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We study high-harmonic generation (HHG) in the one-dimensional Hubbard model in order to understand its
relation to elementary excitations as well as the similarities and differences to semiconductors. The simulations
are based on the infinite time-evolving block decimation iTEBD) method and exact diagonalization. We clarify
that the HHG originates from the doublon-holon recombination, and the scaling of the cutoff frequency is
consistent with a linear dependence on the external field. We demonstrate that the subcycle features of the HHG
can be reasonably described by a phenomenological three step model for a doublon-holon pair. We argue that the
HHG in the one-dimensional Mott insulator is closely related to the dispersion of the doublon-holon pair with
respect to its relative momentum, which is not necessarily captured by the single-particle spectrum due to the
many-body nature of the elementary excitations. For the comparison to semiconductors, we introduce effective
models obtained from the Schrieffer-Wolff transformation, i.e., a strong-coupling expansion, which allows us to
disentangle the different processes involved in the Hubbard model: intraband dynamics of doublons and holons,
interband dipole excitations, and spin exchanges. These demonstrate the formal similarity of the Mott system
to the semiconductor models in the dipole gauge, and reveal that the spin dynamics, which does not directly
affect the charge dynamics, can reduce the HHG intensity. We also show that the long-range component of the
intraband dipole moment has a substantial effect on the HHG intensity, while the correlated hopping terms for
the doublons and holons essentially determine the shape of the HHG spectrum. A new numerical method to

evaluate single-particle spectra within the iTEBD method is also introduced.
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I. INTRODUCTION

High-harmonic generation (HHG) is an intriguing non-
linear phenomenon originating from strong light-matter cou-
pling. It has been originally observed and studied in atomic
and molecular gases [1,2] and is used in attosecond laser
sources as well as spectroscopies [3]. Recently, HHG has been
observed in semiconductors and semimetals [4—17], which
expands the scope of this field to condensed matter systems
[18—41]. It has been clarified that the HHG in semiconductors
and semimetals can be well understood from the dynamics of
independent electrons in the periodic lattice potential (single-
particle picture), since the interactions among the charges can
be neglected to a first approximation [18-33]. Hence HHG
can be a powerful tool to detect the dispersion of the con-
duction bands [4,6,42] as well as the Berry curvatures [43]
(HHG spectroscopy of condensed matter systems). Further
exploration of HHG has been carried out both experimentally
and theoretically in various other systems such as amorphous
materials [43,44], liquids [45,46], strongly correlated systems
[47-53], and spin or multiferroic systems [54,55].

In this paper, we focus on strongly correlated electron
systems (SCES), which provide a potentially interesting
playground for HHG. For example, it is known that the
third-harmonic generation (THG) signal is relatively large in
one-dimensional (1d) Mott insulators [56-58]. Furthermore,
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the HHG spectrum sensitively reflects the properties of the
phase and can be utilized as a detector of phase transitions
in SCESs, e.g., the photoinduced melting of Mott insulators
[47]. One of the significant characteristics in SCESs is the
existence of many-body elementary excitations, which are
distinct from conventional electron- and hole-excitations in
semiconductors. The dynamics of such elementary excitations
under strong fields can result in nontrivial HHG in SCESs.
For HHG in Mott insulators, the signature of doublon and
holon dynamics [48,49] and string states characteristic of
SCESs [50] have been discussed. Moreover, in dimer Mott
systems, the dynamics of the kinks and anti-kinks has been
pointed out to be the origin of HHG [52]. However, the
understanding of HHG in SCESs is still limited compared
to semiconductors or semimetals and fundamental questions
remain to be answered: (i) How is HHG connected to the
dynamics of the elementary excitations in SCESs and what
information can be obtained from it? (ii) How is the HHG
in SCESs similar to or different from that of semiconductor
systems? (iii) What is the role of the characteristic degrees of
freedom in SCESs such as spins?

To address these fundamental questions, we study a 1d
Mott insulator described by the single-band Hubbard model
at half filling. The calculations are based on the infinite
time-evolving block decimation (iTEBD) [59] and the ex-
act diagonalization (ED) methods. We demonstrate that the
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doublon-holon recombination is dominant for the HHG and
that the cutoff frequency scaling is consistent with a linear
scaling against the field strength. In addition, we present the
subcycle features of the HHG spectrum in the Mott insula-
tor. We show that it can be reasonably described in terms
of a semiclassical trajectory analysis for a doublon-holon
pair, whose kinetics is ruled by its dispersion with respect
to the relative momentum. This dispersion is obtained from
the Bethe ansatz results, and can be reasonably extracted
from the single-particle spectrum in the case of the Hubbard
model. However, we point out that in general the dispersion
of the doublon-holon pair is not necessarily captured by the
single-particle spectrum due to the many-body nature of the
elementary excitations.

The formal similarities and differences compared to the
semiconductor model and the various processes involved
in the HHG of the Hubbard model become clear in the
effective models derived from the time-dependent Schrieffer-
Wolff transformation [60]. Using these models, we show that
the spin dynamics, which has no analog in semiconductor
systems, reduces the HHG intensity. We also reveal the im-
portance of the long-range component of the “dipole moment”
between doublon and holon bands for the HHG intensity, as
well as the role of the correlated hopping of doublons and
holons for the shape of the HHG spectrum.

This paper is organized as follows. In Sec. I, we introduce
the Hubbard model. Then, we briefly explain a new method
to evaluate the single-particle spectrum in iTEBD and derive
the effective models. The numerical results are presented in
Sec. III. We discuss the single-particle spectrum, which is
used for the semiclassical trajectory analysis, and present the
HHG spectrum obtained from iTEBD. The analysis based on
the effective model is also shown. Finally, we conclude the
discussions in Sec. IV.

II. FORMULATION
A. Model and method
We consider the 1d Hubbard model, with Hamiltonian

ﬁ(l‘) = — Z[e_iA(t)éigéiJrl,a +Hecl]l—pun Z 7l
i,o i

+U E i fy + he E (=)'8,, (1)
i i
where ¢/ is the creation operator of an electron with spi
i,o p pin o
. . A AT A N N N A 1/
at site i, ni,(, = C;,acie“’ n;, = nm —+ I’ll‘w, and Sz,i = E(niaT —

71,1 ). v is the hopping parameter and U is the onsite Coulomb
interaction. u is the chemical potential, which is set to U/2,
i.e., half filling. The last term in Eq. (1) represents the effect
of a staggered magnetic field h,. In the following simu-
lations with iTEBD, we apply a small staggered magnetic
field h, = 10~%v, which helps to converge the equilibrium
solution (the initial state) with smaller cutoff dimensions .
We have confirmed that the single-particle and HHG spec-
tra shown below are hardly affected by this field through
the comparison with the results for 4, = 10~%v. The laser
excitation is incorporated via the Peierls phase of the hop-
ping parameter and A(?) represents the vector potential. Note
that we set the lattice constant and the electron charge to

unity. The electric field E(¢) is equal to —d,;A(t). We choose
A1) = Ey/Qe=0'/20" §in[Q(t — 1p)] with Ey the ampli-
tude of the electric field. For the following discussion, we
define Hyin(t) = —v Y, [e7A0e] &1 +He] and Hy =

To discuss the HHG in the system, we introduce the current
operator as

A . IA() AT ~ —iA() AT A
Jjt)=iv E [€' (t)ci+1,acis0 —e ! (’)czaci+1,(,]. 2)
o

We evaluate the HHG spectrum as
g (@) = |oj(@)I, 3)

assuming that the emitted radiation originates from the
acceleration of charges by the external field [34]. Since
the numerical simulations are restricted to a finite time
range [0, fyax], it is useful to introduce a Gaussian win-
dow Fuuss (1) = exp(— 2), which is wide enough but
shorter than t,,c. Then we calculate the Fourier transform
Of Fyauss(2)j(¢) to obtain j(w). This allows us to suppress
artificial oscillations from the sudden cut of j(¢) att = t;ax.

