here
implies oscillations of magnetic dipoles/multipoles and
thus oscillations of the local spin susceptibility.

A clear picture of the nonequilibrium evolution can be
obtained from the mean-field (MF) dynamics of a strong-
coupling effective model defined in the space of the four
dominant half-filled states (one low-spin state |L⟩ and

three high-spin states |HX⟩,|HY ⟩,|HZ⟩) [29, 30, 32]. As
detailed in the SM, this model has the form

Ĥeff = −hz

∑

i

τ̂zi − hseed

∑

i

τ̂yY,i + Js
∑

⟨ij⟩

Ŝi · Ŝj (2)

+ Jz
∑

⟨ij⟩

τ̂zi τ̂
z
j − Jx

∑

⟨ij⟩

∑

Γ

τ̂xΓiτ̂
x
Γj − Jy

∑

⟨ij⟩

∑

Γ

τ̂yΓiτ̂
y
Γj ,

where 1
2 τ̂

x,y,z
Γ are pseudospin- 12 operators defined in the

subspace of |HX⟩ and |L⟩, τ̂zi =
∑

Γ τ̂
z
Γ,i, hseed is the seed

field, Ŝ is the spin-1 operator defined in the high-spin
subspace, and hz, Jx,y,z,s are determined by v, v′, U , J ,
I, and ∆cf. The low-spin state |L⟩ yields τzΓ = −1 and
zero expectation values for the other τ̂ and Ŝ, while the
OP φΓ corresponds to ⟨τ̂xΓ + iτ̂yΓ⟩. Figure 2(c) shows the
MF dynamics of the effective model after quenches from
a low-spin state above the maximum Tc. The main dif-
ference to the DMFT results is the absence of a gradually
shrinking contour, which is attributed to the lack of ther-
malization. Still, the MF results yield a qualitatively sim-
ilar dynamics, including the dynamical phase transition.
As shown in the SM, the MF dynamics is simple, because
τx,yX , τx,yZ and Sx,y,z stay zero and the occupations of
|HX⟩ and |HZ⟩ remain constant (m). Hence, one can fo-
cus on the dynamics of τY , which is described by the sim-
plified Hamiltonian H ′

eff = −h′
z

∑
i τ̂

z
Y,i − hseed

∑
i τ̂

y
Y,i +

4Jz
∑

⟨i,j⟩ τ̂
z
Y,iτ̂

z
Y,j − Jx

∑
⟨i,j⟩ τ̂

x
Y,iτ

x
Y,j − Jy

∑
⟨i,j⟩ τ̂

y
Y,iτ̂

y
Y,j ,

where −h′
z = −2hz+2zn(4m−1)Jz, and zn is the number

of neighboring sites. Thus, in the MF evolution, |τY | is
conserved. In equilibrium, the pseudo-spin τY is aligned
with the pseudo-magnetic field (hMF), where hx

MF = 0
and −hz

MF ≫ hy
MF > 0. The quench of ∆cf decreases

−hz
MF (> 0) and the initial evolution of the OP corre-

sponds to a pseudo-spin precession around the quenched
pseudo-magnetic field.

The MF trajectory of τY can be understood by con-
sidering the total energy of the effective model, E(τY ),
which is a function of the three angles associated with

(b) DMFT
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FIG. 2: (a,b) Evolution of the OP after a quench from ∆cf = 1.75, T = 0.2 to the indicated values of ∆cf. In panel (a) we
plot the real (dashed lines) and imaginary (solid lines) part of φY (t), and in (b) the trajectory of the OP in the complex plane.
Arrows in (a) and colored dots in (b) indicate the values reached after thermalization. Panel (c) illustrates the MF dynamics
for a quench from ∆cf = 2.0, T = 0.3 to the indicated values of ∆cf. τ

x
Y ≈

√
2ReφY and τy

Y ≈
√
2ImφY . In MF, the dynamical

transition occurs at ∆cf ≈ 1.33, whereas it happens at ∆cf ≈ 1.323 in DMFT.

More surprising is the result after the quench to ∆cf =
1.3, where the energy injected by the quench dominates
the cooling effect and results in a thermalization at T =
0.238, far above the equilibrium EI phase (see gray dot in
Fig. 1(a)). Nevertheless, the complex OP grows to values
comparable to the previous simulation, which shows that
there occurs a symmetry breaking to a nonthermal EI
with |φY | > 0. While this transient electronic order will
melt at long enough times, the DMFT results show that
it lives much longer than the longest simulation time,
which for typical bandwidths corresponds to O(100) fs.
As shown in the SM, no EI phase is induced in quenches
from high-spin states due to the lack of entropy cooling.

It is instructive to plot the traces of the complex OPs
for different values of the post-quench ∆cf, see Fig. 2(b).
In the same panel we also indicate by colored dots the
values of the OPs reached after thermalization. For
1.35 ≤ ∆cf < 1.5 we clearly see a quench-induced symme-
try breaking, with an OP that rotates around the thermal
value reached in the long-time limit in an anticlockwise
fashion. Between ∆cf = 1.35 and 1.3, a dynamical phase
transition [43–50] (qualitative change in the evolution of
the OP) occurs. For ∆cf ≤ 1.3, the thermal OP is zero,
and the transient OP encircles the origin in a clockwise
fashion. In contrast to the thermal OP with ReφY = 0,
this nonthermal OP reaches its largest values along the
real axis. Since the excitonic order is related to magnetic
dipoles/multipoles [37], the transient order observed here
implies oscillations of magnetic dipoles/multipoles and
thus oscillations of the local spin susceptibility.

A clear picture of the nonequilibrium evolution can be
obtained from the mean-field (MF) dynamics of a strong-
coupling effective model defined in the space of the four
dominant half-filled states (one low-spin state |L⟩ and
three high-spin states |HX⟩,|HY ⟩,|HZ⟩) [34, 35, 37]. As

detailed in the SM, this model has the form

Ĥeff = −hz

∑

i

τ̂zi − hseed

∑

i

τ̂yY,i + Js
∑

⟨ij⟩

Ŝi · Ŝj (2)

+ Jz
∑

⟨ij⟩

τ̂zi τ̂
z
j − Jx

∑

⟨ij⟩

∑

Γ

τ̂xΓiτ̂
x
Γj − Jy

∑

⟨ij⟩

∑

Γ

τ̂yΓiτ̂
y
Γj ,

where 1
2 τ̂

x,y,z
Γ are pseudospin- 12 operators defined in the

subspace of |HX⟩ and |L⟩, τ̂zi =
∑

Γ τ̂
z
Γ,i, hseed is the seed

field, Ŝ is the spin-1 operator defined in the high-spin
subspace, and hz, Jx,y,z,s are determined by v, v′, U , J ,
I, and ∆cf. The low-spin state |L⟩ yields τzΓ = −1 and
zero expectation values for the other τ̂ and Ŝ, while the
OP φΓ corresponds to ⟨τ̂xΓ + iτ̂yΓ⟩. Figure 2(c) shows
the MF dynamics of the effective model after quenches
from a low-spin state above the maximum Tc. The main
difference to the DMFT results is the absence of a gradu-
ally shrinking contour, which is attributed to the lack of
thermalization. Still, the MF results yield a qualitatively
similar dynamics, including the dynamical phase transi-
tion. As shown in the SM, τx,yX , τx,yZ and Sx,y,z stay zero
with the occupations of |HX,Z⟩ fixed (m). Hence, one
can focus on the dynamics of τY , which is described by
the XYZ model as H ′

eff = −h′
z

∑
i τ̂

z
Y,i − hseed

∑
i τ̂

y
Y,i +

4Jz
∑

⟨i,j⟩ τ̂
z
Y,iτ̂

z
Y,j − Jx

∑
⟨i,j⟩ τ̂

x
Y,iτ

x
Y,j − Jy

∑
⟨i,j⟩ τ̂

y
Y,iτ̂

y
Y,j ,

where −h′
z = −2hz +2zn(4m− 1)Jz, and zn is the num-

ber of neighboring sites. Here, the initial low-spin state
corresponds to τY parallel to (0, 0,−1).

