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We observe third- and fifth-harmonic generation (THG, FHG) of free holes in the valence band
of bulk Si:B at cryogenic temperature upon irradiation with intense terahertz pulses from a free-
electron laser (FEL), polarized along the I'-X direction. The intensities of both signals increase as a
function of pulse energy following power-laws with respective exponents of 4.2 and 6.2, larger than
the exponents of 3 and 5 expected for X(S)- and X(S)-processes with constant susceptibilities and a
fixed number of holes. The larger values are attributed to the increase of the density of mobile holes,
which results from impact ionization of boron dopants by thermally activated holes in the electric
field of the terahertz pulses, as already observed in our studies of THG in Si:B reported in Ref. [1].
We apply Monte Carlo simulations of the nonlinear heavy- and light-hole field response, coupled
with a finite-difference time-domain treatment of the pump-pulse propagation in the sample, which
reproduce the experimental THG:FHG intensity ratio reasonably well. An analysis of the local
response demonstrates that, in our pump regime, the harmonic generation is dominated by the
band anharmonicity, as opposed to the energy-dependent momentum scattering rates or interband
scattering. Comparison with the results of a simple 1D model and scrutiny of the 3D band structure
shows that one must account for the extent of the carrier distribution transverse to the I'-X axis, as

the anharmonicity grows rapidly away from this axis.

I. INTRODUCTION

Frequency multiplication — or higher-harmonic gener-
ation — lies at the core of nonlinear optics [2]. Several
photons combine to generate single photons of higher en-
ergy in materials with a field-strength-dependent electric
susceptibility. Classical semiconductors have been ex-
plored as such nonlinear materials. In studies with radi-
ation with a photon energy much smaller than the energy
band gap, it was found that the nonlinearity of mobile
charge carriers is much stronger than that of bound ones
[3-5]. This led to intensive studies of doped semiconduc-
tors [6-10], not least with the goal in mind to develop
frequency converters for high-power terahertz radiation
[10, 11]. In the case of electrons in the conduction band
of such semiconductors, the origin of the nonlinearity is
attributed to band non-parabolicity [4], the energy de-
pendence of the momentum scattering time [5, 12], or to
both [8, 9]. However, the mechanisms of frequency mul-
tiplication by holes in the valence band have not yet been
analyzed in a corresponding manner [9].

Here, we investigate p-doped bulk Si. The centro-
symmetric crystal structure only permits generation of
odd harmonics of the center frequency of the incoming
electromagnetic wave. In the studies cited above, no
higher harmonic than the 3rd was observed because of
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the limited field strength. In our previous publication [1],
we also studied THG by free holes in the valence band of
Si:B, with the sample at cryogenic temperature [1]. It was
excited by intense FEL pulses at 1.56 THz. In this
publication, we now report the observation of both THG
and FHG. The detection of a signal at the 5th har-monic
became possible by reducing the photon energy of the
terahertz pulses and by increasing the pulse inten-sity.
The results of spatio-temporal Monte Carlo (MC)
simulations can reproduce the observed THG:FHG ratio
reasonably well, while an analysis of the local velocity vs.
wavevector response supports that for these pump fields,
the HG mechanism is dominated by the band structure
anharmonicity, which depends critically on the extent of
the carrier distribution perpendicular to the driving field
polarization.

II. EXPERIMENTAL RESULTS

The experiments were carried out at the FELBE
facility of the Helmholtz-Zentrum Dresden-Rossendorf.
FELBE delivers transform-limited multi-cycle terahertz
pulses which are tunable from 1.2 THz up to 75 THz at a
pulse repetition rate of 13 MHz. We chose a radia-tion
frequency of 1.29 THz, close to the facility’s lower limit.
The ponderomotive energy of the holes in the Si specimen
is higher at low frequency [13], with the con-sequence
that the charge carriers are driven further out into k-
space by the (linearly polarized) electric field of the
terahertz pulses. The nonlinear susceptibility is then
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FIG. 1. Experimental results. (a) Transmittance/emit-
tance spectra of the Si:B sample exposed to 1.29-THz ra-
diation at the three pump pulse energies of 46.9, 78.1 and
106.7 nJ (red, blue and black curves, power measured di-
rectly in front of the sample). Also included is the trans-
mittance spectrum of the undoped HR Si sample for a pump
pulse energy of 106.7 nJ (green curve, scaled down by a fac-
tor of 100 for better visibility in the logarithmic plot). The
inset shows the 78.1-nJ signal around 4.0 THz also on a lin-
ear intensity scale (blue line). The spectrum consists of the
FEL-immanent 4.07-THz line and the Si-generated THG sig-
nal at 3.87 THz. The orange curve displays the fit function
composed of two Gaussians (which are shown individually as
gray dashed curves). Their line widths are each set to 65 GHz.
(b) Black stars: Measured transmitted intensity of the fun-
damental as a function of the pulse energy of the FEL beam.
The black dashed line represents the linear dependence of
the intensity as a function of the pump pulse energy. The
blue squares represent the measured THG intensity, the blue
dashed line a power law with an exponent of 4.2. The red
spheres represent the measured FHG intensity, with error bars
based on the RMS noise level. The red dashed line corre-
sponds to a power-law dependence with an exponent of 6.2.