The nonequilibrium dynamics of the Hubbard model is
simulated with the iTEBD [59,61] and the exact diagonal-
ization (ED) methods. In the implementation of iTEBD,
we make use of the conservation of the number of spin-
up and spin-down electrons, the fourth-order Trotter-Suzuki
decomposition and the fourth-order commutator-free matrix
exponential approximation [62]. In iTEBD, we prepare the
initial state with the cutoff dimension x = 400, and compute
the time evolution with x = 1000, which is sufficient for
obtaining converged results. In the following, we set v as the
unit of energy.

In this study, we discuss the single-particle spectrum
A(p, ») = —LImGR(p, ) of the Hubbard model, where G*
is the retarded electron Green’s function and p is the mo-
mentum. We evaluate the single-particle Green’s function by
iTEBD using a new method. Firstly, we introduce auxiliary
bath sites. We then apply a weak-enough pulse to excite an
electron from the system (the Hubbard model) to the bath
and measure some nonlocal correlation between the system
and the auxiliary sites. One can show that this quantity corre-
sponds to the single-particle Green’s function of the system,
as explained in detail in Appendix A.

Similar strategies to measure the single-particle spectrum
by attaching auxiliary bath sites have been proposed previ-
ously and implemented for the density matrix renormalization
group (DMRG) [63] and ED [64] methods. Although these
strategies essentially mimic the photoemission experiments,
our method is different from the previous ones. The previous
schemes follow the evolution of the number of particles ex-
cited to the auxiliary baths, which is connected to A(p, w).
On the other hand, we directly measure a nonlocal correlation
function equivalent to GR(p, t). Secondly, in order to obtain
the full A(p, w) with the previous schemes, one needs to repeat
the simulations, changing the energy levels of the bath sites
or the excitation frequency, while in the method used here,
only a single simulation is needed. We also note that our
approach can be easily extended to study the spectrum in a
nonequilibrium setup.
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B. Effective models

In order to clarify the nature of HHG in the Hubbard model,
we disentangle different processes involved. To this end, we
derive effective models in the strong coupling regime U > v
using the time-dependent Schrieffer-Wolff transformation
[60]. This transformation can be expressed as

(1) = 50R 80 4 j(3,650)e50, @

with
S@&)=8V®)+820)+8¥@)- -, )

where 8§ is Hermitian and of the order O((%)"). The term
8@ is determined recursively from the terms S, ..., §¢=D
so that ¢©H¢=5® has no terms changing the doublon and
holon number up to O(U - (5)i ). In the following, we denote
ESOA )50 as Ay (t) and i(8,e50)e=5® as H,, (t). The
excitation (doublon-holon creation) is included in He (7), and
can be expressed in the form of —E(¢) - D(r). Note that D(t)
can be regarded as the dipole moment between the upper
and lower Hubbard bands, and is analogous to the dipole
moment between the different bands in the semiconductor
models in the length gauge [20,21,24,65] and the dipole gauge
[19,61,66]. Keeping the terms in Hyoq(f) and He(f) up to
given orders in + U , we obtain different effective models. In the
following, we keep terms up to O(U - (§)") [O(Eo - ())] for
I-?Mon(t) [Hex (1)1, denoting the resulting operators by I-?Mot[,i(t)
[Hex /(t)]. The effective model consisting of HMOn, N, (t) and
Hex v, (¢) is expressed as Heff NNy

First, to determine SV (¢), we separate H,;, into four terms

depending on the dynamics of the doublons and holons:

. A ot

Hin i (t) = —v Y €A Oify R (©)
(i,j).0

, A A A

Hyin,onp (1) = —v ) &*Odf d;,, (N
(ir)).0

iA(1)r;

Hin 4 (1) = —v Y &*Odf pi @®)
(i,)).0

A ()= —v Y e*Dhy ,d; 5, ©)
(i.)).0

with
flio =1—nis. fﬂ' (c?"' ) creates a holon (doublon) at site

i from cJf »Ivac). Note that hJr and d are not normal
fermromc operators Tij 1ndrcates the space vector from site
j to site i and (i, j) indicates that i and j are nearest neigh-
bors. Here, Ayin,—(t) = A, , (t) and Hiin(t) = Hiin,Lus () +
ﬂkin,UHB(t)+ﬁkin,+(t)+l'zkin,f(t)- HyinLup(t) changes the
position of a holon, while Hy;, yup(#) changes the position of
a doublon. ﬁkin,+(t) creates a doublon-holon pair at neighbor-
ing sites, while ﬁkm,_(t) annihilates a doublon-holon pair at
neighboring sites.

The component of Hyion (1) of order O(U - (%)') can be
expressed as

where we introduced hiTU =58, and d; = n; gc

Hyin.Lus + Hiin,uas + Hiin + + Hyin— + SV, Hyl.  (10)

Thus, we require I-?kin,+ + ﬁkin,, +i[8D, Ay = 0, which is
satisfied by

N —0 A ~
SM = 7 Hiin+ = Hiin,-]- (11

As a result, we obtain

Hyion,1(t) = Hin s (t) + Hin v () + Hy - (12)
and Hey 1 (1) = —E(t)D™(¢) with

Z [rijeiA(t)mC?I(rﬁj,f’ +Hc] (13

A v
DY@y = 7
(i, j)o

The lowest-order effective model ﬂeff,l,l = HMon,l(t) +
I-Lx,l(t) has a direct formal correspondence with the semi-
conductor models in the dipole gauge [19,61,66]. Namely,
ﬁkin,LHB (t) corresponds to the kinetic term for the valence
band electrons with the intraband acceleration, ﬂkin,UHB (t) to
the analogous term for the conduction band, Hy corresponds
to the difference of the band energies, and D" (r) corresponds
to the interband dipole moment in the semiconductor models,
see Eq. (C1) in Appendix C.