The MF evolution conserves |τY |. It also conserves the
total energy of the effective XYZ model E(τY ) for t > 0,
whose profile changes abruptly by the quench. Hence, τY

follows a constant-energy contour on the Bloch sphere
of constant |τY |, which explain the MF trajectory. In
Fig. 3, we plot the τY -trajectories and the energy on
both sides of the dynamical phase transition. In all
cases, the energy minima are at (τxY , τ

y
Y , τ

z
Y ) = (0,±A,B)

(A > 0) and before the dynamical phase transition, the
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FIG. 1: (a) Phase diagram of the half-filled model for U = 6 and J = 1. The black lines show the high-spin/low-spin transition
(solid) or crossover (dashed), while blue dashed lines indicate the insulator-metal crossover defined by 1

T Gaσ( 1
2T ) = 0.033. Red

dots indicate the EI phase. (b) Orbital polarization (black), relevant local states (pink and blue, see text for the definition),
and EI OP (red) as a function of crystal-field splitting at T = 0.05. The first order transition with hysteresis in the absence of
symmetry breaking is shown by the dashed lines. (c) Entropy per site in the symmetric phase, relative to the value at T = 10.
The bottom plane shows the constant entropy contours.

to a first order phase transition, while the dashed line at
T ! 0.075 indicates a high-spin/low-spin crossover.

If we allow symmetry breaking to spin-triplet exci-
tonic order, the low-temperature region around the high-
spin/low-spin transition exhibits a spontaneous forma-
tion of an inter-orbital hybridization [29, 30]. φX ,φY

and φZ are equivalent by symmetry, and we consider ex-
citonic order with nonzero φY and zero φX,Z , without
loss of generality. Since we apply a small seed field in the
imaginary φY direction, the EI phase (indicated by the
red line in the phase diagram) corresponds to a purely
imaginary φY (or real ⟨c†1↑c2↓− c†1↓c2↑⟩). In Fig. 1(b), we
plot the weight of the relevant local states and the OP for
fixed T = 0.05 as a function of ∆cf. Dashed lines show
the results in the absence of symmetry breaking, with a
small hysteresis region around the first order transition,
and full lines those in the presence of excitonic order. The
black line indicates the orbital polarization, n1,σ − n2,σ,
the pink line marked with “2T2” the combined weight of
the |↑, ↓⟩ (= ĉ†1↑ĉ

†
2↓|vac⟩) and | ↓, ↑⟩ states, and the blue

line marked with “T1 + T−1” the combined weight of the
|↑, ↑⟩ and |↓, ↓⟩ states. The high-spin insulator (HI) is es-
sentially dominated by the three triplet states, while the
orbital polarization in the LI is very large. The transi-
tion from the LI to the EI seems to be continuous, while
there is a large jump in the OP and the T2 weight at the
boundary between the EI and HI (for the evolution of
the spectral functions across these transitions, see Sup-
plementary Material (SM)). Note that T1,−1 ≪ T2 since
we consider the EI with dominant φY [39].

To interpret the nonequilibrium results it is important
to discuss the entropy of the system. Since the LI is
spin-singlet and the HI spin-triplet, we expect a substan-
tial change in the spin entropy near the high-spin/low-
spin transition or crossover. The entropy can be ob-
tained by integrating CV /T (with CV = dEtot/dT the
specific heat) from high temperatures: S(T ) = S∞ −

∫∞
T CV (T ′)/T ′dT ′. In DMFT, the total energy per site
can be calculated as Etot = ⟨Hint⟩ − iTr[(∆ ∗G)<] [34].
Figure 1(c) plots the change in the entropy per site for
the paramagnetic normal states, relative to the value at
T = 10. At T " 0.075 we see the appearance of a dis-
continuity associated with the high-spin/low-spin tran-
sition, where the entropy per site changes by approxi-
mately ln(3). On the bottom plane, we also show the
constant entropy contours, which on the low-spin side
of the spin-state crossover converge towards the low-
temperature phase transition line. Two of these contours
are indicated as dashed gray lines in Fig. 1(a).

Now we consider crystal-field quenches in the vicinity
of the spin-state transition. We start at ∆cf = 1.75 and
T = 0.2 (empty gray dot in Fig. 1(a)), which is above
the maximum Tc of about 0.145, and suddenly reduce
∆cf. To allow a symmetry breaking, we apply a constant
small seed field of 10−3(c†1↑c2↓ − c†1↓c2↑ +h.c.). If instead
of a quench, we would perform a slow adiabatic ramp,
the system would stay in equilibrium, follow the gray
dashed line, and enter the symmetry-broken phase with
ImφY ̸= 0 around ∆cf ≈ 1.48. After a quench, however,
it is only possible to determine the point in the phase
diagram which will be reached after thermalization (see
full gray dots in Fig. 1(a)), while the trajectory from the
initial to this final state involves nonthermal states.

Figure 2(a) shows the time evolution of ReφY and
ImφY after a quench to ∆cf = 1.4 (blue lines) and 1.3
(black lines), while the arrows indicate the values of
ImφY that will be reached after thermalization. These
reference values are obtained by calculating Etot after
the quench and searching for the thermal system with
the post-quench value of ∆cf and the same Etot. After
the quench to ∆cf = 1.4, the system is expected to ther-
malize in the EI, at a temperature substantially below
the initial T = 0.2, which is the result of entropy cooling,
i.e., the electronic system cools down because the en-
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FIG. 11. (a), (c) Time evolution of the momentum dis-
tribution of the conduction-band electrons (nc(k)) within
GKBA + s2BA for finite electron-phonon couplings. (b),
(d) |�P (!; tprobe)| obtained by the pump-probe simulation
(Eq. (35)) plotted in the space of ! and tprobe. The solid
black lines indicate the frequency of the exciton in equilibrium
Eex,eq, while the dashed black lines indicate the renormalized
band gap Eren

gap, after the pulse measured at t = 150. (a), (b)
is for E0 = 0.2 and ⌦ = 3.0, while (c), (d) is for E0 = 0.35
and ⌦ = 3.0. Here !c = 0.2 and g = 0.25 are used.

to the phonon bath does not change the symmetry of
the Hamiltonian so that the number of excited charges
does not change after the pulse. We fix the phonon
propagator to the equilibrium one (no feedback to the
phonon subsystems), such that the phonons act as a
heat bath. The phonon GF is obtained by Fourier trans-

forming D?
0
(t, t0) =

R
d!/(2⇡)D?

0
(!)e�i!(t�t

0
) and the

fluctuation-dissipation theorem D>

0
(!) = �iNB(!)B(!),

D<

0
(!) = �i[NB(!) + 1]B(!) (NB(!) is the Bose distri-

bution). Here we consider the Ohmic spectrum

B(!) = 2⇡
!

!c

e�|!|/!c (39)

with cuto↵ frequency !c.
In Fig. 11, we show the evolution of nk,c and the results

of the pump-probe simulation for the excitation above the
gap (⌦ = 3.0) with di↵erent excitation strength. One
can see the relaxation of the excited carriers from finite
momentum toward k = 0, which was absent in the case
without electron-phonon coupling. Reflecting the time
evolution of the momentum distribution, the frequency of
the coherent oscillations induced by the probe field grad-
ually increases. For the weaker excitation, the frequency
of the coherent oscillations remains below the band gap,
while, for su�ciently strong excitations, at some point in
time the frequency exceeds the renormalized band gap.
The latter result is very similar to the resonant excita-
tion case without el-ph coupling, where the photo elec-
trons (holes) are directly created at the bottom (top) of
the conduction (valence) band. The present calculation
shows that, with the cooling induced by the el-ph cou-

FIG. 12. (a)-(c) Comparison of the evolution after strong
resonant excitation with and without phonon bath using
GKBA+s2BA. Panel (a) shows the evolution of the excited
charge, (b) shows the dipole moment, and (c) shows the to-
tal energy (solid line) and the kinetic energy (dashed line).
(d) Evolution of the momentum distribution of the conduc-
tion band electrons using GKBA + s2BA. Here, !c = 0.2,
g = 0.25, 0.0, ⌦ = 1.9, E0 = 0.3. The other pulse parameters
are defined in Eq. (32).

