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Fig. 1. Correspondence between the eigenenergy spectrum
and the density of states (DOS) of one dimensional (1D)
Fermi-Hubbard model: (a) Eigenenergy distribution of the
1D Fermi-Hubbard model calculated using exact diagonali-
zation (blue scatter points), with the horizontal axis ar-
ranged in ascending order of state index, clearly revealing
the discrete energy level structure induced by finite-size ef-
fects and the Mott gap arising from strong electron correla-
tions; (b) corresponding electronic density of states (black
solid line).
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Fig. 2. Comparison of dynamical simulations using pure-state TDSE and density-matrix master equation under different driving
field strengths: (a), (¢) High-harmonic generation (HHG) spectra under weak-field ( Fop = 10 MV/em) and strong-field ( Fp =

50 MV /cm ) driving, respectively; blue solid lines correspond to pure-state TDSE results, and red dashed lines to density-matrix

master equation results (without dephasing, T» = oo ); (b), (d) time evolution of the doublon number under the corresponding field

strengths.

110307-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 11 (2026)

110307

3.2 Mott BEAE T RIS HESH

FEIIE R S 9K ) 5 G L TR R I i U
Wehm AT GRS HE S 1 2E R S, it — R
R R T X6 i S I L 1A R A 2t 2 7 ) I
LI, A5 % A Lindblad JE 1 von Neumann 75
PSR SR AR T I 3 12 Ak, RS TR AH
i BE X R RS T s, 25 SR AnTE 3 . B 3
R T AN sh 5 T, BB+ (T =
10fs, ZLEAM4ZR). PERMT (T, =100 fs, B
M) 5B T (Th = oo, BEE ML) 1N
Fermi-Hubbard 15 #8 i & UGBS 6T Y. ZEAR0E
X3 ( Fy = 10 MV/em ), W&l 3(a) iR, JoiBHH+
BV 1% 1) 1 SR PR A v, A A TR A S0 T
PR BOE BT PG Sl ARM TS, 1]
AR5 025 ek, TS I (TR, B IR 254 7
W, 2 BsmE A R . X — G, B AT
RN LA 2R A, 48T TR R
) T B

MBI K E Fy = 50 MV /em 5, 411 3(b)
JiR, FETCRH TR T, 2 8 KiE S
PTL =L TY:T b T e R 210} A Y [ S e Y
AL L R TR R REEE A T B, SOk
WV ZE A E LAVE M43 B8 e I ARM TS, 54
R T A S 1] A 2 ) I BTkl 5 A A sk e o o
S AT RS, DI LU A R
AU IR WA T MR AT, v 7 DX Sl i 52 B AR Y
TFH-BUEE M. X R, RIS E T, B4
THE— R LA T PUaTE” EH, 3R T

Fy=10 MV/cm |[] Ty = o0

'S

v ~~
— &

-~

| |
3 IS
T

lg(intensity /arb. units)
|
—
o

|
—
[=N

[}

1 1 1 f p L)
20 40 60 80

Harmonic order

F= SRS PE P ARG, TR TR A
S S 0T Bt nT 0L, SR A R0 R
5 A AN Fermi-Hubbard A5 7 25 UG 1% H 11
AT 5, AR AR X U0 B3
RUEIEBM T B RS T HHG 3% 5 19 1 b 2 A
AR5 RS L, (HAEAS R AR )R 3
BURAIEIF R LA WA, X R, 7EAR STk
SHEGEEWN, #EAEE FE AR AN ELRERR (N
Mott feBR) LA AMIngas kR gee , miR AT f
T2 L5 A 9T R R T 43 B SR R e v
UGB REAE, AR B AE f - AR R )
KRBT X — A IR B T 1R AH TR G
FARZANE A R ) SCBRVE AR Ay ik TR
AT F B B YOS B IS 45 18 S AR T
HE T HES K.