Next, we consider the higher-order corrections. The higher-
order terms of § are iteratively determined as shown in
Appendix B, which yields the expressions for ﬁMon, N, (t) and
Hey n,(t) with N; > 1 and N, > 1. For example, the O(U -
(%)2) component in Hyou (1), ie., ﬁMott,Z(t) - ﬁMott,l(t)a can
be written as

7(2) 7(2) 7(2) 5 5 7(2)
Hkin,LHB + Hkin,UHB + HU.shift + HSpin,ex + Hanex + Hdh,slide'
(14)

Here, Hélzn) LHB (Hk(lzn) ung) describes the correction to the holon
(doublon) hopping, which includes the second-neighbor hop-

ping. Sh i describes the shift of the local interaction U,
Hdh ex 18 the exchange coupling of the doublon and holon, and
Héﬁ)shde describes the simultaneous hopping of a doublon and
a holon to the neighboring sites. The expressions for these
terms are given in Appendix B. In particular,

Hspin,ex = Jex Zgz : §i+l (15)
i

where Jo = %, Si =
3 LS 4¢ B maa,ﬁéw, and o denotes the Pauli matrices. It
is noteworthy that the spin exchange term does not have any
direct correspondence in the semiconductor systems. Also
note that I—?Mon,g(t) becomes the well-known #-J model after
subtracting several terms which are irrelevant for a small
number of holes. In general, with increasing Ny, I-?Mmt, n (@)
starts to develop N;th neighbor (correlated) hoppings of
doublons and holons. As for I-L,(,N2 (t), the higher-order
corrections to D(¢) include the creation of doublon-holon
pairs on N,th nearest sites although the coefficient becomes
smaller. In the following discussion, we find that this
long-ranged dipole moment is important for the HHG
process.

In the evaluation of the current in the effective model,
we compute the expectation value of j(r). Strictly speaking,
under the unitary transformation, the current operator changes

as eSO 7()e 80 = (1) + O(%). However, it turns out that

describes the spin exchange,
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the O(;) correction has minor effects on the HHG spectrum
in the parameter region considered here (U = 10), where its
shape, cutoff energy and intensity are hardly affected.

II1. RESULTS

In the following, we mainly consider systems deep in the
Mott insulating phase (U = 10). We use pump frequencies
€ =0.5, 0.75 much smaller than the Mott gap to observe
many high-harmonic peaks. Small pump frequencies are usu-
ally used in the experiments in semiconductors to avoid
damaging the sample material. The center and width of the
applied pulse are set to fp = 60 and o = 15, respectively. The
convergence with respect to the cutoff dimension y becomes
generally worse for smaller U due to the smaller gap.

A. Doublon/holon dispersion and single-particle spectrum

Before studying HHG, we first explain the nature of the
elementary excitations in the 1d Hubbard model and the
single-particle spectrum. This will be helpful for the following
analysis. The 1d Hubbard model in equilibrium can be solved
exactly using the Bethe ansatz [67,68]. At half filling, there
exist two types of elementary exictations: (i) gapped spinless
excitations called holons and anitiholons (doublons) and (ii)
gapless charge neutral excitations called spinons. Physical
excitations are constructed from these elementary excitations.
In particular, a holon (doublon) is parametrized by a quantity
called rapidity k, where the corresponding momentum pj, (k)
(pa(k)) and the energy €, (k) (e4(k)) are given by

o d_a) Jo(w) sin(w sin k)
1 4+ exp (%)
(16a)

’

puk) = patk) + 7 = %—k—zf
0 w

en(k) = €q(k)
* do Ji(w) cos(e sink)e~ %
cosh (%)

’

U
=5+2005k+2/

0 w

(16b)

respectively. Here, 7, is the Bessel function. We shall see that
this dispersion describes the kinetics of a doublon and a holon
under strong fields and is thus related to HHG, see Sec. III C.

Figure 1 shows how these many-body elementary exci-
tations are reflected in the single-particle spectrum A(p, w).
The single-particle excitation consists of holons, spinons, and
doublons and as a result it exhibits multiple bands [69] with
a direct gap near p = 7 /2. In particular, one can see that the
peaks in the spectrum (red dashed lines) match well with the
doublon energy obtained from the Bethe ansatz [Eq. (16)],
see the black line. Note that this match is nontrivial since the
single-particle excitation consists of combinations of holons,
spinons, and doublons [64] and the weight for each state
is not a priori clear. The structure of the Hubbard bands is
qualitatively different from that obtained by the Hubbard-I
approximation [70] or the dynamical mean-field theory [48],
which gives dispersions of the upper and lower Hubbard bands
that are parallel. The Mott gap Apoy estimated from the
single-particle spectrum is about 6.7.

8t U=10.0,hz=0.001

FIG. 1. Single-particle spectrum A(p, @) in equilibrium calcu-
lated by iTEBD for U = 10 and h, = 0.001. The red dashed lines
indicate the peak positions of the spectrum at each p. The black
dot-dashed line indicates €¢,(p,) [Eq. (16)]. To obtain A(p, w) from
GR(p, 1), we apply a Gaussian window exp(—zg—z,z) with 0’ = 5.0 in
the Fourier transformation.

B. HHG spectra

Here, we study HHG in the 1d Mott insulator. In Figs. 2(a)
and 2(b), we show the HHG spectra for Q2 = 0.75 and Q2 =
0.5, respectively, with Ey = 0.5 and 0.7. For Q = 0.75, we
see clear intensity peaks at the odd harmonics, as is expected
in the time-periodic steady states of a system with inversion
symmetry [71]. The HHG intensity decreases monotonically
for energies below the Mott gap, while above it, there exists a
HHG plateau. The cutoff of the plateau, which we extract by
the criterion [72], increases with increasing field intensity. For
Q = 0.5, we see peaks in Iygg (w), but they are not necessarily
located at the odd harmonics, in particular for @ >~ Apjey.
Interestingly, one can observe peaks at even harmonics, which
is unexpected in the present system with inversion symmetry.
We believe that this is because the pulse is not long enough,
and some potentially relevant dephasing channels (such as
electron-phonon couplings) are missing in the present model,
so that the system does not reach a time-periodic steady state.
Indeed, a standard semiconductor system with a similar band
gap and without dephasing also shows a HHG spectrum with
some peaks deviating from the odd harmonics for the same
pump pulse (see Appendix C). On the other hand, with a
longer pulse and a phenomenological dephasing, we obtain
clearer peaks at the odd harmonics. Figures 3(a) and 3(b) show
the color plot of the HHG intensity Iygg(w) in the plane of
the frequency (w) and the field strength (Ey), and the circles
represent the cutoff frequencies of the plateau [72]. In contrast
to the case of atomic gases [1,2], the cutoff frequencies do
not scale as Eg Rather, our results indicate a linear scaling
Weut = Amoy + ¢ (2)Ey as in the case of semiconductors [21].
This behavior is consistent with the previous DMFT study of
the higher dimensional Hubbard model [48]. «(£2) decreases
with increasing excitation frequency €2, and it roughly scales
as 1/.