pling and for su�ciently strong excitation, the peculiar
collective mode can also be induced by above band-gap
excitations.
As is discussed in Sec. III B, when the system is com-

pletely relaxed after the excitation, the steady state
reached should be described by the original Hamiltonian
(Eq. (1) without excitation) with two di↵erent chemical
potentials for the conduction band (µc) and valence band
(µv), ĤM = Ĥ(0)� µcN̂c � µvN̂v.63,64 Since the ground
state of such Hamiltonian is expected to be the excitonic
insulating (EI) phase (the nonequilibrium EI phase), one
can expect the large persistent oscillation of the polariza-
tion. In Sec. III B, we showed that the resonant exaction
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FIG. 1. (a) Spectral function A(ω) and occupied density of states
A<(ω) at µb = 5.4, which corresponds to the data point labeled
by the arrow in (b). The dashed green curve indicates the equilib-
rium (µb = 0.0, # = 0.05) spectral function for βeq = 100. The blue
curve shows the density of states of the baths, while their fillings
at µb = 5.4 are shown as shaded areas. Dashed black lines indicate
A(ω) fFD(ω), with a Fermi distribution fFD of inverse temperature
βeff = 7.7901 and chemical potential µ = µb. (b) Susceptibility of
both η and s-wave SC pairing as a function of double occupancy.
# = 0.05 and βb = 100. The equilibrium (d∼ 0.01) is indicated by
the vertical dashed line.

low temperature due to the difficulty of precisely controlling
βeff in these regimes.

Close to the equilibrium half-filled state d∼ 0 (d≈ 0.01
for the shown parameters), we have also sketched the an-
tiferromagnetic phase, which is known to persist for weak
photodoping but is quickly destroyed due to the doublon
(hole) hopping processes [41– 43]. (DMFT gives a stabil-
ity range of d! 0.05 for the antiferromagnetic phase under
photodoping in the same model [35].) Apparently, the η-
pairing phase persists under photodoping over a much larger
doping range das compared to antiferromagnetism.

A. The universality of photodoped η-paired phases

To explain the phenomenology, we first note that the
η-pairing order parameter can be expanded into three
pseudospin components spanning the charge-sector SU (2)
symmetry: η+

i = ηx
i + iηy

i = θid
†
i↑d†

i↓, η− = (η+)† , and ηz
i =

1
2 (n i − 1), where θi = ± 1 on the two sublattices. The η-
pairing phase can then be explained by a superexchange
mechanism between the η pseudospins. In fact, for U ≫ t0,
one can project out doublon-hole creation and recombina-

FIG. 2. Nonequilibrium phase diagram of the repulsive Hubbard
model at U = 8 under photodoping. The data points show the sus-
ceptibility χη along scans through the phase diagram, obtained by
varying the inverse temperature of the auxiliary bath at # = 0.05 and
different µb from βb = 100.0, 50.0, 33.3, 20.0, to 17.2. The phase
boundary is only schematic (χη ∼ 103) and a guide to the eye. The
negative temperature region is obtained from the positive one by
reflection. The region close to equilibrium does not extend to d= 0
but is limited by the double occupancy of the equilibrium state.

tion processes using a Schrieffer-Wolff transformation [26,44]
and obtain a two-liquid model where a doublon-hole liquid
with exchange interaction −

∑
⟨i j⟩ Jexηi · η j couples (through

doublon/holon hopping) to a singlon liquid with AFM ex-
change interaction

∑
⟨i j⟩ JexSi · S j . Specifically, the effective

Hamiltonian reads,

H eff = −
∑

⟨i j⟩
Jexηi · η j +

∑

⟨i j⟩
JexSi · S j

− t0
∑

⟨i j⟩σ
[P id

†
iσ djσP j + Pid

†
iσ djσP j], (3)

which includes both exchange interactions and a hopping
term that “exchanges” the position of a pair of neighboring
doublons/holons and singlons. The operator Pi represents the
projection to the doublon-holon subspace of site i spanned
by |0⟩ and |↑↓⟩ and P̄ = 1 − P . This effective model is
a generalization of the t-J model, which is derived in the
Appendix. The two exchange interactions share the same cou-
pling constant Jex = 2t2

0 /U and thus are closely related. The
η-exchange interaction originates from a virtual process ex-
changing a neighboring doublon-hole pair, see the Appendix
for more details. This model therefore explains both the an-
tiferromagnetic phase at d∼ 0 and the η pairing at d∼ 0.5.
The above-mentioned universal photodoped state is, indeed,
rigorously defined by this model. A photodoped Mott insu-
lator is then characterized by a mixture of doublons/holons
carrying η-pseudopin and localized electrons carrying spin.
We further note that, in a chemically doped Mott insulator,
only one type of the charge excitations (doublon or holon)
exists and the η-exchange term −Jexη

+
i η−

j + H.c. vanishes.
Furthermore, a particle-hole transformation di↑ →

d̃i↑, di↓ → (−1)id̃†
i↓ maps charge to spin (ηi → S̃i) and
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+?�M;2/ #v i?2 p2+iQ` TQi2MiB�H- �M/ i?2 /BbT2`bBQM `2@
H�iBQM ✏g(p) /B+i�i2b i?2 `2H�iBp2 KQiBQM Q7 i?2 2H2+i`QM
�M/ i?2 ?QH2X

AM i?2 R/ JQii BMbmH�iQ`- i?2 `2H2p�Mi 2t+Bi�iBQM T`Q@
+2bb Bb i?2 +`2�iBQM Q7 /Qm#HQM@?QHQM T�B`b rBi? x2`Q
iQi�H KQK2MimK pd + ph = 0- b22 _27bX e3 �M/ djX
am+? � /Qm#HQM@?QHQM T�B` Bb T�`�K2i`Bx2/ #v ?�H7 Q7
i?2 `2H�iBp2 KQK2MimK #2ir22M i?2 irQ +?�`;2 +�``B2`b
prel = (pd�ph)/2- �M/- mM/2` �M �/B�#�iB+ +?�M;2 Q7 i?2
p2+iQ` TQi2MiB�H TQi2MiB�H A- i?2 `2H�iBp2 KQK2MimK Bb
+?�M;2/ iQ prel � AXe3-dj h?Bb Bb i?2 b�K2 bBim�iBQM �b
7Q` i?2 2H2+i`QM@?QH2 T�B` BM i?2 b2KB+QM/m+iQ`X >2M+2-
r2 2tT2+i i?�i i?2 i?`22@bi2T KQ/2H +�M #2 2ti2M/2/
iQ i?2 JQii BMbmH�iQ` #v +QMbB/2`BM; i?2 /BbT2`bBQM Q7 �
/Qm#HQM@?QHQM T�B` Q7 x2`Q iQi�H KQK2MimK rBi? `2bT2+i

iQ i?2 `2H�iBp2 KQK2MimKX AM Qi?2` rQ`/b- i?2 �M�HQ;v
bm;;2bib i?�i i?2 FBM2iB+b Q7 i?2 `2H�iBp2 TQbBiBQM #2ir22M
i?2 /Qm#HQM �M/ i?2 ?QHQM mM/2` bi`QM; }2H/b Bb /2i2`@
KBM2/ #v i?Bb /Qm#HQM@?QHQM T�B` /BbT2`bBQMX

q2 i2bi i?Bb B/2� mbBM; i?2 /BbT2`bBQM `2H�iBQM Q7 i?2
/Qm#HQM@?QHQM T�B`- ✏g(prel) ⌘ ✏d(prel) + ✏h(�prel)- Q#@
i�BM2/ 7`QK i?2 "2i?2 �Mb�ix bQHmiBQM 1[X UReV �M/ bm#@
biBimiBM; Bi BMiQ 1[X UR3VX h?2 T`Q+2bb Q7 +QKTmiBM; trec
7Q` ;Bp2M t0 Bb i?2 b�K2 �b BM i?2 b2KB+QM/m+iQ` +�b2Xd9

