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High-order harmonic generation (HHG) from crystals is emerging as a new ultrashort source of coherent extreme
ultraviolet (XUV) light. Doping the crystal structure can offer a new way to control the source properties. Here,
we present a study of HHG enhancement in the XUV spectral region from an ionic crystal, using dopant-induced
vacancy defects, driven by a laser centred at a wavelength of 1.55 µm. Our numerical simulations based on solutions
of the semiconductor Bloch equations and density-functional theory are supported by our experimental observations
and demonstrate an increase of the XUV high harmonic yield from doped bulk magnesium oxide (MgO) compared to
undoped MgO, even at low defect concentration. The anisotropy of the harmonic emission as a function of the laser
polarization shows that the pristine crystal’s symmetry is preserved. Our study paves the way towards the control of
HHG in solids with complex defects caused by transition-metal doping.
The interaction of an electric field in the strong field regime
with a semiconductor or a dielectric generates electron-hole
pairs, which are subsequently accelerated by this field and
emit coherent radiation via inter- and intra-band electronic
transitions in the solid 1–4 . This coherent emission occurs
as bursts of attosecond pulses that have been observed as a
harmonic comb in the frequency domain. Since its first experimental observation5 , considerable efforts were devoted to
the understanding of the main mechanisms behind high-order
harmonic generation in solids (HHG). This new source of extreme ultraviolet (XUV) radiation6,7 displays a high degree
of coherence8 , for instance, suitable for lensless diffractive
imaging9 . It recently provided beams carrying orbital angular momentum with a selective topological charge10 . Recent
studies also reveal that the HHG spatio-temporal properties
are intricate due to the complex light-driven electronic dynamics inside the solid. Hence, as a basic application, HHG can
reveal information about the crystal’s electronic band structure and intrinsic crystal properties4,11 . Future applications
will exploit the ability to manipulate the light-driven elec-
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tron motion during the crystal HHG process to create optoelectronic devices operating at petahertz frequencies12–14 or
to encode topological information15 . However, increasing the
yield is a prerequisite for the development of a solid state
HHG source and its applications. Various experimental techniques, such as plasmon-16,17 , waveguide-9,18,19 and antennaenchanced HHG20 , were already implemented to achieve this
goal. Here, we propose an alternative way of boosting the
HHG yield from solids based on defects. This approach exploits the modification and control of the active medium’s
electronic structure to tailor the high-order harmonic output
signal. Since defects are a corner stone of most modern electronic devices, it appears promising to investigate their influence on the HHG yield. The addition of dopants creates
electronic states in the band gap, leading to modifications of
the electronic band structure21,22 and band gaps23–26 , allowing additional optical transitions 27 . Another significant effect of the doping is the appearance of point defects such
as vacancies and interstitial sites28,29 . According to recent
theoretical investigations dopant-induced band-gap changes
can substantially influence the HHG process29–33 . In particular, donor-doped materials were theoretically predicted to enhance the HHG yield due to electronic excitation from impurity states31,33 .
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FIG. 1: Schematic of HHG in (a,c) MgO and (b,d) MgO:Cr in (a,b) coordinate and (c,d) momentum space. In (a, b) the laser
propagation axis is indicated as z, around which crystals are rotated (light blue arrow) during anisotropy measurements [cf.
Figs. 4 (a) and 4 (b)]. (b) A Mg vacancy replaces the closest Mg2+ ion along the [100] (C4v symmetry) or [110] direction (C2v
symmetry). Both C4v and C2v centers are observed experimentally27,34 . (c,d) The laser electric field excites an electron wave
packet from the valence band (VB) to the first conduction band (CB1) (1, blue arrow), where it experiences intra-band
acceleration (2, orange arrow). At higher driver intensities, excitation to (1’, blue arrow) and acceleration in (2’, orange arrow)
higher conductions bands (here CB2) can occur. The excited electron wave packet de-excites to the VB upon recombination
with its residual hole (3, blue arrow), emitting harmonics of energy equal to the instantaneous gap in the first BZ. (d) In
MgO:Cr the occupied impurity defect band (IDB) and vacancy defect band (VDB) account for additional electronic transitions
that enhance the net high-harmonic yield relative to MgO.