Now, we discuss the origin of HHG and analyze
the underlying processes in detail. We first identify the
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—Ey=0.5
-3 |, —E() = 07

10 9 5 10 15 20

FIG. 2. HHG spectra of the Mott insulator for (a) 2 = 0.75 and
(b) 0.5 at field strengths Ey = 0.5 and 0.7. Solid lines indicate the
full HHG spectra, while the dashed lines indicate the contribution
from the doublon-holon hopping /;,,. Here, the Mott gap and the
maximum band-energy difference extracted from the single-particle
spectrum are 6.7 and 15.0, respectively. Inverted triangles indicate
the cutoff frequency determined by the criterion [72]. The solid
vertical lines correspond to even harmonics of €2, while the dashed
ones show odd harmonics. The model parameters are U = 10 and
h, = 0.001. The pulse parameters are 7, = 60, and o = 15, while
o’ = 20 is used for the Fourier transformation of the current.

different contributions to the HHG spectrum. The current in
semiconductors can be classified into an interband current
(particle-hole annihilation/creation) and an intraband current.
In the Hubbard model, we analogously consider the current
originating from the annihilation/creation of a doublon and
holon j,. and the current associated with hopping of dou-
blons or holons jiop, Which conserves the number of these
carriers. The operators corresponding to these currents can be
expressed as

2 . At 4T D ~ 5
Jac®) =iv Y 1y i @O (dl R+ hiod;s),

(ij)o

Jhop(®) = iv Y ri e Oilhy G 4 df dio). (17)

(ij)o
We denote the contribution to HHG from these currents
by I.(w) = |wjac(w)|2 and Ihop(w) = |a)jh0p(a))|2- The eval-
uation of these contributions shows that I,.(w) dominates

over Inp(w), in particular around the cutoff frequencies
[Figs. 2(a) and 2(b)]. Therefore the annihilation of doublon-

1.2
1.0
0.8f

S
0.4f
0.2f

0'00 5 10 15 20

1.0
0.8
0.6
5]
0.4

0.2

005 10 15 20

FIG. 3. HHG spectra in the plane of frequency w and field
strength Ey for (a) Q = 0.75 and (b) 2 = 0.5. The red circles in-
dicate the cutoff frequencies and the filled red triangle shows the
Mott gap. The solid vertical lines correspond to even harmonics of €2,
while the dashed ones show odd harmonics. The model parameters
are U = 10 and h, = 0.001. The pulse parameters are #, = 60, and
o = 15, while ¢’ = 20 is used for the Fourier transformation of the
current.

holon pairs is the dominant source of HHG in large-gap Mott
insulators, which is consistent with the conclusion from a
previous DMFT analysis [48]. Thus, one can expect that the
frequency range of the plateau approximately corresponds
to the possible energies of the doublon-holon pairs (in the
presence of the external field) just before the recombination.

C. Subcycle analysis

Next, we address the dynamics of the doublons and holons
during the pulse. To gain insights into this, we perform a
subcycle analysis of the induced current j(¢) [see Figs. 4(a)
and 4(b)] by applying a short window function, Fyindow,
around #,. Specifically, we consider a windowed Fourier
transform j(w,t,) = [ dte™ Fyingow(t — 1,)j(¢) and evaluate
Ing(w, 1) = |wj(w, tp)|2. The latter function provides the
time-resolved spectral features of the emitted light around
1. In the following, we choose Fyindow () = exp(—%,z) and
o’ = 0.8. In Figs. 4(c) and 4(d), we plot Iuuc(w, t,) for the
Mott insulator. As in the case of semiconductors, the high
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Tl (c) U = 10.0,Q = 0.75, By = 0.7
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107
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FIG. 4. [(a) and (b)] Applied electric field and induced current
for (a) 2 = 0.75 and (b) 0.5. [(c) and (d)] Subcycle analysis of the
HHG, huc(w, t,), for (¢) 2 =0.75 and (d) 0.5. The blue mark-
ers show the results of the semiclassical analysis (Wemit(frec)) With
€,(p) obtained from the Bethe ansatz results Eq. (16), while the
red markers correspond to those for the unrenormalized dispersion,
U — 4vsin(p). The pink markers are the results obtained using the
dispersion extracted from the single-particle spectrum, i.e., Fig. 1,
and they almost overlap with the blue markers. The vertical dashed
lines indicate the times when E(t) = 0. The parameters of the system
and the pump field are the same as in Fig. 2.

frequency light is emitted around E(z,) = 0, i.e., where |A(?)|
is maximum (see Appendix C for semiconductor data).

In semiconductors, the features of Iypg(w,?,) can be
explained by the three-step model formulated with the semi-
classical theory for electrons and holes [20,21]. In this picture,
(i) both an electron and a hole are simultaneously created at
the same position via tunneling; (ii) they move around; (iii)
they return back to the original position and recombine by
emitting the light. The dynamics can be described with the
equation of motion

dxe (1)
el 9peg(P)| - (18a)
p(t) = po — At) + Alto). (18b)

Here, x.(¢) indicates the relative distance between the elec-
tron and the hole, and €g,(p) = e.(p) — €,(p) with €.(p)
(e,(p)) denoting the energy of the conduction (valence) band
electron with momentum p. The velocity of an electron (hole)
is given by the derivative d,€.(p) [3,€,(p)], and the effect of

the field is taken into account via the shift of the momentum.
Here, it is assumed that initially at #, the electron-hole pair is
created with pg and |x.1(0)| = 0, where €,(p) becomes mini-
mum at pg. The light emission from the recombination occurs
at tec (> 1) when |xe) (frec )| = 0. The frequency of the emitted
light is assumed to be equal to the energy of the electron-hole
pair: Wemit(frec) = €4(P(tec)). Note that the photoexcitation
only produces electron-hole pairs with zero total momentum.
€,(p) describes the energy of such an electron-hole pair as
a function of half the relative momentum, p. Equation (18)
implies that the relative momentum is changed by the vector
potential, and the dispersion relation €,(p) dictates the relative
motion of the electron and the hole.

In the 1d Mott insulator, the relevant excitation process is
the creation of doublon-holon pairs with zero total momentum
pd + pn = 0, see Refs. [68,73]. Such a doublon-holon pair is
parametrized by half of the relative momentum between the
two charge carriers py = (pg — pn)/2, and, under an adia-
batic change of the vector potential potential A, the relative
momentum is changed to py; — A [68,73]. This is the same
situation as for the electron-hole pair in the semiconductor.
Hence, we expect that the three-step model can be extended to
the Mott insulator by considering the dispersion of a doublon-
holon pair of zero total momentum with respect to the relative
momentum. In other words, the analogy suggests that the
kinetics of the relative position between the doublon and the
holon under strong fields is determined by this doublon-holon
pair dispersion.

We test this idea using the dispersion relation of the
doublon-holon pair, €,(pre1) = €4(Pre1) + €4(—Pprer), obtained
from the Bethe ansatz solution Eq. (16) and substituting it into
Eq. (18). The process of computing #.. for given f, is the same
as in the semiconductor case [74]. The resulting wemit(frec)
is shown by blue markers in Figs. 4(c) and 4(d) [75]. One
can see that the semiclassical analysis explains the fact that
the high-frequency light is emitted when A(t) >~ 0, and the
blue markers approximately overlap with the strong intensity
region in Igpg(w, ). In general, the semiclassical analysis
tends to underestimate the frequencies where the maxima
of Iyug(w, tp) are located. The match between Iunc(w, t,)
and the semiclassical result is worse for higher frequency
excitations as seen from the comparison between Q2 = 0.75
and 0.5. Such disagreement is expected because the tunnel-
ing picture becomes worse for high frequency excitations. In
fact, the agreement between Iync (w, t,) and the semiclassical
result becomes better for smaller U and 2 (Fig. 5). We note
that the agreement with the semiclassical analysis is as good
as that between the standard semiconductor system and the
corresponding semiclassical analysis, see Fig. 9 in Appendix
C. Hence, we conclude that the present semiclassical analysis
for the 1d Mott insulator captures important aspects of the
doublon-holon dynamics and their recombination.