h?2 `2bmHiBM; !emit(trec) Bb b?QrM #v #Hm2 K�`F2`b BM
6B;bX 9U+V �M/ 9U/VXd8 PM2 +�M b22 i?�i i?2 b2KB+H�b@
bB+�H �M�HvbBb 2tTH�BMb i?2 7�+i i?�i i?2 ?B;?@7`2[m2M+v
HB;?i Bb 2KBii2/ r?2M A(t) ' 0- �M/ i?2 #Hm2 K�`F@
2`b �TT`QtBK�i2Hv Qp2`H�T rBi? i?2 bi`QM; BMi2MbBiv `2@
;BQM BM IHHG(!, tp)X AM ;2M2`�H- i?2 b2KB+H�bbB+�H �M�H@
vbBb i2M/b iQ mM/2`2biBK�i2 i?2 7`2[m2M+B2b r?2`2 i?2
K�tBK� Q7 IHHG(!, tp) �`2 HQ+�i2/X h?2 K�i+? #2@
ir22M IHHG(!, tp) �M/ i?2 b2KB+H�bbB+�H `2bmHi Bb rQ`b2
7Q` ?B;?2` 7`2[m2M+v 2t+Bi�iBQMb �b b22M 7`QK i?2 +QK@
T�`BbQM #2ir22M ⌦ = 0.75 �M/ ⌦ = 0.5X am+? /Bb�;`22@
K2Mi Bb 2tT2+i2/ #2+�mb2 i?2 imMM2HBM; TB+im`2 #2+QK2b
rQ`b2 7Q` ?B;? 7`2[m2M+v 2t+Bi�iBQMbX AM 7�+i- i?2 �;`22@
K2Mi #2ir22M IHHG(!, tp) �M/ i?2 b2KB+H�bbB+�H `2bmHi
#2+QK2b #2ii2` 7Q` bK�HH2` U �M/ ⌦ U6B;X 8VX q2 MQi2
i?�i i?2 �;`22K2Mi rBi? i?2 b2KB+H�bbB+�H �M�HvbBb Bb �b
;QQ/ �b i?�i #2ir22M i?2 bi�M/�`/ b2KB+QM/m+iQ` bvbi2K
�M/ i?2 +Q``2bTQM/BM; b2KB+H�bbB+�H �M�HvbBb- b22 6B;X N BM
�TT2M/Bt *X >2M+2- r2 +QM+Hm/2 i?�i i?2 T`2b2Mi b2KB@
+H�bbB+�H �M�HvbBb 7Q` i?2 R/ JQii BMbmH�iQ` +�Tim`2b BK@
TQ`i�Mi �bT2+ib Q7 i?2 /Qm#HQM@?QHQM /vM�KB+b �M/ i?2B`
`2+QK#BM�iBQMX

q2 �HbQ b?Qr i?2 `2bmHib Q7 i?2 b2KB+H�bbB+�H �M�HvbBb
mbBM; i?2 /BbT2`bBQM `2H�iBQM Q7 i?2 bBM;H2@T�`iB+H2 bT2+@
i`mK Ui?2 `2/ /�b?2/ HBM2b BM 6B;bX R �M/ 8U�VV- b22 i?2
TBMF K�`F2`b BM 6B;bX 9U+V- 9U/V �M/ 8U#VX JQ`2 bT2+B7@
B+�HHv- r2 2ti`�+i i?2 ǳ✏c(p)Ǵ �M/ ǳ✏v(p)Ǵ BM i?2 i?`22
bi2T KQ/2H 7`QK i?2 /BbT2`bBQM Q7 i?2 mTT2` �M/ HQr2`
>m##�`/ #�M/b BM i?2 bBM;H2@T�`iB+H2 bT2+i`mKX aBM+2
i?2v �;`22 r2HH rBi? ✏d(p) �M/ �✏h(p)- `2bT2+iBp2Hv- i?2
`2bmHib Q7 i?Bb b2KB+H�bbB+�H �M�HvbBb �HbQ �;`22 r2HH rBi?
i?2 �#Qp2 `2bmHib Ui?2 #Hm2 K�`F2`bVX h?Bb `2bmHi /2KQM@
bi`�i2b i?�i- BM i?2 T`2b2Mi +�b2 Q7 i?2 >m##�`/ KQ/2H-
i?2 /BbT2`bBQM Q#i�BM2/ 7`QK i?2 bBM;H2@T�`iB+H2 bT2+i`mK
T`QpB/2b i?2 `2H2p�Mi BM7Q`K�iBQM QM i?2 FBM2iB+b Q7 i?2
/Qm#HQMb �M/ ?QHQMb- �b BM i?2 b2KB+QM/m+iQ`X >Qr2p2`-
r2 2KT?�bBx2 i?�i Bi Bb MQi M2+2bb�`BHv i?2 +�b2 7Q` ;2M@
2`�H a*1abX q2 rBHH +QK2 #�+F iQ i?Bb TQBMi BM a2+X AAA 1X

AM �//BiBQM- r2 b?Qr i?2 `2bmHib Q7 i?2 b2KB+H�bbB+�H
�M�HvbBb #�b2/ QM i?2 mM`2MQ`K�HBx2/ /BbT2`bBQM ✏g(p) =

U � 4v sin(p) BM ĤMott,1 #v i?2 `2/ K�`F2`b BM 6B;bX 9U+V-
9U/V �M/ 8U#VX "v +QKT�`BM; i?2 `2/ �M/ #Hm2 K�F@
2`b- QM2 `2�HBx2b i?�i i?2 `2MQ`K�HBx�iBQM Q7 i?2 JQii
;�T �b r2HH �b i?2 /BbT2`bBQM �`2 BKTQ`i�Mi 7Q` � `2�@
bQM�#H2 �;`22K2Mi #2ir22M i?2 b2KB+H�bbB+�H `2bmHib �M/
IHHG(!, tp)X

6BM�HHv- r2 MQi2 bQK2 K�DQ` /Bz2`2M+2b 7`QK i?2 b2KB@
+QM/m+iQ` `2bmHib, BV i?2 ?B;?@7`2[m2M+v bB;M�Hb `2K�BM
2p2M �7i2` i?2 TmHb2- �M/ BBV i?2 `2+QK#BM�iBQM Bb 2M@

FIG. 4. [Calculating data with fixed nd] iTEBD single-particle spectral functions (Aloc(!) and
Ak(!)) for the photo-doped states described by Ĥe↵2. The filled regions indicate the occupied
states and dashed lines indicate the Fermi levels in the UHB and LHB. Here, nd = 0.230. [AJM:

question–by occupied part do we mean removal spectrum–to be discussed]

and clarify the characteristic features of the di↵erent phases. In Fig. ??, we show the local

spectrum Aloc(!) and the momentum-resolved spectrum Ak(!) for the ⌘-SC phase and the

CDW phase.[49] For the CDW phase, we use V = 1 to enhance the characteristic features.