We here investigate the influence of dopant-induced vacancies on the HHG yield in chromium-doped magnesium oxide (MgO:Cr), which was extensively studied previously using experimental34–37 and numerical38–40 methods. The Cr
donor-dopants were found to not only substitute atoms with
Cr3+ ions in the MgO lattice providing additional electrons,
but also to cause the formation of vacancies34–37 in order to
maintain charge neutrality37 .
The HHG process in gases is well explained by the semiclassical "three-step model"41–43 . A similar approach has
been proposed in crystals, where a strong laser electric field
generates electron-hole pairs, which are subsequently accel-

erated by this field and emit radiation via inter- and intraband
opto-electronic transitions in the solid1–4 . The competition
between those two mechanisms depends on the material and
the driving laser parameters and, as a general feature, intraband emission dominates at lower and inter-band emission at
higher HHG photon energies, the latter including the plateau
and cutoff domain of the HHG spectrum.
Figure 1 presents a scheme of the basic mechanisms involved in the HHG process in pristine and doped MgO. Here,
the Cr donor-dopants not only substitute Mg atoms with
Cr3+ ions in the MgO lattice, providing additional electrons
[see Figs. 1 (a) and 1 (b)], but also cause the formation of
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FIG. 2: Calculated HHG spectra from (a) MgO and (b) MgO:Cr crystals for driving laser-pulse incidence and HHG emission in
Γ − X direction as a function of the driver peak field strength. The laser central wavelength is 1.55 µm (corresponding to a
photon energy of 0.80 eV, for details on the experimental parameters see SI.5.). Although the HHG yield from MgO:Cr is
larger, we do not find evidence for a HHG cutoff extension for the doped sample.

vacancies34–37 to maintain charge neutrality37 . The underlying electronic excitations in pristine and Cr-doped MgO are
sketched in Figs. 1 (c) and 1 (d), respectively. An electron
wave packet is (1) excited from the valence band (VB) to the
first conduction band (CB1) with an initial field-dressed crystal momentum at the minimum band gap (referred to as the
Γ−point), where it (2) experiences intra-band acceleration. In
case the laser electric field is strong enough, an electron wave
packet is excited to a higher conduction band (CB2), where
intra-band acceleration occurs, before (3) de-exciting to the
VB upon recombination with its residual hole, emitting harmonics with photon energies equal to the instantaneous gap in
the first BZ.
Within the Keldysh model for strong-field ionization44 and
a saddle-point analysis45,46 , a closed-form semi-quantitative
approximation for the above band-gap (interband transition)
yield is given by 47,48
" p
#
3/2
8 m∗vb−cb1 εg
YMgO (E) ∝ exp −
,
(1)
e h̄ E
−1

where m∗vb−cb1 = m1∗ + m∗1
is the reduced effective
vb
cb1
mass of the VB and CB1, given in terms of their respective
effective masses, m∗vb and m∗cb1 , εg the minimum band-gap energy between VB and CB1, and E the peak field strength of the
driving laser pulse. Similarly, we can account for excitations
to higher conduction bands, e.g., to CB2 in our calculations,
as sketched in Figs. 1 (c) and 1 (d), leading to the emission
of harmonics at higher frequencies upon recombination to the
VB. For a fixed driving electric-field amplitude, Eq. (1) predicts that a decrease of the minimum band gap or reduced
effective mass increases the HHG spectral yield above the
minimum band gap. Note that the effective electron mass is
a crucial parameter responsible for the electron mobility in
solids. Its energy-dependent behaviour was recently investigated49,50 . Since the Cr impurities with associated vacancies
break the transitional symmetry of the MgO crystal (in the

BZ of the pristine crystal), impurity levels couple with states
of the valence and conduction bands along the entire BZ. Together with the dispersion-free-electron nature of MgO impurity levels29,51,52 , which implies a very large effective mass,
the loss of symmetry allows us to represent impurity levels as
flat bands in the BZ of the pristine sample [shown as extended
horizontal lines in Figs. 1 (c, d)]. The impurity-defect band
(IDB) appears close to the CB1, and the vacancy defect band
(VDB) emerges close to the VB. Adapting Eq. (1) to transitions from the VDB in MgO:Cr, we obtain the estimate for
VDB contributions to the HHG yield
 r