higher [9, 10].
The experimental setup was similar to that of our
experiments reported in [1]. The sample under test

was again a commercial (100)-oriented Si:B specimen
(purchased from MTI Corp.) with a boron density of
5x 10 cm™ and a wafer thickness of 275 pum. All mea-
surements were carried out at a temperature of 10 K. The
FEL radiation was polarized along one of the equivalent
(100)-axes, accelerating holes along the I'-X direction in
momentum space. A multi-layer metal-mesh low-pass
filter (LP70cm™' from QMC Instruments Ltd.) with a
steep frequency cut-off at 2.1 THz was placed in front
of the sample in order to reduce the amount of 3rd har-
monic radiation generated in the FEL itself. Two high-
pass filters (multi-layer metal-mesh filters HP74cm™! and
HP100cm™ from QMC Instruments Ltd.) placed be-
hind the sample strongly reduced the transmitted funda-
mental pump intensity (with a residual transmittance of
1.1x1077) in order to improve the dynamic range of the
measured higher-harmonic signals. The transmitted ra-
diation was detected with a liquid-helium-cooled bolome-
ter after having passed through a Fourier Transform In-
frared Spectroscopy (FTIR) setup for spectral analysis.

Fig. 1a presents spectra of the radiation detected at
various pump intensities (black, blue and red curves).
The green curve is a reference spectrum obtained at the
highest pump intensity with an undoped Si sample (high-
resistivity (HR) Si with a specific resistance >12 k2 cm
at room temperature, purchased from University Wafer
Inc.). In that spectrum, transmission peaks at 1.29 and
4.07 THz represent the pump frequency and the leaked
FEL-intrinsic 3rd harmonic radiation. Interestingly, the
latter (also observed in [1]) is slightly blue-shifted against
the value 3 x 1.29 THz for unknown reasons. The spec-
tra of the doped Si sample also show these two features,
but exhibit in addition the 3rd and 5th harmonic of the
pump frequency, at 3.87 and 6.45 THz, respectively (the
latter only at high pump intensity). As these signals only
appear in the doped sample, they are identified as waves
newly generated by either the dopant atoms or the free
charge carriers. The dependence of the signal strengths
of these two lines on the pump intensity allow to assign
the origin of the waves to free holes, see below and in [1].

Since the spectra of the newly generated 3rd harmonic
(TH) and the leaked 4.07-THz wave partially overlap, we
used two Gaussian-shaped spectral lines to fit the mea-
sured spectra and to extract the intensity of the newly
generated TH. The fitting result for a pump pulse energy
of 78.1 nJ is shown in the inset of Fig. la.

Fig. 1b displays the measured pulse intensities of the
transmitted wave at the fundamental frequency (denoted
by the letter I, black stars) as well as those of the newly
generated TH signal (I3, blue squares) and fifth har-
monic (FH) signal (I5,, red circles) as a function of the
pump pulse energy, from 31.2 to 106.7 nJ measured in
front of the sample, which corresponds to a peak in-
tensity I, of the incoming pulses ranging from 0.95 to
3.25 MW /cm?, based on the estimated diameter of the
focal spot (400 um) and pulse duration (23 ps FWHM).
These intensity values are corrected for the measured
transmission of the high-pass filters at each harmonic. As
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FIG. 2. Circles: X(3) as a function of the electric radiation
field of the pump pulses inside the Si sample. The X(3) values
are normalized to the value at the lowest field of 12.9 kV /cm.
Red curve: Simulated X(3) = X(()S) -ng, where x(()s) is the third-
order susceptibility of a single free hole, and n4 represents
the free hole density, i.e., the sum of the residual free holes at
10 K and the free holes generated via impact ionization. Ma-
genta curve: Estimated density of holes created by tunneling
ionization.