We note that the photo-doped system exhibits two “Fermi levels”, separating occupied from

unoccupied states. One is in the upper Hubbard band (UHB) and the other in the lower

Hubbard band (LHB), as in photo-doped semiconductors. [AJM: Question here–unlike

in equilibrium the spectrum has two occupied parts and two empty parts. Also

the removal spectrum has two parts, one related to lowering the number of D

and one to increasing the number of H. Maybe a bit more discussion in the

main text? To discuss] In the ⌘-SC phase, no gap signature appears in Ak(!) around

the new Fermi levels of the UHB and LHB [Fig. ??(a)], which are in stark contrast with

a normal superconductor with a gap around the Fermi level. Peaks in Aloc(!) close to

the Fermi levels originate from the flat dispersions in Ak(!) and not necessary correspond

to the Fermi levels. The absence of gap is also found in higher dimensions,[59] and this

suggests that the ⌘-SC state cannot be explained by a BCS-type mechanism and that it

shows a [AJM: is a kind of ] gapless superconductivity [33]. On the other hand, in the

CDW phase, gaps appear both in the UHB and LHB at the Fermi levels [Fig. ??(b)], which

is reminiscent of the gaps in the valence and conduction bands in the excitonic insulating
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(c)

6A:X 3X U�V aBM;H2@T�`iB+H2 bT2+i`mK A(p,!) Q7 i?2 2z2+@
iBp2 KQ/2H ĤMott,1 BM 2[mBHB#`BmK 2p�Hm�i2/ rBi? Bh1". 7Q`
U = 10X >2`2- i?2 bTBM +QM};m`�iBQM Q7 i?2 2[mBHB#`BmK bi�i2
Bb �MiB72``QK�;M2iB+X U#VU+V *QKT�`BbQM Q7 i?2 >>: bT2+i`�
Q7 i?2 2z2+iBp2 KQ/2H- Ĥe↵,1,1 rBi? U = 10- 7Q` i?2 ;`QmM/
bi�i2 Q7 Ĥspin+hz

P
i(�)iŝz,i �M/ i?2 �MiB72``QK�;M2iB+ bi�i2X

>2`2- U#V Bb 7Q` ⌦ = 0.75 �M/ U+V Bb 7Q` ⌦ = 0.5X h?2 T�`�K2@
i2`b Q7 i?2 TmKT �`2 t0 = 60 �M/ � = 15X

/2KQMbi`�i2 i?�i i?2 >>: bT2+i`mK /B`2+iHv `2~2+ib i?2
/Qm#HQM@?QHQM /vM�KB+b- #mi i?2 bBM;H2@T�`iB+H2 `2H�iBQM
/Q2b MQi M2+2bb�`BHv bQX h?mb- i?2 `2H�iBQM #2ir22M i?2
>>: bT2+i`mK �M/ i?2 bBM;H2@T�`iB+H2 bT2+i`mK +�M #2
p2`v /Bz2`2Mi 7`QK r?�i r2 2tT2+i BM � b2KB+QM/m+iQ`
bvbi2KX93 Pm` }M/BM;b BM/B+�i2 i?�i i?2 >>: bT2+i`mK
Bb i?2 KQ`2 /B`2+i iQQH iQ bim/v i?2 FBM2iB+b Q7 i?2 /Qm@
#HQMb �M/ ?QHQMb BM � JQii BMbmH�iQ`X

� H2bbQM 7`QK Qm` >>: �M�HvbBb Q7 i?2 R/ JQii BMbm@
H�iQ` Bb i?�i i?2 i?`22 bi2T KQ/2H UR3V +�M #2 mb27mH 2p2M
7Q` bi`QM;Hv +Q``2H�i2/ bvbi2Kb B7 r2 mb2 � T`QT2` /Bb@
T2`bBQM `2H�iBQM ✏g(p) `2H�i2/ iQ K�Mv@#Q/v 2H2K2Mi�`v
2t+Bi�iBQMbX >2`2- i?2 /BbT2`bBQM ✏g(p�A) /2b+`B#2b i?2
+?�M;2 Q7 i?2 2M2`;v mM/2` �M �/B�#�iB+ +?�M;2 Q7 A- 7Q`
i?2 /Qm#HQM@?QHQM T�B` rBi? i?2 ?�H7 `2H�iBp2 KQK2MimK
p �i A = 0X Ai Bb �M BMi2`2biBM; [m2biBQM B7 i?2 b�K2 B/2�

�TTHB2b iQ Qi?2` ivT2b Q7 a*1abX L�K2Hv- QM2 K�v Q#@
i�BM ✏g(�A) #v 7QHHQrBM; i?2 +?�M;2 Q7 i?2 2M2`;v Q7 �M
2t+Bi2/ bi�i2 mM/2` �M �/B�#�iB+ +?�M;2 Q7 A �M/ mb2 Bi
rBi?BM i?2 i?`22 bi2T KQ/2H iQ 2tTH�BM i?2 >>: 72�im`2bX

AoX *PL*GlaAPLa

AM i?Bb T�T2`- r2 bim/B2/ >>: BM i?2 R/ JQii BMbm@
H�iQ` /2b+`B#2/ #v i?2 bBM;H2@#�M/ >m##�`/ KQ/2H mb@
BM; Bh1". �M/ 2t�+i /B�;QM�HBx�iBQMX q2 TQBMi2/ Qmi
i?�i i?2 >>: Q`B;BM�i2b 7`QK i?2 /Qm#HQM@?QHQM `2+QK@
#BM�iBQM- �i H2�bi r?2M i?2 ;�T Bb H�`;2 2MQm;?- �M/
/2KQMbi`�i2/ i?�i i?2 bm#+v+H2 72�im`2b �`2 `2�bQM�#Hv
r2HH +�Tim`2/ #v i?2 b2KB+H�bbB+�H i?`22 bi2T �M�HvbBb 7Q`
/Qm#HQM@?QHQM T�B`bX h?2 /vM�KB+b Q7 � /Qm#HQM@?QHQM
T�B` Bb `mH2/ #v i?2 /BbT2`bBQM Q7 i?2 /Qm#HQM@?QHQM T�B`
rBi? `2bT2+i iQ Bib `2H�iBp2 KQK2MimK- r?B+? Bb MQi M2+@
2bb�`BHv +�Tim`2/ #v i?2 bBM;H2@T�`iB+H2 bT2+i`mK /m2 iQ
i?2 K�Mv@#Q/v M�im`2 Q7 i?2 2H2K2Mi�`v 2t+Bi�iBQMbX Pm`
`2bmHib BM/B+�i2 i?�i >>: BM JQii BMbmH�iQ`b +�M #2 �T@
THB2/ 7Q` � bT2+i`Qb+QTv iQ /B`2+iHv K2�bm`2 i?2 /BbT2`@
bBQM Q7 i?2 `2H2p�Mi K�Mv@#Q/v 2H2K2Mi�`v 2t+Bi�iBQMb-
?2`2 i?2 /Qm#HQM@?QHQM T�B`bX

JQ`2Qp2`- r2 BMi`Q/m+2/ 2z2+iBp2 KQ/2Hb #�b2/ QM i?2
a+?`B2z2`@qQHz i`�Mb7Q`K�iBQM- r?B+? �HHQrb mb iQ B/2M@
iB7v T`Q+2bb2b bBKBH�` iQ �M/ /Bz2`2Mi 7`QK i?2 b2KB+QM@
/m+iQ` KQ/2Hb- �M/ iQ /Bb+mbb i?2 `QH2 Q7 i?2b2 BM/BpB/m�H
T`Q+2bb2bX q2 b?Qr2/ i?�i i?2 bTBM /vM�KB+b- r?B+? ?�b
MQ �M�HQ;m2 BM b2KB+QM/m+iQ` bvbi2Kb- bm#bi�MiB�HHv `2@
/m+2b i?2 >>: BMi2MbBivX h?Bb `2bmHi BM/B+�i2b i?�i i?2
>>: BMi2MbBiv BM JQii bvbi2Kb +�M #2 b2MbBiBp2 iQ bTBM
/vM�KB+bX Ai rBHH #2 BMi2`2biBM; iQ bim/v i?2 2z2+ib Q7
/Bz2`2Mi ivT2b Q7 bTBM +QmTHBM;b �M/ iQ /Bb+mbb i?2 +QM@
i`QHH�#BHBiv Q7 i?2 >>: bT2+i`mK pB� 2ti2`M�H K�;M2iB+
}2H/bX 6m`i?2`KQ`2- r2 `2p2�H2/ i?2 BKTQ`i�M+2 Q7 i?2
HQM;@`�M;2 +QKTQM2Mi Q7 i?2 ǳ/BTQH2 KQK2MiǴ #2ir22M
i?2 /Qm#HQM #�M/ �M/ i?2 ?QHQM #�M/ 7Q` i?2 >>: BMi2M@
bBiv- �b r2HH �b i?2 `QH2 Q7 i?2 +Q``2H�i2/ ?QTTBM; Q7 /Qm@
#HQMb �M/ ?QHQMb 7Q` i?2 b?�T2 Q7 i?2 >>: bT2+i`mKX q2
2tT2+i i?�i Qm` `2bmHib �`2 �HbQ `2H2p�Mi 7Q` +?�`;2 i`�Mb@
72` U*hV BMbmH�iQ`b- �Hi?Qm;? � /2i�BH2/ bim/v Q7 >>: BM
i?2b2 bvbi2Kb Bb `2[mB`2/ 7Q` � T`2+Bb2 bi�i2K2MiX *�M@
/B/�i2b Q7 R/ JQii BMbmH�iQ`b �M/ *h BMbmH�iQ`b `�M;2
7`QK Q`;�MB+ +`vbi�Hb- 2X;X- ET@F2TCNQ- iQ +mT`�i2b-
2X;X- Sr2CuO3Xe3 Ai rQmH/ #2 BMi2`2biBM; iQ 2tT2`BK2M@
i�HHv 2tTHQ`2 i?2 >>: BM i?2b2 bvbi2Kb- �M/ iQ +QKT�`2
i?2 K2�bm`2K2Mib rBi? Qm` i?2Q`2iB+�H T`2/B+iBQMbX