We also show the results of the semiclassical analysis using
the dispersion relation of the single-particle spectrum [the
red dashed lines in Figs. 1 and 5(a)], see the pink markers
in Figs. 4(c), 4(d), and 5(b). More specifically, we extract
the “e.(p)” and “€,(p)” in the three step model from the
dispersion of the upper and lower Hubbard bands in the
single-particle spectrum. Since they agree well with €,(p) and
—en(p), respectively, the results of this semiclassical analysis
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8f(a) U=7.0,hz=0.001

80 90 100 110 120

Iy or Trec

FIG. 5. (a) Single-particle spectrum A(p, @) in equilibrium cal-
culated by iTEBD for U =7 and h, = 0.001. The red dashed
lines indicate the peak positions of the spectrum at each p. The
black dot-dashed line indicates €,(p,) [Eq. (16)]. To obtain A(p, w)

from GR(p, 1), we apply a Gaussian window exp(—z’—z) with o’ =

”

5.0 for the Fourier transformation. (b) Subcycle a?lalysis of the
HHG, lng(w,t,) for U =7 and h, = 0.001. The parameters of
the pump are Q2 = 0.3, Ey = 0.4,# = 100 and o = 30. The blue
markers show the results of the semiclassical analysis [@emi(frec)]
with €,(p) obtained from the Bethe ansatz results Eq. (16), while the
red markers correspond to those for the unrenormalized dispersion,
U — 4vsin(p). The pink markers are the results obtained using the
dispersion extracted from the single-particle spectrum in (a), and
they almost overlap with the blue markers. The vertical dashed lines
indicate the times when E (¢) = 0.

also agree well with the above results (the blue markers). This
result demonstrates that, in the present case of the Hubbard
model, the dispersion obtained from the single-particle spec-
trum provides the relevant information on the kinetics of the
doublons and holons, as in the semiconductor. However, we
emphasize that this is not necessarily the case for general
SCESs. We will come back to this point in Sec. IITE.

In addition, we show the results of the semiclassical anal-
ysis based on the unrenormalized dispersion €,(p) =U —
4v sin(p) in 1‘7Mon,1 by the red markers in Figs. 4(c), 4(d), and
5(b). By comparing the red and blue makers, one realizes that
the renormalization of the Mott gap as well as the dispersion
are important for a reasonable agreement between the semi-
classical results and Iyug(w, ).

Finally, we note some major differences from the semicon-
ductor results: (i) the high-frequency signals remain even after
the pulse and (ii) the recombination is enhanced during the
period when |E (¢)| increases. Interestingly, the latter observa-

tion indicates that the recombination happens more likely for
doublon-holon pairs, which move around for more than half a
period (7t /2) after their creation by tunneling.

D. Analysis of the effective models

In this section, we study to what extent the effective models
explain the HHG in the 1d Mott insulator and clarify the role
of different processes. In Fig. 6(a), we show the single-particle
spectrum obtained by the iTEBD for the lowest-order model
I-Lff_rl,l(t). The equilibrium spin configuration is determined
from the ground state of Hypn = Hypinex + 1z Y ;(—)5.;. In
this model, the dispersion of the upper and lower Hubbard
bands matches well with :t% =+ 2vsin(p), see Fig. 6(a). Note
that this dispersion (£2v sin(p)) is exactly that of the doublon
(antiholon) and holon obtained from the Bethe ansatz for
U — oo [67] or from the direct construction of the wave
functions [76]. In Fig. 6(b), we show the corresponding HHG
spectrum. The HHG intensity and the cutoff are underesti-
mated compared to the full simulation (dashed lines), while
the response at low frequencies around w = Q2 is already
well described. The subcycle analysis for the effective model
shows that the transient signal is consistent with the semi-
classical analysis with the dispersion €,(p) = U — 4vsin(p),
see Fig. 6(c). This observation again indicates that the disper-
sion of the doublon-holon pair with respect to their relative
momentum is closely related to the HHG in the 1d Mott
insulator. Furthermore, the effective model already captures
the characteristic subcycle feature of the Mott HHG, points 1)
and ii) mentioned in the last part of the previous subsection.

Now, we study the effects of the higher-order terms on
the HHG. First, we discuss the effect of the Heisenberg term
ﬁspm on the HHG signal. In Fig. 6(d), we compare the results
for Hegr,1,1(t) and for Hegr,1,1(t) + Hypin. One can see that the
HHG intensity is substantially suppressed by I-?Spin. One may
think that this is an unexpected effect, since I-me applies
only to the singly occupied sites and it looks unrelated to
the dynamics of the doublons or holons. Moreover, unlike in
higher-dimensional systems, the doublon and holon dynamics
does not disturb the spin background directly (spin-charge
separation). We think that the reduction originates from a
reduced recombination probability for the doublon and holon.
While the doublon and holon move around, the spin back-
ground can change through the action of ﬁspin. Thus the spin
background can be substantially different when the doublon
and holon return back to neighboring positions for possible
recombination. If we denote such an excited state by |Wex)
and the ground state by |Wy), the matrix element (Wex | 71%W0)
should be decreased compared to the case without ﬁspin due
to the mismatch of the spin background. This result shows
that the HHG intensity in Mott systems is sensitive to spin
dynamics, which raises interesting questions about the effects
of different types of spin couplings and external magnetic
fields on the HHG in Mott insulators. In a similar way, one
can study the effects of the exchange term for the doublon and
holon (I-Aldh,ex), which turn out to be minor, see Fig. 6(d).

The role of the other higher-order corrections is studied
with ED, since the terms involving sites beyond the nearest
neighbor are difficult to treat with iTEBD. First, we dis-
cuss the effects of corrections in ﬁMott(t). In Fig. 7(a), we
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FIG. 6. (a) Single-particle spectrum A(p,w) of the effective
model ﬁMom 1 in equilibrium evaluated with iTEBD for U = 10.
Here, the spin configuration of the equilibrium state is determined
by Hypin = Hypinex + he Y_;(=)'3,; with h, = 0.001. The red lines
indicate :I:U + 2vsin(p). (b) Comparlson of the HHG spectra of
the Hubbard model and the effective model Heﬂr 11 for @ =0.5.
(c) Subcycle analysis of the HHG, Iyuc(w,?,), for Hcffym. Here,
the excitation parameters are 2 = 0.5 and Ey = 0.7. The red mark-
ers indicate the result of the semiclassical theory (@emii(frec)) With
the unrenormalized dispersion, U — 4v sin(p). (d) Comparison be-
tween the HHG spectra from Hegr 1.1, Hetr1.1 + Hipin and Heg 11 +
Hin . In (b)—(d), we use U = 10, h, =0.001, @ =0.5, o =60
and o = 15. Here, the Mott gap and the maximum band-energy
difference extracted from the single-particle spectrum are 6.0 and
14.0, respectively.