YMgO:Cr (E) ∝ exp 
−


(εcb1 − εvdb )3/2
8 m∗
vdb-cb1

,

e h̄ E

(2)
where m∗vdb−cb1 is the reduced effective mass between CB1
and VDB. Because of the large VDB effective mass, we can
approximate m∗vdb−cb1 ≈ m∗cb1 > m∗vb−cb1 . Thus, the reduced
effective mass is greater than that for the pristine sample. Nevertheless, because of the reduction of the band gap induced
by the vacancy, the numerator of the exponential in Eq. (2)
is smaller than in Eq. (1), suggesting an enhancement of the
HHG yield due to symmetry-allowed VDB - CB1 optical transitions.
For a fully quantitative description of HHG from pristine and doped MgO we numerically solve the semiconductor Bloch equations (SBEs), including the VB, IDB, CB1,
and CB2 [for details see Supplementary Information (SI)
SI.3.]. Disregarding temperature effects, the Fermi energy of
MgO:Cr lies approximately between VDB and CB153 , so that
the VB and VDB are initially occupied.
Figure 2 (a, b) shows calculated HHG spectra from MgO
and MgO:Cr, respectively. Both spectra are composed of
odd harmonics (except for a dim even harmonic for the cal-
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FIG. 3: Comparison of HHG signals from MgO and MgO:Cr crystals for a driving laser central wavelength of 1.55 µm
(corresponding to a photon energy of 0.80 eV), (a) Measured and calculated total harmonic yields in the Γ − X direction,
integrated over photon energies between 14.4 and 25.6 eV, as a function of the peak driving laser-electric-field strength. The
integrated HHG yield from MgO:Cr crystal is larger. (b) Highest observable harmonic energy versus the driving field strength
in the Γ − X direction. The offset of observed highest harmonic in both spectra is about 2 eV over a broad range of
laser-electric-field strengths. It approximately matches the band-gap-energy difference between doped and undoped crystals.
Dashed and solid lines are linear interpolations added to guide the eye. (c) Experimental HHG spectra obtained from MgO at a
vacuum laser field strength of 1.05 V/Å (14.6 TW/cm2 ) and from MgO:Cr at a vacuum laser field strength of 0.92 V/Å (11.2
TW/cm2 ). In MgO:Cr a weaker laser electric field results in a comparable integrated HHG yield.

culated spectra from MgO:Cr) and exhibit almost the same
field-strength dependence of the cutoff. The main difference
between them is the increased inter-band harmonic spectral
yield at above-band-gap photon energies for the material with
vacancy defects. We analyze the HHG-yield enhancement by
comparing the spectra in Figs. 2 (a, b) with our experimental
data, estimating the intensity of the driving electric field inside
the solids as detailed in the SI.7. Our laser field is sufficiently
strong to excite electrons to the CB2, leading to the emission
of harmonics in the XUV spectral range. Note that the consistent modeling of macroscopic optical effects, and the driving
laser field strength in matter, would require merging our theoretical model with Maxwell’s equations, which is beyond the
scope of the current manuscript. Spectral transmission aspects

are addressed in SI.2. The setup, intensity estimation, and the
detailed description of the samples are given as SI. Both crystals, MgO and MgO:Cr, are 200-µm-thick with (001) oriented
surfaces. We confirm the presence of Cr3+ ions in the MgO:Cr
sample by photoluminescence measurements (SI.1.). In addition, the calculated densities of states (DOS) for MgO and
MgO:Cr reveal defect states above the topmost valence band
in MgO:Cr (SI.4.). Our transmission measurements show a
band-gap-energy reduction of 1.8 eV in MgO:Cr, compared
to the pure MgO band-gap energy of 7.16 eV (SI.2.).
Figure 3 (a) shows the dependence of the experimental harmonic yield, integrated between 14.4 and 25.6 eV, on the driving laser electric-field strength. The total HHG yield from
MgO:Cr is found to be larger than the one of pure MgO,
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FIG. 4: Crystal-orientation dependence of HHG in (a,c) MgO and (b,d) MgO:Cr crystals. The crystals are rotated about the
laser propagation axis [z axes in Figs. 1 (a) and 1 (b)] in 3-degree steps, while the linear laser polarization is kept fixed.
Measured HHG spectra for (a) MgO at a peak laser-field strength (vacuum value) of 1.23 V/Å (20 TW/cm2 ) and (b) MgO:Cr at
1.09 V/Å (15.7 TW/cm2 ). Due to the low doping concentration (0.5%), the four-fold symmetry of the MgO cubic crystal
structure is unaltered in MgO:Cr. Calculated spectra at 1.23 V/Å for (c) MgO and (d) MgO:Cr.

