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Previously, the strong field processes in solids have always been explained by the single-active-electron
(SAE) model with a frozen core excluding the fluctuation of background electrons. In this work, we
demonstrate the strong field induced dynamic core polarization effect and propose a model for revealing its
role in high harmonic generation (HHG) from solids. We show that the polarized core induces an additional
polarization current beyond the SAE model based on the frozen cores. It gives a new mechanism for HHG
and leads to new anisotropic structures, which are experimentally observed with MgO. Our experiments
indicate that the influences of dynamic core polarization on HHG are obvious for both linearly and
elliptically polarized laser fields. Our work establishes the bridge between the HHG and the dynamic
changes of the effective many-electron interaction in solids, which paves the way to probe the ultrafast

electron dynamics.
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The ocean tide and atmospheric tide are typical pheno-
mena due to the periodic gravitation variation. In strong
laser fields, the bound electrons near the nuclei can also
show up tidal motions caused by the periodic laser “pull-
ing,” which forms dynamic core (the totality of the nuclei
and the bound electrons) polarization. Such polarized cores
lead to dynamic changes of the effective Coulomb potential
and have non-negligible influences in the interaction of
intense laser pulses and solids. In this work, we concentrate
on revealing the dynamic core polarization in the high
harmonic generation (HHG) from solids.

Recently, solid HHG has attracted much attention for its
potential application as a source of extreme ultraviolet
radiation [1-5]. It also provides opportunities for crys-
tallographic analysis and probing the electronic properties
[6-14], opening a new field of attosecond physics in
solids. For all these applications, it is crucial to understand
the physics underlying solid HHG. Current investigations
are mostly based on the single-active-electron (SAE) time-
dependent Schrodinger equation (TDSE) or semiconduc-
tor Bloch equations (SBEs) with independent electrons
[15-25]. In the TDSE, the interaction between the active
electron and core is described by a frozen effective
potential (frozen cores) [19-21]. The SBEs [15] model
the electron motion in the energy bands, which are
obtained from the field-free structure of the solids. In
these methods, the many-electron effect is described by
the frozen effective potential or by phenomenologically
introducing scattering with a constant dephasing time
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[4,5]. However, the dynamic changes of the effective
many-electron interaction are not included [26-29].
Although ab initio simulations can fully include the
multielectron effect [30—33], the underlying mechanisms
are buried in the wave functions, making it difficult to
understand and extract how the dynamic changes of the
effective many-electron interaction (i.e., dynamic core
polarization) influence the HHG.

In this Letter, we demonstrate that the so-far over-
looked dynamic core polarization induced by strong
laser fields plays an important role in solid HHG. A
quantum trajectory model is proposed, and the dynamic
changes of the effective many-electron interaction are
involved by introducing a time-dependent effective
potential. Our model shows that the polarized core
induces an additional polarization current beyond the
previous SAE models with frozen cores. It results in new
anisotropic structures of the HHG yield: new peaks of
anisotropic HHG yields appear in linearly polarized
driving fields, and the peaks of anisotropic HHG yields
are shifted due to the polarized core in elliptically
polarized fields. We also experimentally investigate
the anisotropic HHG in MgO with laser fields varying
the intensity or ellipticity. The experimental results show
remarkable signatures that well support the effect of the
polarized core predicted by our theory.

In the framework of Kohn-Sham density functional
theory (KS-DFT), a spinless N-electron solid system can
be described in terms of the one-electron density,
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where ¢;(r) are the KS orbitals that are eigenstates of a
one-electron Hamiltonian with KS-potential v,
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The KS potential vz can be expressed as
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In Eq. (3), the first two terms are the Coulomb potential of
the electrons and nuclei, and the third term is the exchange-
correlation potential, which is described by a functional of
the electron density.