Ry itk — ARG AR A TIN5 DG HR L R R
VA5 5 1~ RN, A SCR G T A FLR
A ] T A5 8% (doublon) A4 I T8 AL BRI, 4%
RN 4 Fis (OGS E Fy = 50 MV/em). £
TBAHTIEIE (Ty = 0o, WAHILR) T, Xk HE%
FROCHK P IEH (t ~ -4 W) 2218 17,
AT 1.6; 5I AP AERAHT (T2 = 100 fs,
M S RIZR) B AL B AT, shAs 2
W2t ~ —6 W22 R, L FA-HAB B8, mife
FIRAT (T, =10fs, L0 AHLR) T, W E ST
TREZ] (¢t~ —7e2EREE) e, Rl
FARTE, B AME T 1.6, X —4T IR TR AH
Thns Az, BI85 2R R TX i BR

6

(b)

y w\wﬂ*wﬂ“;u

Fy =50 MV /cm

4

lg(intensity /arb. units)
N

0 20 40 60 80

Harmonic order

&l 3 RAHETR] To X —4E Fermi-Hubbard F5 8 & Y B 7= A 152 0 (a) 353988 ( Fo = 10 MV /em ) T [A) 3R AH 58 B2 19 18
WRERT L BT (Te = oo, BASLL) HEBHT (T =100 fs, BESCLE) LB T (T2 = 10 fs, LG 52LR); (b) 3

K5 (Fo = 50 MV /cm ) T 1%} 137 25 5

Fig. 3. Influence of dephasing time 7% on high-harmonic generation spectra in the one-dimensional Fermi-Hubbard model:

(a) Comparison of HHG spectra under weak-field driving ( Fp = 10 MV/cm ): no dephasing (7% = oo, blue solid line), moderate

dephasing (7% = 100 fs, black solid line), and strong dephasing (T2 = 10 fs, red solid line); (b) corresponding results under strong-

field driving ( Fo = 50 MV /cm ).
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Fig. 4. Time evolution of the doublon number under differ-
ent dephasing strengths (laser peak field strength Fp =
50 MV /cm ). The curves correspond to no dephasing (T2 =
oo, blue solid line), moderate dephasing (7> = 100 fs,
black solid line), and strong dephasing (7> = 10 fs, red so-

lid line), respectively.
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Fig. 5. Time-frequency analysis (Gabor transform) of high-
order harmonics under strong-field driving ( Fo =50 MV /cm ):
(a) In the absence of dephasing (7> = oo ), the time-fre-
quency spectrogram clearly resolves the short (red curve)
and long (blue curve) quantum trajectories corresponding to
the semiclassical three-step model; (b) upon introducing
strong dephasing (7> = 10 fs ), the long-trajectory contri-
bution is significantly suppressed, while the short-traject-

ory signal remains dominant.
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Abstract

Solid-state high-harmonic generation (HHG) has emerged as a powerful probe for nonequilibrium quantum
many-body dynamics in condensed matter systems. In weakly correlated materials, the nonlinear optical
response underlying HHG can often be described within a single-particle framework using the time-dependent
Schrodinger equation (TDSE) or semiconductor Bloch equations. In such approaches, decoherence effects are
usually incorporated phenomenologically through a dephasing time 75, which successfully reproduces several
experimental features such as harmonic plateaus and cutoff energies. However, this phenomenological treatment
encounters fundamental limitations in strongly correlated systems, including Mott insulators, where
electron—electron interactions dominate the underlying dynamics. In conventional TDSE simulations, the
parameter T, is typically introduced ad hoc to mimic scattering processes, making it difficult to distinguish
genuine many-body decoherence—originating from electron-electron or electron-phonon interactions—from
numerical artifacts.

