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High-harmonic generation (HHG) has recently been extended
to solids, enabling all-optical reconstruction of electron band
structure. However, material absorption of above-the-bandgap
interband harmonics used for this purpose in earlier work
limits the applicability of this promising technique. Here, sub-
100-fs mid-infrared pulses tunable within the range of wave-
lengths from 5.0 to 6.7 μm are used to study HHG in ZnSe.
Below-the-bandgap high-order harmonics generated by such
driver pulses fall within the transparency range of a solid
material, thus removing absorption-related limitations on the
depth of HHG. Such harmonics are shown to be ideally suited
to probe the nonlinearities of electron bands, enabling an
all-optical mapping of the electron band structure in bulk
solids. © 2017 Optical Society of America
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High-order harmonic generation (HHG) in atomic gases is one of
the key phenomena in strong-field laser–matter interactions [1],
playing a central role in optical physics and rapidly growing atto-
second technologies [2]. When applied to solid materials [3–5],
the approaches of strong-field physics are subject to natural lim-
itations, related to absorption and much lower laser damage
thresholds of solids. As a reward, such solid-state extensions pro-
mise breakthroughs toward petahertz solid-state optoelectronics
[6–8], open avenues toward attosecond science on the platform
of solid-state materials, and suggest new all-optical methods for
crystallographic analysis [3].

Similar to canonical, weak-field, nonlinear optics of solids,
which distinguishes intra and interband optical nonlinearities
[9], strong-field nonlinear-optical effects in solid dielectrics, in-
cluding HHG, can be driven by intra and interband ultrafast elec-
tron dynamics [10–17]. In a close analogy with HHG in gases
[18], the relative significance of intra and interband mechanisms
of HHG in solids is a function of the driver wavelength and the

harmonic order [11,14]. While the interband mechanism tends to
dominate above-the-band-gap HHG and grows in prominence for
shorter-wavelength laser drivers, the intraband electron dynamics
are often important for below-the-band-gap harmonics and longer-
wavelength drivers. In agreement with this tendency, HHG in ZnO
driven by 3.76-μm pulses has been shown to be dominated by the
interbandmechanism [4,11,12], while HHG by an intense terahertz
driver has been demonstrated to provide important insights into the
intraband dynamics of electrons and holes [5,19].

The tendency outlined above is in no way exhaustive. As a
prominent example, intraband above-the-gap harmonics in the
extreme ultraviolet range have been recently shown [20] to offer
a powerful tool to analyze energy dispersion in electron conduc-
tion bands. In experiments presented here, HHG in solids is stud-
ied using mid-IR driver pulses within the wavelength range of
5.0–6.7 μm. In this wavelength region, a large group of be-
low-the-bandgap high-order harmonics distinctly reflects, as our
experiments show, ultrafast dynamics of electron wave packets
within the conduction and valence bands. We demonstrate in this
paper that these harmonics directly relate to the nonlinearities of
electron bands, providing an ideal tool for electron band structure
analysis in bulk solids (Fig. 1). Moreover, we extend the earlier
work to retrieve the energy dispersion profile for one of the elec-
tron conduction bands of ZnSe and to show that the result of this
retrieval is fully consistent with the first-principle analysis of the
electron band structure of ZnSe.