up to a laser-field strength of about 1.15 V/Å (corresponding
to an intensity of 18 TW/cm2 ). Operating at a repetition rate of 125 kHz, the damage threshold is reached at
a laser electric-field strength of 1.23 V/Å (20 TW/cm2 ) and
1.09 V/Å (15.7 TW/cm2 ) for pure MgO and MgO:Cr, respectively. The lower damage threshold of MgO:Cr is probably
associated with the increased electron density. In comparison, Fig. 3 (a) presents the numerically calculated intensities
of odd harmonics for MgO and MgO:Cr, integrated over the
same energy range. Our simulation results show good agreement with the experiment for pristine MgO and two discrepancies for doped MgO: (i) the experimental data show high
harmonic emission starting at much lower laser-field strength,
0.71 V/Å (6.74 TW/cm2 ), with a smaller slope than that obtained from the simulations based on solution of SBEs for
doped MgO, (ii) the saturation of the HHG emission from
MgO:Cr observed in the experiment is not reproduced by theory, since it involves mechanisms, such as radiation damage, which are not taken into account in the simulations. In

spite of this, both, measured and calculated results exhibit a
pronounced increase of the HHG spectral intensity from the
MgO:Cr crystal, as the result of added transitions from the
VDB.
Figure 3 (b) shows the highest harmonic order we are able
to detect for driving-laser-field strengths (in vacuum) between
0.82 V/Å (9 TW/cm2 ) and 1.23 V/Å (20 TW/cm2 ) for both
samples. It also shows HHG cutoffs retrieved from our calculated spectra in Fig. 2 (a, b). Figure 3 (b) shows a linear
scaling of the highest experimentally detected harmonic as a
function of the peak-electric-field strength in both MgO and
MgO:Cr, with almost the same slope but an energy offset of
approximately 2 eV. This energy offset is close to the bandgap-energy difference between MgO and MgO:Cr of ≈ 1.8 eV
that we experimentally determined independently using optical transmission measurements (SI.1). The highest harmonic
order obtained from the simulations in Figs. 2 (a), (b) is identical for MgO and MgO:Cr crystals. The extension of the highest experimentally observable harmonic from MgO:Cr is not
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obvious. Indeed, since for the same electric-field strength the
electron wave packet explores the same region of the first BZ
of the MgO and MgO:Cr crystals, one might expect identical HHG cutoffs. We attribute the measured apparent extension of the HHG spectra from MgO:Cr to a higher yield in
the plateau region. To further illustrate the HHG behavior,
Fig. 3 (c) displays HHG spectra measured at a driving-laser
peak field strength of 0.92 V/Å (11.2 TW/cm2 ) for MgO:Cr
and at 1.05 V/Å (14.6 TW/cm2 ) for MgO. The two spectra
have comparable yields even though the HHG spectrum from
MgO:Cr was obtained at a lower laser field strength. This is in
qualitative agreement with the simulated spectra displayed in
Fig. 2. In addition, we notice in the experimental spectra that
harmonics above 19 eV are less intense than those below this
energy. This sharp transition between these two plateaus has
been reported as contribution from higher conduction bands
associated with low population transfer54,55 .
Moreover, we consider the contribution of macroscopic effects. The driving laser propagation inside the crystal can play
a significant role on it’s initial spatial or spectral properties
and the emmited harmonic radiation56 . Although the optical
propagation effects related to the change of linear and nonlinear refractive indices due to doping are unlikely to play a significant role on the driving laser properties in our experiment,
given the low dopant concentration of 0.5 %57–60 , we observe
the difference of spatial and spectral properties of the harmonic beam from MgO and MgO:Cr. We detect a blueshift of
the HHG spectra in MgO:Cr compared to HHG spectra from
MgO at fixed laser intensity (SI.5.). We associate this wavelength shift to the increased electron density participating in
HHG from MgO:Cr. Since the plasma refractive index variation acts as a diverging lens in the spatial domain, we attribute
the observed blueshift to plasma-induced defocusing of the
fundamental beam61–63 (and references therein). Further investigations in a loose geometry configuration or in reflection
geometry would limit possible contribution of macroscopic
effects56 . In a more general context, other crystals and/or
higher doping rates may induce larger macroscopic aspects,
that may play a significant role in enhancement or in spectral
or spatial modifications of the HHG properties 19 .
Next, we study the crystal-orientation dependent HHG response of both crystals. To investigate the HHG anisotropy,
we measure the HHG signal as a function of the crystal orientation with respect to the laser polarization, as sketched in
Fig. 1 (a, b) and described in SI.5. Figures 4 (a) and 4 (b)
present angle-dependent measured HHG spectra from MgO
and MgO:Cr, recorded at their respective optimal conditions
for highest HHG yields, i.e., just below the damage threshold at peak electric-field strengths of 1.23 V/Å (20 TW/cm2 )
for MgO and 1.09 V/Å (15.7 TW/cm2 ) for MgO:Cr. The fourfold symmetry reflects the face-centered cubic crystal structure of MgO64 . The HHG yield is largest along the Γ − X
direction while no signal is observed along the Γ − K direction. Overall, the two anisotropy dependences are comparable, which is consistent with the fact that the crystal symmetry is preserved for our low dopant concentrations. We observe that, similar to Fig. 3 (a), the harmonics emitted from
MgO:Cr have a comparable yield at a lower driving-field in-