—Hubbard—H. 2,1
—Hetr, 1,1 —Hefr 3,1

10 9 5 10 15 20
10° “
2
(b) _H}EOL+HI(J,)shift '"Zeff,l 1
2 2
10—3 ‘ ngoi)+H[(J,)shift+Hspin,eX _Heéf),ll

10 —Hubbard—H.¢ 3.2
(©) —Her31  —Hefi 3.3

Innc

10 5 10 15 20
[}

FIG. 7. HHG spectra for the effective models evaluated with ED
forU = 10, h, = 0 and L = 10. The corresponding Hamiltonians are
indicated in the labels. In particular, the labels for the solid lines
in panel (b) indicate the correction added to Heg ; ;. For example,
“Hh((z)l))” means that ﬁeff,l,l +I:I}f§;) is used in the simulation. The
parameters for the pump pulse are Q2 = 0.5, Ey = 0.7, #, = 60, and
o =15.

show the result of H(z) [Eq. (D], eff 1.1(), Heffz 1(¢), and
Heff 3, l(t) for L = 10. The cutoff is substantially increased
from Heff 1.1(t) to Hefo 1(t), and already reproduces well
the cutoff in the ED results for the original Hubbard model.
The detailed information on the effects of each term in
Aeff 2.1(t) (Eq. (14)) is shown in Fig. 7(b). As is expected,
the correction to the hopgmg of the doublons and holons,

7 (2) 5 (2) 2 ; ;
Le., Hyoo = Hy | yp + Hyi, ynp» increases the intensity both
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at high frequencies and around the gap edge as well as the
cutoff frequency compared to Hes 1,1 (¢). Further inclusion of
ﬁgihiﬁ and ﬁspin,ex reduces the HHG intensity in general.

The former is expected since I—?ﬁhm increases the Mott gap,
while the latter effect has already been pointed out above.
ﬁeff’:;.](t) well reproduces the shape of the HHG spectrum
of the full Hubbard model. However, this model substantially
underestimates the HHG intensity.

In Fig. 7(c), we show the HHG spectra for
ﬁeffyg,’](t),l:leff.j,,z(t), and I-?eff,gg(t) to illustrate the effects
of the higher-order dipolelike terms, He(f). Interestingly,
the shape of the HHG above the band gap is hardly changed
but its intensity substantially increases, while the response
around @ = 2 is only slightly affected. This shows that
although the higher-order corrections to the dipole term
are not relevant for the response around w = 2, they are
necessary to quantitatively reproduce the HHG signal above
the gap. The coefficients of the higher-order corrections in
H., are small, but they include long-range terms, which help
the creation of doublon-holon pairs via tunneling.

E. Discussion: kinetics of doublons and holons

Here, we would like to discuss the kinetics of the doublons
and holons, and its relation with the single-particle spectrum.
First, although we showed that the band dispersion obtained
from the single-particle spectrum of the 1d Mott insulator
(Fig. 1) can be used in a phenomenological three step model
for the doublon-holon recombination, we note that the full
information on the doublon and holon dynamics may not be
obtainable from the single-particle spectrum in general. To
exemplify this, we consider Hefﬂl’l and choose the antifer-
romagnetic state (|1, |, 1, {,---)) as the initial equilibrium
state. Remember that ﬁMmt,l has degenerated ground states,
i.e., the states with no doublons and holons become the ground
states regardless of the spin configuration. In this case, the
single-particle spectrum is independent of momentum and
there is no clear dispersion relation, see Fig. 8(a). Thus, from
the single-particle spectrum, it is hard to extract useful in-
formation on the kinetics of the doublons and holons. On
the other hand, when the HHG spectrum is measured, one
finds almost the same result between the cases with the initial
state determined from ﬁspin = ﬂspin’ex +h Y i(—)iﬁz, ; and the
antiferromagnetic initial state, see Figs. 8(b) and 8(c). This
result is consistent with the fact that in ﬁMon,l, the charge
dynamics related to the doublons and holons is independent
of the spin configuration [76]. The above results demonstrate
that the HHG spectrum directly reflects the doublon-holon
dynamics, but the single-particle relation does not necessar-
ily so. Thus the relation between the HHG spectrum and
the single-particle spectrum can be very different from what
we expect in a semiconductor system [48]. Our findings indi-
cate that the HHG spectrum is the more direct tool to study
the kinetics of the doublons and holons in a Mott insulator.

A lesson from our HHG analysis of the 1d Mott insulator is
that the three step model (18) can be useful even for strongly
correlated systems if we use a proper dispersion relation €,(p)
related to many-body elementary excitations. Here, the dis-
persion €,(p — A) describes the change of the energy under

8[(a) U=10.0,h,=0.001

(b) —Ey=0.5:AF---Ey =0.5:Heis
-3 —FEy=0.7:AF---Ey =0.7:Heis

-6 : "

(c) —E)=0.5:AF---Ey=0.5:Heis
—FEy=0.7:AF---Ey =0.7:Heis

FIG. 8. (a) Single-particle spectrum A(p,w) of the effective
model ﬁMnn,l in equilibrium evaluated with iTEBD for U = 10.
Here, the spin configuration of the equilibrium state is antiferromag-
netic. (b)(c) Comparison of the HHG spectra of the effective model,
H.11 with U = 10, for the ground state of ﬁspin +h Y (—)8,
and the antiferromagnetic state. Here, (b) 2 = 0.75 and (c¢) 0.5. The
parameters of the pump are , = 60 and ¢ = 15.

an adiabatic change of A, for the doublon-holon pair with
the half relative momentum p at A = 0. It is an interesting
question if the same idea applies to other types of SCESs.
Namely, one may obtain €,(—A) by following the change of
the energy of an excited state under an adiabatic change of
A and use it within the three step model to explain the HHG
features.

035110-9



MURAKAMI, TAKAYOSHI, KOGA, AND WERNER

PHYSICAL REVIEW B 103, 035110 (2021)

IV. CONCLUSIONS

In this paper, we studied HHG in the 1d Mott insulator
described by the single-band Hubbard model using iTEBD
and ED. We pointed out that the HHG originates from the
doublon-holon recombination, at least when the gap is large
enough, and demonstrated that the subcycle features are rea-
sonably well captured by the semiclassical three step analysis
for doublon-holon pairs. The dynamics of a doublon-holon
pair is ruled by the dispersion of the doublon-holon pair
with respect to its relative momentum, which is not neces-
sarily captured by the single-particle spectrum due to the
many-body nature of the elementary excitations. Our results
indicate that HHG in Mott insulators can be used for a spec-
troscopy to directly measure the dispersion of the relevant
many-body elementary excitations, here the doublon-holon
pairs.

Moreover, we introduced effective models based on the
Schrieffer-Wolff transformation, which allows us to identify
processes similar to and different from the semiconductor
models, and to discuss the role of these individual processes.
We showed that the spin dynamics, which has no analog in
semiconductor systems, substantially reduces the HHG in-
tensity. This result indicates that the HHG intensity in Mott
systems can be sensitive to spin dynamics. It will be interest-
ing to study the effects of different types of spin couplings and
to discuss the controllability of the HHG spectrum via external
magnetic fields. Furthermore, we revealed the importance of
the long-range component of the “dipole moment” between
the doublon band and the holon band for the HHG intensity,
as well as the role of the correlated hopping of doublons and
holons for the shape of the HHG spectrum. We expect that our
results are also relevant for charge transfer (CT) insulators,
although a detailed study of HHG in these systems is required
for a precise statement. Candidates of 1d Mott insulators and
CT insulators range from organic crystals, e.g., ET-F,TCNQ,
to cuprates, e.g., Sr,CuQOj3 [68]. It would be interesting to
experimentally explore the HHG in these systems, and to
compare the measurements with our theoretical predictions.