In the experiments, we use a frequency-tunable source of ultra-
short mid-IR pulses [22,23], which consists of two sequential stages
of nonlinear-optical down conversion (Fig. S1, Supplement 1),
involving optical parametric amplification (OPA) in two cascaded
beta barium borate (BBO) crystals, both pumped by the amplified
Ti: sapphire laser output, followed by difference-frequency gener-
ation (DFG) in an AgGaS2 (AGS) crystal. The central wavelength
of the DFG output can be tuned from 2.85 to 13 μm by rotating
the AGS crystal. The spectrum of DFG radiation is measured with
the use of a pyroelectric or cooled HgCdTe detector connected
with a lock-in amplifier and a homebuilt monochromator. Mid-
IR pulses are characterized (Fig. S2, Supplement 1) using cross-
correlation frequency-resolved optical gating (XFROG) based on
four-wave mixing in a gas [24,25].
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For HHG experiments, the two-stage OPA is adjusted to
deliver signal and idler fields with central wavelengths tunable
within the ranges of 1.41–1.46 μm and 1.87–1.96 μm, respec-
tively. When mixed in the AGS crystal, these fields generate a
mid-IR DFG output with a central wavelength λ0 tunable from
5.0 to 6.7 μm, a pulse width of 85 fs, and an energy ranging from
7 μJ at λ0 ≈ 5.0 μm to 5 μJ at λ0 ≈ 6.7 μm. The mid-IR DFG
output is separated from the signal and idler beams with a pair of
CaF2 wedge plates and is focused with a 20-cm-focal-length BaF2
lens for additional, Fourier-plane spatial filtering with a 2-mm-
diameter pinhole. A 15× , 0.30-NA reflective objective, placed
at a distance of 40 cm from the lens, focused the mid-IR beam
onto a 2-mm-thick ZnSe polycrystalline film with an average size
of crystallites of about 50 μm. The beam-quality parameter for the
focused mid-IR driver in this beam-focusing geometry was
estimated by knife-edge measurements as M 2 ≈ 1.1, delivering
field intensities up to 4 TW∕cm2 at λ0 ≈ 5.0 μm and up to
2.6 TW∕cm2 at λ0 ≈ 6.7 μm in a focused mid-IR driver.
With the refractive index of ZnSe at λ ≈ 5 μm being n ≈ 2.4, this
translates into electric fields up to E ≈ 0.32 V∕Å at λ0 ≈ 5.0 μm
and 0.26 V/Å at λ0 ≈ 6.7 μm inside the solid dielectric.

The mid-IR beam transmitted through the ZnSe film and
optical harmonics generated in this sample were collimated with
a 3.0-cm-focal-length CaF2 lens and analyzed, following appro-
priate spectral separation, with a detection system based on three
spectrometers intended for different frequency ranges (Fig. S1,
Supplement 1). The spectra of the mid-IR driver and its second
harmonic were measured using a homebuilt spectrometer con-
sisting of a monochromator with replaceable 75-, 150-, and
300-grooves/mm gratings, a thermoelectrically cooled photocon-
ductive HgCdTe detector, and a lock-in amplifier. The spectra
of the second to seventh harmonics, reflected off a flip mirror
(Fig. S1, Supplement 1), were measured using an infrared spec-
trometer for the 900–2500-nm wavelength range connected to a
thermoelectrically cooled InGaAs linear image sensor. Finally, the
spectra of higher order harmonics were analyzed with a standard
Ocean Optics spectrometer for the visible and near-IR range.

The results of our HHG experiments are presented in Figs. 2
and 3. In the regime of low field intensities, I 0 < 0.04 TW∕cm2,
the driver field inside the dielectric, E0 < 0.03 V∕Å, can only
give rise to small corrections to the optical polarization. The spec-
tra of optical harmonics generated in ZnSe in this regime feature a
limited number of low-order optical harmonics [Figs. 2(a) and
2(d)], whose intensity rapidly decreases with the harmonic
number. Both even and order harmonics are observed in these
experiments as the lattice of zinc-blende ZnSe is optically iso-
tropic, but noncentrosymmetric. When studied as functions of
the driver intensity I 0 (Fig. 3), the intensities of individual optical
harmonics in this low-intensity regime were found to follow the
IN0 scaling (dash–dotted lines in Fig. 3) with N being the har-
monic number, indicating a canonical perturbative scenario of
harmonic generation. For I 0 < 0.10 TW∕cm2, the high-N
harmonic signal is below the noise level [Figs. 2(a) and 2(d)].