It is challenging to theoretically model the solid systems
interacting with strong laser fields, because both bound
electrons and ionized electrons need to be described
accurately. Previous models about solid HHG often rely
on the SAE assumption [15-25], where only one active
electron is mainly influenced by the laser field and the other
electrons are treated as frozen. In this case, the dynamics of
one electron ¥,(r, t) can be described by the TDSE,
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H; is the laser-electron interaction. The effective potential
v (r), obtained self-consistently by solving the Eq. (2),
remains frozen by using the stationary electron density
distribution py. On the basis of Bloch states, one can also
deduce the widely used SBEs from Eq. (4), with stationary
band structures and transition dipole momenta. Then, the
HHG process is explained as follows: an electron is ionized
from the parent core and then accelerated by the laser field,
accompanied by the generation of induced currents and
high harmonics [as shown in Fig. 1(b)]. In this process, the
electron, driven by the laser field, is moving under a frozen
effective potential, and the dynamic changes of the cores
are neglected.

High harmonics are generated with a strong field that is
comparable to the electron-binding potential and the bound
electrons are generally much less localized in solids com-
pared with those in gases. Therefore, the bound electrons in
solids can be pulled back and forth with the strong laser field.
In Fig. 1(a), we show the change of the electron density
p(r, t) — py simulated by the time-dependent density func-
tional theory (TDDFT) [37,38]. One can see an obvious
fluctuation of the electron density near the core even when
the ionization is low (< 0.2%). In this case, the effective
potential formed by the polarized cores also changes with
time following the laser field. Then, the dynamics of the
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FIG. 1. (a) Upper plots: Sketch of the dynamic core polariza-
tion. In the strong laser field, the electron density p is modified
compared to the initial density p,. Bottom plots: the variation of
the charge density Ap = p(t) — p, under a linearly polarized laser
pulse. The simulation is performed with TDDFT for a model
lattice (see section A in the Supplemental Material [34]). Ap is
negligible around the zero points of the electric field. While in the
first half cycle, more electrons are pulled to the right side
(Ap > 0) by the strong laser field. In the next half cycle, more
electrons are pulled to the left side when the electric field changes
its sign. (b) The sketch of the trajectory for SAE models. During
the acceleration, the electron (hole) is moving under the time-
independent potential with frozen cores (F cores). (c) The sketch
of the trajectory with polarized cores. In the strong laser field, the
electron density changes back and forwards, resulting in the
dynamic core polarization. Then, the electron (hole) is moving
under the time-dependent potential of polarized cores (P cores).

ionized electron will be influenced when the electron passes
the polarized cores and additional polarization current will
be induced [as illustrated in Fig. 1(c)]. Note that the core
polarization effect has been discussed in atoms or molecules
[39,40]. The nonlocalization of electrons and periodic
structure can make the core polarization play a different
and more significant role in solids, which, however, has not
been addressed before.

To model the dynamic core polarization effect, we involve
H, = veir|p(t)] — vege[po] as a perturbation term of the
one-electron Hamiltonian. Then, Eq. (4) is modified as
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Considering only a tiny part of electrons is excited
(Ap < 1), one can solve the Eq. (5) using the perturbation
theory for H (see section B in the Supplemental Material
[34]). The solution, reserving up to the first order of H, is
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The first term |W9(1)) = Uy(2,19)|¥%(1,)) is the solution of

Eq. (4), and Uy(t, 1) is the time evolution operator satis-
fying i(9/0t)Uy(t,10) = [(p*/2) + vegr (v) + H, (1)U (1, 10).-
The second term |\ (1)) = Uy (.10) [}, deU}(z,10)[~iH (7)]
Uy (,10)[W9(ty)) comes from the dynamic changes induced
by polarized cores. The total current can be expressed
|
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In our simulation, one valence band (VB, denoted as “v”)
and one conduction band (CB, denoted as “c”) are chosen
according to Ref. [19]. The intraband current is omitted
due to its minor contribution to the high harmonics above
the band gap in the condition of our work [5,21]. 7., ()
is the ionization rate, and p.,(k) is the transition matrix
element between the CB and the VB. S, (t,t;) =
ft ))dz is the dynamic phase. ¢, is the band gap, and
k( ) kO + A(r) with k belonging to the first Brillouin
zone (BZ), and A(r) being the vector potential of the laser
fields. The isotropic part of the scattering effects is
included by introducing the dephasing time 7, [4,5].