6Q` mM/2`bi�M/BM; i?2 /2i�BH2/ `2H�iBQM #2ir22M i?2 2H@
2K2Mi�`v 2t+Bi�iBQMb �M/ >>: BM p�`BQmb a*1ab- Bi Bb �M
BMi2`2biBM; 7mim`2 T`Q#H2K iQ BMi`Q/m+2 +QM+2Tib bBKBH�`
iQ /Qm#HQM@?QHQM T�B`b rBi? /Bz2`2Mi `2H�iBp2 KQK2Mi�-
BX2X � b2`B2b Q7 bi�i2b i?�i Bb +QMM2+i2/ pB� �/B�#�iB+
+?�M;2b Q7 i?2 p2+iQ` TQi2MiB�H �M/ i?2B` /BbT2`bBQMb- iQ
Qi?2` a*1ab bvbi2Kb bm+? �b /BK2`@JQii BMbmH�iQ`bX8k

h?Bb rQmH/ ?2HT mb iQ 2tTHQ`2 i?2 bT2+i`Qb+QTB+ �TTHB@
+�iBQM Q7 >>: iQ /2i2+i i?2 /vM�KB+b Q7 i?2b2 2H2K2M@
i�`v 2t+Bi�iBQMbX �HbQ- BM K�Mv@#Q/v bvbi2Kb- 2H2K2M@

Ry

(a)

(b)

(c)

6A:X 3X U�V aBM;H2@T�`iB+H2 bT2+i`mK A(p,!) Q7 i?2 2z2+@
iBp2 KQ/2H ĤMott,1 BM 2[mBHB#`BmK 2p�Hm�i2/ rBi? Bh1". 7Q`
U = 10X >2`2- i?2 bTBM +QM};m`�iBQM Q7 i?2 2[mBHB#`BmK bi�i2
Bb �MiB72``QK�;M2iB+X U#VU+V *QKT�`BbQM Q7 i?2 >>: bT2+i`�
Q7 i?2 2z2+iBp2 KQ/2H- Ĥe↵,1,1 rBi? U = 10- 7Q` i?2 ;`QmM/
bi�i2 Q7 Ĥspin+hz

P
i(�)iŝz,i �M/ i?2 �MiB72``QK�;M2iB+ bi�i2X

>2`2- U#V Bb 7Q` ⌦ = 0.75 �M/ U+V Bb 7Q` ⌦ = 0.5X h?2 T�`�K2@
i2`b Q7 i?2 TmKT �`2 t0 = 60 �M/ � = 15X

/2KQMbi`�i2 i?�i i?2 >>: bT2+i`mK /B`2+iHv `2~2+ib i?2
/Qm#HQM@?QHQM /vM�KB+b- #mi i?2 bBM;H2@T�`iB+H2 `2H�iBQM
/Q2b MQi M2+2bb�`BHv bQX h?mb- i?2 `2H�iBQM #2ir22M i?2
>>: bT2+i`mK �M/ i?2 bBM;H2@T�`iB+H2 bT2+i`mK +�M #2
p2`v /Bz2`2Mi 7`QK r?�i r2 2tT2+i BM � b2KB+QM/m+iQ`
bvbi2KX93 Pm` }M/BM;b BM/B+�i2 i?�i i?2 >>: bT2+i`mK
Bb i?2 KQ`2 /B`2+i iQQH iQ bim/v i?2 FBM2iB+b Q7 i?2 /Qm@
#HQMb �M/ ?QHQMb BM � JQii BMbmH�iQ`X

� H2bbQM 7`QK Qm` >>: �M�HvbBb Q7 i?2 R/ JQii BMbm@
H�iQ` Bb i?�i i?2 i?`22 bi2T KQ/2H UR3V +�M #2 mb27mH 2p2M
7Q` bi`QM;Hv +Q``2H�i2/ bvbi2Kb B7 r2 mb2 � T`QT2` /Bb@
T2`bBQM `2H�iBQM ✏g(p) `2H�i2/ iQ K�Mv@#Q/v 2H2K2Mi�`v
2t+Bi�iBQMbX >2`2- i?2 /BbT2`bBQM ✏g(p�A) /2b+`B#2b i?2
+?�M;2 Q7 i?2 2M2`;v mM/2` �M �/B�#�iB+ +?�M;2 Q7 A- 7Q`
i?2 /Qm#HQM@?QHQM T�B` rBi? i?2 ?�H7 `2H�iBp2 KQK2MimK
p �i A = 0X Ai Bb �M BMi2`2biBM; [m2biBQM B7 i?2 b�K2 B/2�

�TTHB2b iQ Qi?2` ivT2b Q7 a*1abX L�K2Hv- QM2 K�v Q#@
i�BM ✏g(�A) #v 7QHHQrBM; i?2 +?�M;2 Q7 i?2 2M2`;v Q7 �M
2t+Bi2/ bi�i2 mM/2` �M �/B�#�iB+ +?�M;2 Q7 A �M/ mb2 Bi
rBi?BM i?2 i?`22 bi2T KQ/2H iQ 2tTH�BM i?2 >>: 72�im`2bX

AoX *PL*GlaAPLa

AM i?Bb T�T2`- r2 bim/B2/ >>: BM i?2 R/ JQii BMbm@
H�iQ` /2b+`B#2/ #v i?2 bBM;H2@#�M/ >m##�`/ KQ/2H mb@
BM; Bh1". �M/ 2t�+i /B�;QM�HBx�iBQMX q2 TQBMi2/ Qmi
i?�i i?2 >>: Q`B;BM�i2b 7`QK i?2 /Qm#HQM@?QHQM `2+QK@
#BM�iBQM- �i H2�bi r?2M i?2 ;�T Bb H�`;2 2MQm;?- �M/
/2KQMbi`�i2/ i?�i i?2 bm#+v+H2 72�im`2b �`2 `2�bQM�#Hv
r2HH +�Tim`2/ #v i?2 b2KB+H�bbB+�H i?`22 bi2T �M�HvbBb 7Q`
/Qm#HQM@?QHQM T�B`bX h?2 /vM�KB+b Q7 � /Qm#HQM@?QHQM
T�B` Bb `mH2/ #v i?2 /BbT2`bBQM Q7 i?2 /Qm#HQM@?QHQM T�B`
rBi? `2bT2+i iQ Bib `2H�iBp2 KQK2MimK- r?B+? Bb MQi M2+@
2bb�`BHv +�Tim`2/ #v i?2 bBM;H2@T�`iB+H2 bT2+i`mK /m2 iQ
i?2 K�Mv@#Q/v M�im`2 Q7 i?2 2H2K2Mi�`v 2t+Bi�iBQMbX Pm`
`2bmHib BM/B+�i2 i?�i >>: BM JQii BMbmH�iQ`b +�M #2 �T@
THB2/ 7Q` � bT2+i`Qb+QTv iQ /B`2+iHv K2�bm`2 i?2 /BbT2`@
bBQM Q7 i?2 `2H2p�Mi K�Mv@#Q/v 2H2K2Mi�`v 2t+Bi�iBQMb-
?2`2 i?2 /Qm#HQM@?QHQM T�B`bX