For field intensities I 0 > 0.10–0.15 TW∕cm2, the physics
behind harmonic generation in a solid, as indicated by harmonic
spectra measured in our experiments (Fig. 2), are drastically differ-
ent. In this range of driver intensities, the harmonic spectra dis-
play well-resolved plateaus, followed by a cutoff [Figs. 2(b), 2(c),
2(e), and 2(f )]. As functions of the driver intensity, harmonic
intensities in this regime considerably deviate from the IN0 per-
turbative scaling, indicating a strongly nonperturbative regime
of light–matter interactions (Fig. 3). For I 0 > 0.2–0.3 TW∕cm2,
the harmonic spectra stretch as far as the edge of the band gap of
ZnSe (Δ0 ≈ 2.8 eV), continuing to extend further, beyond the
band-gap edge, for higher I 0.

In a semiclassical picture of intraband HHG in solids [10,19],
the momentum of an electron wave packet driven by the field

Fig. 1. (a) Inter and intraband HHG in a solid and electron band
structure mapping. A laser driver field induces photoionization (vertical
arrow), transferring electrons to the conduction bands, creating holes in
the valence band, and driving the electron and hole wave-packet dynam-
ics in the conduction and valence bands (shown by arrows). High-order
harmonics are generated through the interband polarization involving
electron−hole recombination (interband HHG), as well as through the
modulation of the intraband current due to the nonlinearity of electron
bands (intraband HHG). (b) The electron band structure of ZnSe as
calculated in Ref. [21] (solid line), and the ΓL section of the conduction
band reconstructed from the fit of HHG measurements (blue shading).

Fig. 2. Spectra of optical harmonics from a 2-mm-thick ZnSe film
measured with a 85-fs mid-infrared driver with a central wavelength
of 5.0 μm (a)–(c) and 6.7 μm (d)–(f ). The driver intensity is
0.04 TW∕cm2 (a), 0.17 TW∕cm2 (b), 0.32 TW∕cm2 (c),
0.04 TW∕cm2 (d), 0.13 TW∕cm2 (e), and 0.19 TW∕cm2 (f ).
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E�t� is calculated by integrating the Bloch acceleration theorem
[10,26], k�t� � −�e∕ℏ� R t

−∞ E�θ�dθ, where e is the electron
charge. For a driver intensity I 0 ≈ 0.3 TW∕cm2, which translates
into a driving field E0 ≈ 0.1 V∕Å inside ZnSe, the momentum
ke � eE0∕ℏω0, which the electron picks up from the driver of
frequency ω0 as a part of its field-induced quiver motion, is esti-
mated as ke ≈ 0.22 a.u. and 0.28 a.u. for λ0 � 5.0 μm and
6.7 μm, respectively. Comparing these ke values to the sizes of
the zinc-blende ZnSe Brillouin zone along the most relevant,
ΓL, ΓX , and ΓK axes of high symmetry (≈0.25 a.u., 0.29
a.u., and 0.31 a.u., respectively), we see that a field-induced
electron quiver motion with such a momentum can probe the
entire Brillouin zone, even reaching the Brillouin-zone edges
when driven along the ΓL and ΓX directions. Optical harmonics
generated by such electrons as a part of their dynamics (Fig. 1) will
thus feature the signatures of electron band topology, enabling
quantitative analysis of electron band anharmonicity.

The electron band structure is modeled by fitting the results
of full band-structure analysis of ZnSe [21] [blue solid line in
Fig. 1(b)] with a sum of five harmonic terms, ε�k� � ε0�P