In Eq. (7), the first term J° is equivalent to the normal
current obtained with previous SAE models [19,25] from
Eq. (4). The orientation dependence of the corresponding
HHG is determined by the scattering with frozen effective
potential v [po]. The second term J* is contributed by the
dynamic core polarization. Different from J, an additional
anisotropic scattering £(R;, #) is induced by the dynamic
core polarization. This anisotropic scattering can be approx-
imately evaluated by the overlap between the ionized
electron and the bound electron wave packet near the core,
ie., &Ry, 1) ~ e~ ()R /@ \where the subscript “core”
corresponds to Mg or O and R is the location of cores, and
r(r) is the electron trajectory (see section C in the
Supplemental Material [34]). ay;, and aq are the sizes of
Mg and O cores, respectively. It means that, due to the
dynamic core polarization, the ionized electron will be
influenced when it passes through the polarized cores.
This modifies the current and leads to J*, which depends
on £(Ry, 7).

To show how to justify the dynamic core polarization
effect on HHG, we discuss HHG from MgO in laser fields
varying from linear to circular polarization. The band
structure and the transition dipole momenta are obtained

as J(r) = 2 (Fi(0)pl¥i(1) = 3, [(P(1)Ip[¥7 () +
(PO(2)|p|Ws(2)) + (Pi(1)|p|PV(7))]. This can be divided
into two parts, J°(¢) and J*(¢). We evaluate the polarization
currents in the framework of quantum trajectories (see
section C in the Supplemental Material [34]),
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by using the DFT via the Vienna ab initio simulation
package (vAsP) (see Fig. S1 in the Supplemental Material
[34]). The band gap energy is 7.8 eV which is much larger
than the photon energy of the driven laser (0.95 eV) used in
this work. Figure 2 shows the yield of the 17th harmonic as
a function of crystal orientation and laser ellipticity as
predicted by our model [Figs. 2(a)-2(d) for J¥, and Fig. 2(e)
for J°]. The model also enables us to separate the current
and HHG into the contributions from the scattering with
different polarized cores. As shown in Fig. 2, all the
spectrograms show a spiral structure. For the signal of
the nearest-neighbor (NN) Mg and O, see Figs. 2(a)
and 2(c), there are four paddles, which correspond to the
fourfold symmetry of the atomic configuration. In the linear
polarization case, the signal of Mg(NN) peaks along with
the bonding directions, e.g., 0°, 90°, while the signal of
O(NN) peaks in the middle of each quadrant, e.g., 45°,
135°. With increasing the ellipticity, the peaks of harmonic
yields are shifted clockwise away from the bonding
directions. Specifically, the Mg(NN) peak moves from
90° to about 45°, and the O(NN) peak moves from 45°
to about 25°. Wider paddles can be seen in larger ellipticity
until saturation at &~ 0.5. In addition, as shown in
Figs. 2(b) and 2(d), the signal of the second-neighbor
(SN) Mg and O exhibits eight paddles. In the linear
polarization case, the harmonic yield peaks at the orienta-
tions along the direction from the origin to Mg(SN) and
O(SN). In contrast, as shown in Fig. 2(e), the HHG from the
normal current J° (SAE model) exhibits only four paddles
peaked at 45° and 135°, etc. Compared with the results
of J, the polarized-core induced currents can be distin-
guished by two remarkable signatures: a new anisotropic
structure (eight paddles vs four paddles) and different
orientation dependence (the locations of the peaks) of HHG
[Figs. 2(a)-2(d) vs Fig. 2(e)]. These phenomena can be
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FIG. 2. Orientation dependence of the 17th harmonic yield
under different ellipticities contributed by polarized cores of
(a) the nearest-neighbor Mg, (b) the second-neighbor Mg, (c) the
nearest-neighbor O, (d) the second-neighbor O, and (e) the
normal current J°. (f) The sketch of a (001) cut MgO crystal.
0 indicates the orientation angle between the crystal and the main
axis of the laser polarization, and the rotation of polarization is
anticlockwise. The radius in (a)—(e) corresponds to the ellipticity,
which ranges from ¢ = 0 to € = 0.63. The white dashed lines
correspond to ¢ = 0.2, ¢ = 0.4, and ¢ = 0.6. The harmonic yields
are normalized to 1 in these figures. The wavelength and the
intensity of the driving laser are 1300 nm and 5 TW/cm?,
respectively. The main results will not change for different high
harmonics, as one will see in our following discussions about
Figs. 3 and 4.