JQ`2Qp2`- r2 BMi`Q/m+2/ 2z2+iBp2 KQ/2Hb #�b2/ QM i?2
a+?`B2z2`@qQHz i`�Mb7Q`K�iBQM- r?B+? �HHQrb mb iQ B/2M@
iB7v T`Q+2bb2b bBKBH�` iQ �M/ /Bz2`2Mi 7`QK i?2 b2KB+QM@
/m+iQ` KQ/2Hb- �M/ iQ /Bb+mbb i?2 `QH2 Q7 i?2b2 BM/BpB/m�H
T`Q+2bb2bX q2 b?Qr2/ i?�i i?2 bTBM /vM�KB+b- r?B+? ?�b
MQ �M�HQ;m2 BM b2KB+QM/m+iQ` bvbi2Kb- bm#bi�MiB�HHv `2@
/m+2b i?2 >>: BMi2MbBivX h?Bb `2bmHi BM/B+�i2b i?�i i?2
>>: BMi2MbBiv BM JQii bvbi2Kb +�M #2 b2MbBiBp2 iQ bTBM
/vM�KB+bX Ai rBHH #2 BMi2`2biBM; iQ bim/v i?2 2z2+ib Q7
/Bz2`2Mi ivT2b Q7 bTBM +QmTHBM;b �M/ iQ /Bb+mbb i?2 +QM@
i`QHH�#BHBiv Q7 i?2 >>: bT2+i`mK pB� 2ti2`M�H K�;M2iB+
}2H/bX 6m`i?2`KQ`2- r2 `2p2�H2/ i?2 BKTQ`i�M+2 Q7 i?2
HQM;@`�M;2 +QKTQM2Mi Q7 i?2 ǳ/BTQH2 KQK2MiǴ #2ir22M
i?2 /Qm#HQM #�M/ �M/ i?2 ?QHQM #�M/ 7Q` i?2 >>: BMi2M@
bBiv- �b r2HH �b i?2 `QH2 Q7 i?2 +Q``2H�i2/ ?QTTBM; Q7 /Qm@
#HQMb �M/ ?QHQMb 7Q` i?2 b?�T2 Q7 i?2 >>: bT2+i`mKX q2
2tT2+i i?�i Qm` `2bmHib �`2 �HbQ `2H2p�Mi 7Q` +?�`;2 i`�Mb@
72` U*hV BMbmH�iQ`b- �Hi?Qm;? � /2i�BH2/ bim/v Q7 >>: BM
i?2b2 bvbi2Kb Bb `2[mB`2/ 7Q` � T`2+Bb2 bi�i2K2MiX *�M@
/B/�i2b Q7 R/ JQii BMbmH�iQ`b �M/ *h BMbmH�iQ`b `�M;2
7`QK Q`;�MB+ +`vbi�Hb- 2X;X- ET@F2TCNQ- iQ +mT`�i2b-
2X;X- Sr2CuO3Xe3 Ai rQmH/ #2 BMi2`2biBM; iQ 2tT2`BK2M@
i�HHv 2tTHQ`2 i?2 >>: BM i?2b2 bvbi2Kb- �M/ iQ +QKT�`2
i?2 K2�bm`2K2Mib rBi? Qm` i?2Q`2iB+�H T`2/B+iBQMbX

6Q` mM/2`bi�M/BM; i?2 /2i�BH2/ `2H�iBQM #2ir22M i?2 2H@
2K2Mi�`v 2t+Bi�iBQMb �M/ >>: BM p�`BQmb a*1ab- Bi Bb �M
BMi2`2biBM; 7mim`2 T`Q#H2K iQ BMi`Q/m+2 +QM+2Tib bBKBH�`
iQ /Qm#HQM@?QHQM T�B`b rBi? /Bz2`2Mi `2H�iBp2 KQK2Mi�-
BX2X � b2`B2b Q7 bi�i2b i?�i Bb +QMM2+i2/ pB� �/B�#�iB+
+?�M;2b Q7 i?2 p2+iQ` TQi2MiB�H �M/ i?2B` /BbT2`bBQMb- iQ
Qi?2` a*1ab bvbi2Kb bm+? �b /BK2`@JQii BMbmH�iQ`bX8k

h?Bb rQmH/ ?2HT mb iQ 2tTHQ`2 i?2 bT2+i`Qb+QTB+ �TTHB@
+�iBQM Q7 >>: iQ /2i2+i i?2 /vM�KB+b Q7 i?2b2 2H2K2M@
i�`v 2t+Bi�iBQMbX �HbQ- BM K�Mv@#Q/v bvbi2Kb- 2H2K2M@

3

(a)

(c) U = 10.0,⌦ = 0.5, E0 = 0.7
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(b)

(d)

6A:X eX U�V aBM;H2@T�`iB+H2 bT2+i`mK A(p,!) Q7 i?2 2z2+iBp2
KQ/2H ĤMott,1 BM 2[mBHB#`BmK 2p�Hm�i2/ rBi? Bh1". 7Q` U =
10X >2`2- i?2 bTBM +QM};m`�iBQM Q7 i?2 2[mBHB#`BmK bi�i2 Bb
/2i2`KBM2/ #v Ĥspin = Ĥspin,ex + hz

P
i(�)iŝz,i rBi? hz =

0.001X h?2 `2/ HBM2b BM/B+�i2 ±U
2
±2v sin(p)X U#V *QKT�`BbQM

Q7 i?2 >>: bT2+i`� Q7 i?2 >m##�`/ KQ/2H �M/ i?2 2z2+iBp2
KQ/2H Ĥe↵,1,1 7Q` ⌦ = 0.5X U+V am#+v+H2 �M�HvbBb Q7 i?2 >>:-
IHHG(!, tp)- 7Q` Ĥe↵,1,1X >2`2- i?2 2t+Bi�iBQM T�`�K2i2`b �`2
⌦ = 0.5 �M/ E0 = 0.7X h?2 `2/ K�`F2`b BM/B+�i2 i?2 `2bmHi Q7
i?2 b2KB+H�bbB+�H i?2Q`v U!emit(trec)V rBi? i?2 mM`2MQ`K�HBx2/
/BbT2`bBQM- U � 4v sin(p)X U/V *QKT�`BbQM #2ir22M i?2 >>:
bT2+i`� 7`QK Ĥe↵,1,1- Ĥe↵,1,1 + Ĥspin �M/ Ĥe↵,1,1 + Ĥdh,ex 7Q`
⌦ = 0.5X AMU#V@U/V- r2 mb2 U = 10- hz = 0.001- t0 = 60 �M/
� = 15X >2`2- i?2 JQii ;�T �M/ i?2 K�tBKmK #�M/@2M2`;v
/Bz2`2M+2 2ti`�+i2/ 7`QK i?2 bBM;H2@T�`iB+H2 bT2+i`mK �`2 eXy
�M/ R9Xy- `2bT2+iBp2HvX

?�M+2/ /m`BM; i?2 T2`BQ/ r?2M |E(t)| BM+`2�b2bX AMi2`2bi@
BM;Hv- i?2 H�ii2` Q#b2`p�iBQM BM/B+�i2b i?�i i?2 `2+QK#B@
M�iBQM ?�TT2Mb KQ`2 HBF2Hv 7Q` /Qm#HQM@?QHQM T�B`b r?B+?
KQp2 �`QmM/ 7Q` KQ`2 i?�M ?�H7 � T2`BQ/ U⇡/⌦V �7i2` i?2B`
+`2�iBQM #v imMM2HBM;X