tensities than harmonics from pure MgO. To analyze this behavior, we have calculated the angle-dependent HHG yield
for MgO and MgO:Cr at the same peak vacuum electric-field
strength of 1.23 V/Å (20 TW/cm2 ), as shown in Figs. 4 (c)
and 4 (d). These calculations are performed in reduced
dimensionality, representing the crystal as a 2D square lattice using the same model electronic potential as in recent
works,2,65,66 V (x, y) = V0 cos(ax) + V0 cos(ay), but allowing
for a modified oscillation amplitude V0 at the defect sites in
MgO:Cr30,31,33,67,68 (SI.3.). Even though the angular spread
of the harmonics differs between theory and experiment, we
reproduce the maximal yields measured along the Γ − X and
the minimal yields along the Γ − K direction. For all crystal
orientations our numerical simulation predicts a larger HHG
yield for MgO:Cr. These two last characteristics are in good
qualitative agreement with the present experimental findings.
In conclusion, we present the HHG yield enhancement
from MgO doped with chromium atoms compared to pure
a MgO crystal. We associate the extension of the highest
observable harmonic in MgO:Cr to an increase of the HHG
plateau intensity. The HHG yield increase from the doped
crystal is interpreted as optical excitations introduced by occupied defect states in MgO:Cr that arise from Cr3+ dopant
ions and Mg-vacancy formation in the MgO lattice. This finding is in agreement with our numerical simulations and previous theoretical predictions of enhanced HHG in doped samples30,31,33,67 . The HHG anisotropy shows that the pristine
MgO crystal symmetry is preserved upon doping. Our numerical results do not reproduce the experimentally observed
HHG spectral blue shift and saturation, both caused by additional free electrons in the doped MgO, which we attribute
to our incomplete description of the driving laser pulse in the
solid. Other crystals involved in the HHG or other dopant
concentrations may enchance macroscopic effects that could
be exploited to boost the HH yield in specific spectral ranges.
As a perspective, our study promotes the development of efficient compact XUV light sources based on doping. Moreover,
it has been suggested that HHG from crystals with defects can
provide a way to study dipole moments and wave functions of
impurity arrangements68 and thus potentially serve as a tomographic measurement of impurity orbitals. Other future
studies will concentrate on HHG spectroscopy to extract information on the intrinsic properties of light-driven attosecond
electron transport69 . This would create attractive perspectives
towards the development of all-solid-state attosecond sources
and petahertz electronics12–14,29–33,55 .
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