concretely explained by the R; -dependent terms (R, 7).
For instance, the eight paddles in Fig. 2(b) are relevant to
the Mg(SN) cores, whose locations are (2a,a), (a,2a),
(-a,2a), (-2a,a), (—a,-2a), (-2a,—a), (a,—2a), and
(2a,—a) (a is the lattice constant). These terms are only
involved in J*, and are not predictable by the SAE model
G.e., JO.

To demonstrate the dynamic core polarization effect, we
perform the experiment by using a near-infrared laser, and
measure the orientation dependence of HHG with different
laser parameters. HHG is generated by focusing a near-
infrared laser on the 300 — ym-thick, 001-cut MgO crystal
at normal incidence. The near-infrared laser is produced
from an optical parametric amplifier (OPA) pumped by an
800-nm, 35-fs (FWHM), 1 kHz laser (Coherent, Astrella-
USP-1K). The maximum pump energy is 5 mJ and the
maximum output energy is about 600 uJ for the signal and
500 pJ for the idler pulses. The wavelength of the signal
pulse of the OPA can be adjusted from 1.2 to 1.6 um. We
performed the experiment by varying the wavelength and
similar orientational dependence of the HHG are observed
(see Fig. S3 for additional experimental results in the
supplementary materials [34]). The pulse duration mea-
sured with an autocorrelator is 100 fs (FWHM) for the
signal pulse. The near-infrared laser is focused to a spot of
90 ym using a lens. We control the laser ellipticity by
changing the angle between a half-wave plate and a
quarter-wave plate system. The major axis of the elliptical

polarization is fixed during our experiments. High harmo-
nics are detected by a homemade flat-field soft x-ray spectro-
meter consisting of a flat-field grating (300 grooves/mm)
and a slit (with a width of about 0.1 mm and height of
15 mm). The high harmonics passing through the slit are
dispersed by the grating and imaged onto the microchannel
plate (MCP) fitted with a phosphor screen. The image on
the screen is detected by a CCD camera.

We first compare the simulated and experimental results
in a linearly polarized laser field. For clarity, we show the
lineout of the simulated results from different terms in
Fig. 3(a). Only the results from 0° to 90° are shown,
considering the fourfold symmetry of the MgO. One can
see that the normal current J° only contributes a wide peak
near 45°. Different from J, the currents induced by the
dynamic core polarization J* predict peaks at 0°, 27°, 45°,
63°, and 90°, contributed by different polarized cores. The
experimental results are shown in Fig. 3(b). Note that
similar results are also observed for different harmonics
(see Fig. S4 in Supplemental Material [34]). One can see
three kinds of peaks marked as “A" (near 0° and 90°), “B”
(near 27° and 63°), and “C” (near 45°). At lower laser
intensity, the peaks “A” and “C” can be seen, which are also
observed in previous experiments [41]. However, with
increasing the laser intensity, the peaks “B” gradually
appear and peak “C” in the center between the two peaks
“B” is less obvious. Although one can not distinguish the
contribution of polarized-core induced currents J* from
“C,” the contribution of the polarized cores Mg(NN) and
Mg(SN) can be clearly identified from “A” and “B,” which
is only predicted by J*. These results indicate that the
dynamic core polarization effect plays a non-negligible role
in solid HHG. Moreover, the contributions of polarized
cores become more obvious with increasing laser intensity.
Note that peak A is stronger than that of peak C of the 17th
order harmonic. The ratio between peaks A and C becomes
smaller with decreasing the harmonic order (see Fig. S4 in