expected, the intensity of the transmitted fundamental
is directly proportional to the pump pulse energy (black
dashed line in Fig. 1b). The intensities of the TH and
FH pulses exhibit power-law dependencies I, o I
with m = 3 and 5, respectively, and n = 1.2 for both
cases. These dependencies are plotted as blue and red
dashed lines in Fig. 1b. Expressed in terms of suscep-
tibilities, the dependencies are I, o (x("™)2I™ with
pump-intensity-dependent (") values. Since the FHG
intensities are relatively weak, we include the root-mean-
square noise level of each measurement as error bars.

If the THG and FHG processes were due to the non-
ionized impurity atoms, one would expect n = 0 (or possi-
bly 1 < 0 with ionization occurring). The fact that n > 0,
leads to the conclusion that THG and FHG arise from
free holes whose density increases with rising intensity
due to impurity ionization (see below), starting from the
density of thermally activated free holes [14] in the va-
lence band of Si:B at a temperature of 10 K. That the
fitted value of 7 is the same for both THG and FHG
is also reasonable, as both ¥ and x(®) should be pro-
portional to the effective average hole density during the
pump pulse [4].

III. TIONIZATION OF DOPANTS

Following our procedure in [1] (i.e. scaling out a cubic
dependence for the single-hole TH emission) we derived
x®) values from the measured data as a function of the
electric radiation field within the Si specimen. The re-
sults are shown as black circles in Fig. 2. In our previous
work, the electric field of the terahertz pulses was limited

to 12 kV/cm, the ionization process was attributed to
impact ionization, while direct tunneling ionization was
expected to dominate above our highest field values. In
the present work, the maximum electric field reached is
24 kV/cm. Since the fundamental frequency (1.29 THz)
is similar with the frequency (1.56 THz) used in the previ-
ous experiments, we took the impact ionization model of
Eq. 3 in [1] with the same parameter Ey = 11.3 kV/cm,
to fit the field dependence of x©) of Fig. 2. We inte-
grate the ionization rate based on the time-dependent
field of the pump pulse to yield a measure of the effec-
tive relative hole density for each peak field value. The
fit curve (red line in Fig. 2) reproduces the experimental
data well, and hence accounts for the power-law expo-
nents in Fig. 1. While the impact ionization model has
an exponential field dependence for F < Ej, in our field
range the ionization rate is already in saturation, result-
ing in the slower observed polynomial dependence.

We also calculated the hole density expected by tun-
neling ionization using Eq. B1 in [1]. The result is shown
by the magenta-colored curve in Fig. 2. The electric field
dependence is far more nonlinear than that of the exper-
imentally determined x(*), which rules out direct tun-
neling as the main contribution to the ionization process
at the relevant electric fields. This demonstrates that
impact ionization is still the most important ionization
mechanism at electric fields as high as 24 kV/cm. As
one also notices that the measured (3 starts to exceed
the prediction of impact ionization at around 24 kV /cm,
which indicates that the contribution of direct tunneling
ionization starts to become important.

We note in passing that Eq. B1 of [1] leads to unreal-
istically large density values to be expected for tunneling
ionization. For an electric field of 24 kV /cm, B1 yields a
density of 1x10' cm ™2, while impact ionization generates
a density on the order of 1 x 10'* cm™. The tunneling-
ionization model is known to overestimate the tunneling
rate. Dargys et al. studied tunneling ionization of accep-
tors in GaAs [15], and found that the simulations with
this model predicted an ionization rate which was more
than one order of magnitude higher than measured in the
experiments. The model needs refinement in the future.
We expect, however, the exponential rise to survive.