To overcome these limitations, this work investigates HHG in a strongly correlated system described by a
one-dimensional half-filled Fermi-Hubbard model with L = 12 lattice sites and nearest-neighbor hopping

amplitude # = 0.52\;eV. The system is driven by an intense mid-infrared laser pulse characterized by a sin?

envelope, a central wavelength of 9110 nm, and a
duration of 16 optical cycles. Two complementary
theoretical approaches are employed. First, the
nonequilibrium dynamics of the closed quantum system
are simulated using the time-dependent Schrodinger

equation, where the many-body wave function is

propagated numerically using the Crank—Nicolson

scheme to ensure stable unitary evolution. Second, to
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explicitly account for environmental decoherence, the system is treated as an open quantum system described
by a density-matrix formalism governed by the Lindblad master equation. In this framework, many-body
dephasing channels are incorporated through Lindblad operators, and the time evolution of the density matrix
is solved using a fourth-order Runge-Kutta method. The high-harmonic spectra are obtained from the Fourier
transform of the time-dependent current expectation value, while the doublon number, defined as the
expectation value of the double-occupancy operator, is used to characterize correlation-driven electronic
excitations.

Comparative calculations are first performed in the absence of dephasing (7 =o00) to benchmark the
consistency of the two approaches. The results show excellent agreement between the TDSE and the density-
matrix master equation in both the high-harmonic spectra and the time evolution of the doublon number.
Under weak-field driving ( Fo = 10 MV/em ), the harmonic spectra are dominated by low-order harmonics with
rapidly decaying intensity, while the doublon number remains nearly constant within the range of 0.150-0.162.
This agreement confirms the numerical equivalence of the two theoretical frameworks in the coherent limit and
validates the reliability of the open-system approach.

When finite dephasing is introduced, significant modifications to the high-harmonic spectra are observed. In
particular, dephasing strongly suppresses long-lived interband coherent noise, resulting in sharper harmonic
peaks and a more pronounced plateau structure, especially under strong-field driving (Fp =50MV/cm).
Notably, while the spectral contrast and harmonic yield are strongly influenced by decoherence, the cutoff
energy remains largely unchanged, indicating that it is mainly determined by intrinsic energy scales such as the
Mott gap and the external field strength.

Further analysis of doublon dynamics reveals that dephasing accelerates the formation of doublons. In the
absence of dephasing, doublon excitation begins at approximately ¢ ~ —4 optical cycles. When strong dephasing
(T =10 fs) is introduced, the onset shifts to around t= —7 optical cycles and the growth rate becomes
significantly larger. This behavior originates from the decoherence-induced weakening of long-range quantum
correlations, which otherwise suppress electronic transitions through quantum interference effects. By shortening
the coherence lifetime of quantum states, dephasing facilitates nonadiabatic tunneling and multiphoton
excitation processes, thereby accelerating doublon generation.

To further elucidate the emission mechanism, a time-frequency analysis based on the Gabor transform is
performed. The spectrogram reveals two distinct quantum trajectories analogous to the short and long
trajectories in the semiclassical three-step model of HHG. In the absence of dephasing, both trajectories
contribute to the emission and produce clear interference patterns. When strong dephasing is introduced, the
contribution from the long trajectory is strongly suppressed, while the short trajectory remains dominant. This
occurs because long trajectories involve longer electron—hole propagation times and are therefore more sensitive
to environmental perturbations, whereas short trajectories accumulate less phase and are more robust against
decoherence. This mechanism leads to a distinctive orbital filtering effect, in which decoherence selectively
suppresses phase-sensitive quantum pathways while preserving the dominant short-trajectory emission.

In summary, this work provides a systematic theoretical investigation of dephasing effects on high-harmonic
generation in strongly correlated systems. By combining TDSE simulations with a Lindblad-form open-system
framework, the study establishes a rigorous methodology for incorporating many-body decoherence into HHG
simulations. The results demonstrate that dephasing not only modifies the spectral characteristics of harmonic
emission but also reshapes the underlying quantum-path interference and excitation dynamics. In particular, the
discovery of the decoherence-induced orbital filtering mechanism highlights the possibility of controlling HHG
emission through engineered environmental interactions. These findings provide new insights into the interplay
between coherence and dissipation in nonlinear optical processes of correlated materials and offer a theoretical

basis for optimizing high-harmonic sources and achieving coherent control in quantum many-body systems.
Keywords: high-harmonic generation, Mott insulator, dephasing, quantum master equation
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