(a) Simulations (b) Experiments 703

Mg(NN)

O(NN)

N N

IHHG (arb. units)
w
lm_l G (arb. units)

0 20 40 60 80 0 50 100 150
Orientation (deg) Orientation (deg)

FIG. 3. The orientation dependence of the 17th harmonic yield
in the linearly polarized pulse. (a) The simulated results for the
contributions of different polarized cores. The lines are normal-
ized to 1, and shifted vertically from each other. (b) The
experimental results with different laser power. The lines are
normalized and vertically shifted for clarity. The laser powers 40,
50, 70 uJ corresponds to the intensities 3.5, 4.3, 6.0 TW/cm?.
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FIG. 4. The orientation dependence of the 17th harmonic yield
in elliptically polarized pulse (¢ = 0.15). (a) and (b) Simulation
results for HHG yields contributed by the O(NN), and Mg(NN)
with increasing the laser intensity. (c) The experimental results
with different laser power. The lines are normalized and vertically
shifted for clarity.

the Supplemental Material [34]). Moreover, the contribu-
tions of O(SN) cores are buried by the contribution with
other cores, because the electron paths to these cores are
hindered by the Mg(NN) cores.

Next, we discuss the case of elliptically polarized laser
fields. The simulation and experimental results are shown
in Figs. 4(a) and 4(b), and Fig. 4(c), respectively. Similar to
discussions about Fig. 3, one can attribute the wide peak at
a small angle ~30° to the contribution of O(NN) and the
narrow peak at ~60° to Mg(NN). As shown in Figs. 4(a)
and 4(b), the peak contributed by O(NN) shifts from large
to small angles with increasing the laser power. This can be
intuitively understood by analyzing the electron trajectory
(see section D in the Supplemental Material [34]). In
contrast, the shift of the peak contributed by Mg(NN) is
negligible. These phenomena are supported by the experi-
mental results as shown in Fig. 4(c). Two prominent peaks
can be seen within the range from 0° to 90°, and they are
shifted following the predictions with increasing the laser
intensity. Similar results are also observed for different
harmonics, and the shift is reversed for opposite ellipticities
(see Figs. S5 and S6 in the Supplemental Material [34]).
These phenomena further support our predictions and
indicate the dynamic core polarization is also obvious in
elliptically polarized laser fields.

In conclusion, our work demonstrates the strong field
induced dynamic core polarization, which has been so far
overlooked in previous investigations of solid HHG. The
new anisotropic structures of HHG yield observed in
experiments with MgO clearly indicate the remarkable
role of the polarized core. By comparing the theoretical to
experimental results, the relation between the atomic
configuration and the spectral structure of HHG is revealed.
Our work establishes a bridge between the microscopic
dynamics and HHG signal, and suggests a potential
approach to measure the valence electron density and the
field induced charge migration inside the crystals.
Although our work only discusses the dynamic core
polarization on HHG in MgO, we believe that this effect
is general and may be observed in other semiconductors,

insulators, and dielectrics under appropriate laser intensity.
The dynamic core polarization will influence the micro-
scopic or even the macroscopic optical and electronic
responses. Because the dynamical core oscillates at the
frequency of the same order as that of the laser field, it
suggests new freedom to control the optical and electronic
properties of materials in ultrashort duration.
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