5
s�1 εs cos�ska�. The high-harmonic spectra are then calculated

[19] by taking the Fourier transform of the time derivative of the
intraband current, j�t� � enev�t�, where v�t� � ℏ−1�dε∕dk�jk�t�
is the velocity of the electron wave packet, ne is the electron den-
sity in a given electron band, and k�t� is found by integrating the
Bloch acceleration theorem with v�0� � 0, that is, with electrons

and holes being at the Γ point at t � 0. The driver field is defined
as E�t�� E0 exp�−2 ln 2 t2∕τ20�× �cos ω0t�α cos�2ω0t�ϕ0��,
where ω0 � 2πc∕λ0 and τ0 is the FWHM pulse width. In cal-
culations, we set τ0 � 85 fs. The 2ω0 component is included to
account for second-harmonic generation by the surface sources of
quadratic nonlinearity, as well as by noncentrosymmetric polari-
zation and currents in the bulk of ZnSe. The behavior of IN as a
function of I0 for each N is insensitive to φ0 and α, having no
effect on our procedure of electron band structure reconstruction.
In our calculations, we set φ0 � 0 and take α � 0.02 as a correct
measure of second-harmonic generation efficiency.

The spectra of optical harmonics generated by the electron and
hole wave packets moving along the respective conduction and
valence bands (Fig. 1) of ZnSe in the field of a laser driver with
E0 � 0.07 V∕Å, τ0 � 85 fs, and λ0 � 6.7 μm are presented
in Figs. S3a–S3d, Supplement 1. Since the nonlinearity of the
electron conduction bands of ZnSe is strongest along the ΓL
and ΓK symmetry axes of the ZnSe Brillouin zone, the electron
wave packets driven along these directions emit the broadest har-
monic spectra (purple and navy lines in Fig. S3d, Supplement 1),
dominating the highest orders in HHG. The stronger nonlin-
earity of electron conduction band along the ΓL and ΓK axes
helps isolate their contribution to HHG, even in experiments
with polycrystalline samples, despite inevitable averaging over the
orientation of single crystals within the focal volume. In an earlier
work [20], a similar approach has been successfully implemented
in experiments with polycrystalline SiO2 films. Of these two di-
rections, the ΓK axis provides a longer plateau (navy line in
Fig. S3, Supplement 1), but the ΓL direction yields stronger har-
monics below the band gap (purple line in Fig. S3, Supplement 1),
allowing the ε�k� profile to be retrieved fromHHGmeasurements.

With the conduction and valence band structure of ZnSe in-
cluded in the model through the ε�k� profiles, as calculated in
Ref. [21], the behavior of harmonic intensities IN measured as
functions of the laser driver intensity I 0 (circles in Fig. 3) agrees
well with the predictions of our HHG model (solid lines in
Fig. 3). For low I 0 (I 0 < 0.04 TW∕cm2, Fig. 3), the signature
IN0 perturbative-regime scaling was observed for harmonic inten-
sities. The nonperturbative regime of HHG, when the IN �I 0�
dependence no longer scales as IN0 (Fig. 3) is of special interest
here, as it enables the key parameters of the electron band struc-
ture to be retrieved from HHG spectra.

The amplitudes εs in the Fourier-series expansion of the ε�k�
landscape are determined by fitting the predictions of the intra-
band HHG model (solid lines in Figs. 3 and S4) to the experi-
mental dependences of harmonic intensities IN measured as
functions of the laser driver intensity I0 (circles in Figs. 3 and S4).
As a part of this procedure (Supplement 1), the model predictions
are simultaneously fit first to the six experimental IN �I0� depend-
ences measured with λ0 � 5.0 μm [Fig 3(a)], that is, for N � 5,
7, 8, 9, 10, and 11, and then to six experimental IN �I 0� depend-
ences measured with λ0 � 6.7 μm [Fig. 3(b)], that is, N � 7, 8,
9, 10, 11, and 12, yielding two sets of five εs parameters, each
providing the best fit for six experimental IN �I 0� dependences
measured for two driver wavelengths. This fitting procedure
yields εs amplitudes as specified in Table 1. These two sets of
εs values are in perfect agreement with each other, and they agree
very well with the amplitudes of Fourier harmonics of the ε�k�
profile found by a full band-structure analysis of ZnSe [21] for the
ΓL section of the conduction band (see Table 1). The ΓL section