For understanding the detailed relation between the el-
ementary excitations and HHG in various SCESs, it is an
interesting future problem to introduce concepts similar to
doublon-holon pairs with different relative momenta, i.e., a
series of states that is connected via adiabatic changes of the
vector potential and their dispersions, to other SCESs systems
such as dimer-Mott insulators [52]. This would help us to
explore the spectroscopic application of HHG to detect the
dynamics of these elementary excitations. Also, in many-body
systems, elementary excitations can strongly interact with
each other, as in the case of the doublon-holon dynamics
in a correlated spin background [77] or the singlon-triplon
string state in multi-orbital systems [50]. Such effects may
be taken into account as an extra potential between elemen-
tary excitations; for example, in the spin background, the
potential should be proportional to the distance between the
doublon and holon. How this affects the dynamics of elemen-
tary excitations under strong fields and consequently the HHG
spectrum is an interesting open question. In addition, it is also
important to understand the behavior of HHG in SCESs in a
wider range of excitation frequencies.

Last but not least, in this study, we have introduced a new
numerical method to measure the fermionic single-particle
spectrum within iTEBD. The method has advantages in that
(i) a momentum- and energy-resolved spectrum is obtained
from a single-shot calculation and (ii) it can be directly eval-
uated for a system in the thermodynamic limit. The idea can
be extended to nonequilibrium situations, and we expect fu-
ture applications to various nonequilibrium evolutions of the
single-particle spectrum.
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APPENDIX A: EVALUATION OF THE SINGLE-PARTICLE
SPECTRUM INiTEBD

Here, we explain how to measure the single-particle
Green’s function for fermions,

GR (1) = —i0()([&:(1). £}(0)].), (A1)

within iTEBD. Using DMRG or ED for finite systems, one
can directly apply an operator 6; (0) to the wave-function and
measure ¢;(t) to evaluate the single-particle Green’s function
of finite size systems in principle. In the case of iTEBD,
using the infinite boundary condition [78], we can calculate
the spectral functions in spin systems [79,80] without finite
size effects, which corresponds to applying a bosonic operator
to the system. However, it is not straightforward to apply a
fermionic operator to the matrix product state while keeping
its canonical form. In the following, we describe how to mea-
sure the single-particle Green’s function via a pump-probe
simulation by considering an auxiliary band and measuring
a nonlocal correlation function of fermionic operators.

In general, the pump-probe approach allows us to directly
measure the linear response function,

X (@) = —i0()([B(t), A0)])sys-

Here, we express the unperturbed Hamiltonian for the system
of interest as ﬁsys, ()sys denotes the expectation value for
an equilibrium state of I-?sys, and A and B are some opera-
tors. xX, (1) dictates the change of the expectation value of {3‘
(§B(t)) induced by the small perturbation from Hex = §F (1)A:

(A2)

8B(t) = /dt'XgA(t — 1)SF (7). (A3)
The Fourier components satisfy §B(w) = XgA (w)8F (w). One
can evaluate x5, (¢) directly by the real time evolution of a
weak-enough excitation. This can be utilized in any type of
real-time numerical simulation to evaluate the response func-
tions, see, e.g., Refs. [81,82] for applications in the context of
nonequilibrium Green’s function methods.
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On the other hand, with iTEBD, the wave function |W(¢)) is
expressed as a matrix product state in the canonical form. Us-
ing this fact one can efficiently evaluate equal-time nonlocal
correlation functions,

Xpo,ij (1) = (W) Bide; W (1)),

regardless of the type of B; and & j» 1.e., fermionic or bosonic.
We use the above two points to measure ij(t).

(A4)

First, we separate Gf(r) into two parts as Gf =
GRl + Gﬁz, GS‘ ) = —i@(t)(é,-(t)éj(O)) and
fo(r) = —if(1){¢1(0)2;(t)). Then, we consider an auxiliary
band of fermions H,ux = wo Zi B}l;,-. ThAe totalAHamiltonian
without external perturbation is Hio = Hgys + Hayx. We take
the initial state |W,) as

|‘I'tot) =

where

| q"sys) & |Vac>aum

where |vac),x is the vacuum state of the auxiliary band
and |Wyy) is the ground state of the system. Next, we
weakly excite the system by applying a homogeneous field
SF()Y, Awith A, = 13176’, + éﬁ)l at time 0 and observe Bji =
5;6,- at time ¢. This procedure enables us to measure

(AS5)

i (0) = —i@(ﬁ(l:gji(t)s ZA/(O)Dmt
1

= i9(t)ei”°’(@;(0)5i(t)>sys = —ein’ng(t), (A6)
and we obtain Gf(1) by setting wy = 0. Note that since the
canonical form of the matrix product for |Wys) ® |vac)auy is
easily expressed by taking the direct product of the canoni-
cal representation for |Wy) and |vac),ux, we do not need to
deal with H,,. This fact saves the computational cost for the
preparation of the initial state.

In the same way, we can calculate Gﬁl (t) by exciting the
system with §F (t) ZIAA; and A/l = B;@l + 6;13} at time 0 and
observing Bj; = b;¢; at time ¢. This process can be circum-
vented in special cases where Gg-' (¢) can be related to Gg-z(t).
For example, the half-filled Hubbard model is symmetric
under 6‘; — (—)!¢;,. If this symmetry is not broken in the
ground state, we have

G (1) = —i6(1) (s (e, (0)) = —(—) 7GR (1). (A7)

Although precise single-particle spectra in equilibrium can
be obtained by dynamical DMRG [83], its application is lim-
ited to finite systems. Our method has the advantage that it is
directly applicable to the thermodynamic limit and that it can
be easily extended to nonequilibrium situations.

APPENDIX B: HIGHER-ORDER CORRECTIONS
OF THE EFFECTIVE MODEL

The higher-order terms of S and Hyor can be obtained
recursively using the following fact [60]: if an operator M,
changes the number of doublons by n and does not change the
total number of charges, we have

[ﬁUa Mn] = nUMn (Bl)

The procedure for determining S and Hyoq; is the fol-
lowing: (1) write down the components in Hyjo of the order

OU (&), which involve i[SV(t), Hy]. We denote the com-
ponents except for i[S(z), Hy] by M®(t). We use MV (t)
to denote the terms in M (¢) that change the number of
doublons by n. §% is given by

$0() = Z L), (B2)

n;éO

ﬁMott,i(t) = ﬁMOmi_l )+ Méi)(t). One can directly see that
with Eq. (B2), i[S®, Hy] cancels with M for n # 0.