.X �M�HvbBb Q7 i?2 2z2+iBp2 KQ/2Hb

AM i?Bb b2+iBQM- r2 bim/v iQ r?�i 2ti2Mi i?2 2z2+@
iBp2 KQ/2Hb 2tTH�BM i?2 >>: BM i?2 R/ JQii BMbmH�iQ`
�M/ +H�`B7v i?2 `QH2 Q7 /Bz2`2Mi T`Q+2bb2bX AM 6B;X eU�V-
r2 b?Qr i?2 bBM;H2@T�`iB+H2 bT2+i`mK Q#i�BM2/ #v i?2
Bh1". 7Q` i?2 HQr2bi Q`/2` KQ/2H Ĥe↵,1,1(t)X h?2 2[mB@
HB#`BmK bTBM +QM};m`�iBQM Bb /2i2`KBM2/ 7`QK i?2 ;`QmM/
bi�i2 Q7 Ĥspin ⌘ Ĥspin,ex + hz

P
i(�)

iŝz,iX AM i?Bb KQ/2H-
i?2 /BbT2`bBQM Q7 i?2 mTT2` �M/ HQr2` >m##�`/ #�M/b
K�i+?2b r2HH rBi? ±

U
2
± 2v sin(p)- b22 6B;X eU�VX LQi2

i?�i i?Bb /BbT2`bBQM U±2v sin(p)V Bb 2t�+iHv i?�i Q7 i?2
/Qm#HQM U�MiB?QHQMV �M/ ?QHQM Q#i�BM2/ 7`QK i?2 "2i?2
�Mb�ix 7Q` U ! 1

ed Q` 7`QK i?2 /B`2+i +QMbi`m+iBQM Q7
i?2 r�p2 7mM+iBQMbXde AM 6B;X eU#V- r2 b?Qr i?2 +Q``2@
bTQM/BM; >>: bT2+i`mKX h?2 >>: BMi2MbBiv �M/ i?2
+miQz �`2 mM/2`2biBK�i2/ +QKT�`2/ iQ i?2 7mHH bBKmH�@
iBQM U/�b?2/ HBM2bV- r?BH2 i?2 `2bTQMb2 �i HQr 7`2[m2M+B2b
�`QmM/ ! = ⌦ Bb �H`2�/v r2HH /2b+`B#2/X h?2 bm#+v+H2
�M�HvbBb 7Q` i?2 2z2+iBp2 KQ/2H b?Qrb i?�i i?2 i`�MbB2Mi
bB;M�H Bb +QMbBbi2Mi rBi? i?2 b2KB+H�bbB+�H �M�HvbBb rBi?
i?2 /BbT2`bBQM ✏g(p) = U � 4v sin(p)- b22 6B;X eU+VX h?Bb
Q#b2`p�iBQM �;�BM mM/2`TBMb i?�i i?2 /BbT2`bBQM Q7 i?2
/Qm#HQM@?QHQM T�B` rBi? `2bT2+i iQ i?2B` `2H�iBp2 KQK2M@
imK Bb +HQb2Hv `2H�i2/ iQ i?2 >>: BM i?2 R/ JQii BMbmH�@
iQ`X 6m`i?2`KQ`2- i?2 2z2+iBp2 KQ/2H �H`2�/v +�Tim`2b
i?2 +?�`�+i2`BbiB+ bm#+v+H2 72�im`2 Q7 i?2 JQii >>:-
TQBMib BV �M/ BBV K2MiBQM2/ BM i?2 H�bi T�`i Q7 i?2 T`2@
pBQmb bm#b2+iBQMX

LQr- r2 bim/v i?2 2z2+ib Q7 i?2 ?B;?2` Q`/2` i2`Kb QM
i?2 >>:X 6B`bi- r2 /Bb+mbb i?2 2z2+i Q7 i?2 >2Bb2M#2`;
i2`K Ĥspin QM i?2 >>: bB;M�HX AM 6B;X eU/V- r2 +QK@
T�`2 i?2 `2bmHib 7Q` Ĥe↵,1,1(t) �M/ 7Q` Ĥe↵,1,1(t) + ĤspinX
PM2 +�M b22 i?�i i?2 >>: BMi2MbBiv Bb bm#bi�MiB�HHv bmT@
T`2bb2/ #v ĤspinX PM2 K�v i?BMF i?�i i?Bb Bb �M mM@
2tT2+i2/ 2z2+i- bBM+2 Ĥspin �TTHB2b QMHv iQ i?2 bBM;Hv@
Q++mTB2/ bBi2b �M/ Bi HQQFb mM`2H�i2/ iQ i?2 /vM�KB+b
Q7 i?2 /Qm#HQMb Q` ?QHQMbX JQ`2Qp2`- mMHBF2 BM ?B;?2`@
/BK2MbBQM�H bvbi2Kb- i?2 /Qm#HQM �M/ ?QHQM /vM�KB+b
/Q2b MQi /Bbim`# i?2 bTBM #�+F;`QmM/ /B`2+iHv UbTBM@
+?�`;2 b2T�`�iBQMVX q2 i?BMF i?�i i?2 `2/m+iBQM Q`B;B@
M�i2b 7`QK � `2/m+2/ `2+QK#BM�iBQM T`Q#�#BHBiv 7Q` i?2
/Qm#HQM �M/ ?QHQMX q?BH2 i?2 /Qm#HQM �M/ ?QHQM KQp2
�`QmM/- i?2 bTBM #�+F;`QmM/ +�M +?�M;2 i?`Qm;? i?2 �+@
iBQM Q7 ĤspinX h?mb- i?2 bTBM #�+F;`QmM/ +�M #2 bm#bi�M@
iB�HHv /Bz2`2Mi r?2M i?2 /Qm#HQM �M/ ?QHQM `2im`M #�+F
iQ M2B;?#Q`BM; TQbBiBQMb 7Q` TQbbB#H2 `2+QK#BM�iBQMX A7
r2 /2MQi2 bm+? �M 2t+Bi2/ bi�i2 #v | exi �M/ i?2 ;`QmM/
bi�i2 #v | 0i- i?2 K�i`Bt 2H2K2Mi h ex|ĵ| 0i b?QmH/ #2
/2+`2�b2/ +QKT�`2/ iQ i?2 +�b2 rBi?Qmi Ĥspin /m2 iQ i?2

(a) (b)

ਤ 11 (a)(b) SW มΛ༻͍ͨҰݩ࣍ Hubbard 

εϖΫτϧɻ(a)ࢠҰཻͨ͠ࢉܭΒ͔ܕͷ༗ޮܕ

Heisenberg ܕʹΑͬͯهड़͞ΕΔεϐϯঢ়ଶΛɺ

(b) ੑ࣓ڧεϐϯঢ়ଶΛ༻͍͍ͯΔɻ(a) ͷ݁Ռ

͕ɺݩͷҰݩ࣍ Hubbardܕͷؔࢄͱྨͨ͠ࣅ

݁Ռͱͳ͍ͬͯΔɻ(c) ༗ޮ͔ܕΒͨ͠ࢉܭ HHG

ͷ݁Ռɻͨͩ͠ɺεϐϯঢ়ଶ͕ HeisenbergܕͰه

ड़͞ΕΔ߹ͱੑ࣓ڧεϐϯঢ়ଶͷೋͭͷ߹Ͱ

ݙΔɻจ͍ͯ͠ࢉܭ [69]ΑΓɻ

ͱ͕Ͱ͖Δɻ͔͠͠ɺͦ͏ͳΒͳ͍߹༰қʹ͑ߟ

ΒΕΔɻྫ͑ɺHubbard ܕΛ Schrieffer-Wolf ม
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図 1:a) DMFT に よ る ２ バ ン ド

Hubbard 模型の相図。ただし、U=6, 
U'=4, J=I=1、バンド幅 W=4√2を用い

ている。図中にはクエンチ前の初期状

態とクエンチ後の緩和で最終的に行き

着く温度(●)を表す。(b)DMFT による

クエンチ後の秩序パラメータφY の軌

道。クエンチ後のΔcf の値は図中にあ

り、●は最終的な秩序パラメータの値

である。(c) 有効模型の平均場ダイナミ

クス。 

図 2: 一次元 Hubbard 模型におけるサ

ブサイクルスペクトル。赤線は、Bethe

仮設によるダブロン・ホロン分散を用

いた 3ステップ模型の結果。 
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