Fig. 3. Power of the N th-order optical harmonic generated by a 85-fs
driver pulse with a central wavelength of 5.0 μm (a) and 6.7 μm (b) in a
2-mm-thick ZnSe film as a function of the driver intensity I0 for har-
monic numbers N from 4 to 11 (a) and 5 to 12 (b), as shown in the
panels. The dash–dotted lines show the IN0 dependence. The solid lines
presents the best fit of the experimental data with harmonic intensities
calculated through the Fourier transform of dv∕dt.
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of the conduction band reconstructed with this procedure is
shown by blue shading in Fig. 1(b).

Although the εs coefficients are treated as fitting parameters
when theoretical predictions are compared with the experimental
IN �I 0� dependences, the resulting εs values are then compared
with the εs coefficients found as the amplitudes of Fourier har-
monics of the dispersion ε�k�, calculated for ZnSe from the first
principles [21]. The one-to-one map between ε�k� and IN �I 0�
dictated by our model of intraband HHG leaves no freedom to
tweak any of the εs parameters, as they have to be compared with
εs coefficients uniquely defined by ε�k�. That the εs values found
by fitting experimental IN �I0� dependences agree so remarkably
well with the εs coefficients found through the Fourier-series ex-
pansion of an independently calculated ε�k� dispersion suggests
that intraband electron wave-packet dynamics plays a dominant
role in the studied regime of HHG.

That individual high-order harmonics are observed as promi-
nent well-resolved signals in HHG spectra from ZnSe for driver
wavelengths as long as 6.7 μm is remarkable in its own right. This
finding suggests that a sufficiently large fraction of electrons
avoids considerable momentum change as a result of ultrafast scat-
tering within the entire field cycle [4,19], providing a probe for
electron band-structure analysis.

In a simplified case of a biharmonic driver field, τ0 → ∞, with
φ0 � 0 and α∕2�sωB∕ω0� ≪ 1, the intensities of harmonics
induced by the intraband currents are given by IN ∝ �Nω0�2jP

s�1sεsaJN �sωB∕ω0�j2 for odd N and IN ∝ �Nω0�2jP
s�1�2ω0�−1sεsaαsωB�JN−2�sωB∕ω0� � JN�2�sωB∕ω0��j2 for

even N , with ωB � eE0a∕ℏ being the Bloch frequency. When
an electron band profile ε�k� can be accurately fit with a few
low-order Fourier harmonics, as in the case studied here, the
map between ε�k� and harmonic spectra may become especially
simple (Fig. S4, Supplement 1). As a typical example, with ZnSe
driven by a laser field with E0 � 0.07 V∕Å, τ0 � 85 fs, and
λ0 � 5.0 μm, harmonics with N ranging from 3 to 15 are gen-
erated, as calculations show, predominantly by conduction-band
electron wave packets driven in the directions close to the ΓL axis.
Moreover, generation of each of the N � 5, 7, and 9 harmonics
is dominated in this regime by a single Fourier harmonic of the
ε�k� profile of this band, namely, s � 3 and 4. Similarly, with
E0 � 0.07 V∕Å, τ0 � 85 fs, and λ0 � 6.7 μm, the Fourier
harmonics with s � 3 and 4 are mapped onto optical harmonics
with N � 7, 9, and 11.

To summarize, below-the-bandgap high-order harmonics
generated in zinc-blende ZnSe by ultrashort mid-infrared pulses
tunable within the range of wavelengths from 5.0 to 6.7 μm are

shown to be ideally suited to probe the nonlinearities of electron
bands, enabling an all-optical mapping of the electron band struc-
ture. Intraband optical harmonics, generated below the band gap,
fall within the transparency range of a solid material, thus remov-
ing absorption-related limitations on the depth at which optical
harmonics are generated, facilitating HHG-based in situ electron
band structure analysis in the bulk of solid materials.
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