For example, the component of Hyion for O(U (5 )?) can be
expressed as

[S%) Hign ()] +i[8® (1), Ay ]
(B3)

i8SV (t), Hino()] + =

with  Hyin,0 = Hkin,Lus + Hiin,uns - and - Hyin + = Hin,+ +
Hyin . Then, we have

M=) = U[Hkin,-‘r(t)aHkin,O(t)]v
My~ (t) = U[Hkin,+(t), Hiin, (1)), (B4)
M) =MP @)

More explicitly, we have

MP )

I gt
__Z_Z[ht+]zr lU lU i— lo+dl+laclacladt l,tr]

+ Z Z eZlA W’[2 i+m,o tacl Uhj— m,o (BS)

i,0 m==%xl1

+ (ﬁi,a n;s )d

z+ma i—m, (7]

Also, we have

72 2) 7 (2) 7(2)
My~ () = Hkm i "+ Hyinuns + HU shift

+ Hspm ex T Hdh ex + dh shde’ (B6)
with
A J. .
@) ex 2iA-
Hyvup = _TZ Z e
i,o0 m==%1
ik s — &l Conhiemahl 1,
X i, Nitm,o i—m,o C Cta i+m,6 " _p &
B7)

7 (2) 21A -m
km UHB -

- 5% AT A 4T 5
X [ni,édi_kmﬁdifm,& + C,'Y&Ci,adi_;,_mﬁdifm,a]»

(B8)
1
a0
H ghify = Jex Z <”zT ) ( §>, (B9)
Jex At A i
Hyhex = -5 2l AR AL, 4 e hT kA 2iE ],

i

(B10)
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e s gt 2
Hcgh,)slide = Z Z [h,ﬂng e ,Ta i mo +H.c.]l. (B11)

i,o m==%l

Here, we introduced the 5 operators [84,85] as f)l
QCTCI , i =66 ¢y, and 171 2(n, — 1), and ngm ex 18
given 1n Eq. (15). The meaning of each term is as follows.
Hlslzn) Lup describes the hopping of a holon and Hlﬁm uns de-
scribes the hopping of a doublon. H[(LShift describes the shift of
the local interaction U, while ﬁdh,ex is the exchange coupling
of the doublon and holon. H'?.. . describes the simultaneous

dh,slid
hopping of a doublon and a hoiorf to the neighboring sites.

For the case of i = 3, we have

M) = [M%) Hin +(1)], (B12)
1
(3)(1) = [Hkm + (()2)(0] + E[Mfz)(l), Hiino ]
My @) = L [MP (1), Hin,— ()] — L [M2)t), Hin (1)),
and M%) (1) = M7 (1)" and M%) (1) = M (1)".

As for Hx, we can expand it as

Ao (t) = -5 — -[s ST+ —[SSS 2888 + 8881 + - -,

(B13)
where S' = 9,8(t). Thus we have
—5m (B14)
for O(Eo - 17),
_§(2) _ %‘[S'(l)’ §(1)] (B15)
for O(Ey - ($)?) and
O %’[g(l)’g(z)] _ %'[g(z)’s*(l)]
+ é@l)g(l)g(l) _2§<1>§<1)§<1>+§<1>g<1)§<1>] (B16)

for O(Ey - (5)3). Note that —81 includes doublon-holon pair
creation at the nearest neighbor sites. As one can see from

the form of M 52) , —8® includes doublon-holon pair creation

at the next-nearest neighbor sites. Similarly, —S® includes
doublon-holon pair creation at the third-nearest neighbor sites.

APPENDIX C: SEMICONDUCTOR MODELS

In this section, we show how the HHG results of the
simplest but typical semiconductor model look like in the pa-
rameter regime relevant for this paper. As the semiconductor
model, we consider the spin-less two-band model in the dipole
gauge [19,61,66]

ﬁsemi = - Z [vee

i,a=c,v

D KN
+5 Z[n — hiy] —E() ;daé,{aéi,a. )

’A(’)cT Jliv1a +Hell

Here, a is the index for the conduction band (c¢) or the va-
lence band (v), D is the band level difference and d, is the
dipole moment, which is assumed to be local. The light-
matter coupling is taken into account by the Peierls phase
and the dipole excitation term (the last term). The size of
the latter determines the transitions between the conduction
band and the valence band, and the size of the dipole mo-
ment can be usually comparable but no more than the lattice
constant. Here, we assume that it is the same as the lat-
tice constant, d, = 1. We study this model by solving the
equation of motion for the single-particle density matrix, i.e.,
the semiconductor Bloch equation [20,21,61]. Note that the
equations of motion in this gauge are essentially identical
to those for the Hamiltonian in the length gauge [20,21],
so that the semiclassical theory derived in Ref. [21] is di-
rectly applicable. Additionally, in the semiconductor Bloch
equation, one can phenomenologically take account of the
dephasing effects originating from electron-phonon coupling,
disorder and electron-electron interactions via the relaxation
time approximation, which involves the dephasing time 7,

[20,21] (7> = oo means no dephasing). In the following, we
set v. = 1 and v, = —1, where the system has a direct band
10’} 1 () Q=0.75 NIRRT ) £, —6.0.0=075E, =07
4 —Ey=07
10
g10°
Z
107°
107
-15
10 79 5 10 15 20
w
10°[, () Q=05 —Fy=05
o —Fy=07
g10°
Z
10°
107
s i\
L) 5 10 15 20
w
10°[| (¢) @=0.5, Ey=0.7
3 —Th=c
10 —T5=40
g10°
=
10°
10*12
-15

L) 5 10 15 20 80 85 90 95 100105110115120

FIG. 9. [(a) and (b)] HHG spectra of the semiconductor with
E, = 6.0for (a) 2 = 0.75 and (b) 0.5 for the specified field strengths.
Here, we use #p = 60 and o = 15 for the pulse and o’ = 20 for the
Fourier transformation. (c) HHG spectra of the semiconductor with
E,=6.0for 2 =0.5E)=0.7,1 = 160, 0 = 40 with and without
the phenomenological dephasing term (7). Here, o’ = 60 is used
for the Fourier transformation. [(d) and (e)] Subcycle analysis of the
HHG signal. Iy (w, t,,) is plotted for (d) 2 = 0.75 and (e) 2 = 0.5.
Here, we use E, = 6.0, Eg = 0.7, t, =60, and ¢ = 15 for both
cases. (f) Iyug(w, t,) for E; = 3.0. The parameters of the pump are
Q=0.3,Ey)=04,1 = 100, and o = 30. For the subcycle analysis
o’ = 0.8 is used. The red markers indicate the results of the subcycle
analysis (@emit(frec)) With the dispersion €,(p) = :I:% =+ 2v, cos(p).
The results in (a), (b), (d), (e), and (f) are obtained without phe-
nomenological dephasing term (7; = 00).
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gap. We note that, conceptually, the band level difference D
corresponds to the local Coulomb interaction U in the Hub-
bard model. The band gap E; is D — 2(v; — vy).

In Figs. 9(a), 9(b), 9(d), and 9(e), we show the HHG spec-
trum, which corresponds to Figs. 2(a) and 2(b), and the results
of the subcycle analysis, which correspond to Figs. 4(c) and
4(d). For Q = 0.75, one can clearly see the HHG signals at
odd frequencies [Fig. 9(a)]. On the other hand, for 2 = 0.5 the
HHG peaks are less clear and some of them deviate from the
odd harmonics [Fig. 9(b)]. This can be attributed to the short
pulse and the lack of dephasing in the present model (C1),
i.e., T, = oo. Indeed, with a longer pulse, the peaks become

sharper around the upper edge of the plateau [Fig. 9(c)], while
the peaks around the gap edge become ill-defined without
the dephasing. With the dephasing, the latter peaks become
sharper [20,21]. As for the subcycle analysis, some subcy-
cle features are similar to those in the Mott insulators, see
Figs. 9(d) and 9(e). The semiclassical model captures several
features such as the timing of the emission of high-frequency
light, and the level of agreement with the actual results is
similar to the case of the Mott insulator. The agreement with
the semiclassical theory tends to become better as we de-
crease the gap and the excitation frequency, see for example
Fig. 9(f).
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