IV. MONTE CARLO TIME-DOMAIN
SIMULATIONS

We now address theoretically the origin of the x()-
and x(®-nonlinearities for the band carriers. As stated
in the introduction, the literature discusses the respective
roles of (i) the band anharmonicity and (ii) the energy
dependence of the carrier momentum relaxation rate, as
the main mechanisms which lead to frequency multipli-
cation (although rigorously, the scattering rates indeed
depend on the precise band structure). In order to ana-
lyze the effective contribution of each mechanism in our
case, we performed a series of simulations with an es-



tablished Monte Carlo method [16, 17] which treats the
time-dependent velocity response of an ensemble of holes,
including all valence bands — i.e. light-, heavy-hole (lh,
hh) and split-off bands (the latter having negligible occu-
pation here), a realistic band structure based on a non-
local empirical pseudopotential method (EPM) [18], and
acoustic-/optical-phonon scattering including interband
processes as well as ionized impurity scattering [19]. As
presented below, we also applied a simplified 1D model,
where one only considers the equation of motion for a
scalar value (k,(t)), which should represent the mean
value of the hole ensemble in each band (implicitly as-
suming a rigid, localized k-space wavepacket), using the
same band structure and scattering models as for the MC
simulations.

As the precise dynamics of ionization during the pump
pulse is still an open issue, to avoid introducing ad-
ditional complications, we assume a fixed concentra-
tion Ny = 10'* ¢cm™ of band carriers during the pump
pulse. While this precludes an estimate of the abso-
lute THG/FHG yields, it should still reveal important
aspects of the HG process, while we can assess the ac-
curacy of the description by inspecting the THG:FHG
intensity ratio, which should be less strongly affected by
the time-dependent band population. While the THz
beam is quite tightly focused (see above), the Rayleigh
range is sufficiently long relative to the sample thickness
that we employ a plane-wave model (essentially treating
the on-axis response). Even with the pump-induced ion-
ization, the carrier density should be sufficiently low that
one can neglect Drude reabsorption of radiation during
propagation.

In order to assess the degree of quantitative agreement
with the experiments above, we first present MC results
including propagation effects for the pump beam, specif-
ically to account for standing-wave effects in the sam-
ple due to internal reflections of the relatively long pump
pulse (see below). For this treatment, we model the prop-
agation of the pump pulse alone using linear FDTD [20],
to establish the time-dependent pump field vs. position
z, and then use this as the input to a set of parallel MC
calculations for each z to yield the local, band-weighted
time-dependent velocity response v(z,t) averaged over
the ensemble. The total output field E(t) is then calcu-
lated by summing over z with the appropriate relative
phase delay. This approach is justifiable due to the weak
depletion of the pump pulse and low carrier density (and
hence weak pump-induced Drude effects) in the simula-
tions. In Fig. 3, we show the resultant intensity spec-
trum of the emitted field exiting the sample, using an
incident pump-pulse peak field of 53 kV/cm (outside the
sample, corresponding to the highest estimated field of
24 kV /cm directly inside the sample in the experimental
results above). Both THG and FHG peaks are clearly
observed, with a peak intensity ratio of 377:1, which is
reasonably close to the ratio of 72:1 observed experimen-
tally (Fig. 1(b)), considering the sensitive nonlinear de-
pendence on the assumed parameters. Additional simu-
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FIG. 3. MC-FDTD simulation: Intensity spectrum of trans-
mitted field corresponding to the highest experimental pump
energy in Fig. 1 (blue curve, corresponding to an incident
field Ey = 53 kV/cm). Also included is the spectrum assum-
ing a somewhat lower pump field of Ey = 28 kV/cm to assess
the pump-field dependence. Inset shows the peak pump-pulse
field amplitude vs position z obtained from FDTD propaga-
tion, which shows the standing-wave effect due to internal
reflections.

lations assuming a lower pump peak field of 28 kV /cm
(also included Fig. 3) yielded a ratio of 128:1. As shown
in the inset, the standing-wave effects of the pump pulse
in the sample are significant, which motivated the FDTD
approach used here. As shown below, the 3HG:5HG in-
tensities when considering only a single local z point are
much closer (approaching 10:1). Hence these quantita-
tive results can only be obtained by accounting for the
pump propagation effects, and how this affects the rela-
tive phases of the 3HG and 5HG fields emitted at differ-
ent positions in the sample.

We now turn to inspecting more closely the physical
mechanisms contributing to the HG process, by employ-
ing single-point simulations. As mentioned above, in ad-
dition to the MC simulations, we also carried out sim-
ulations for a rigid 1D wavepacket, to provide a refer-
ence to evaluate the roles of the 3D carrier distribution
and interband (i.e. lh-hh) scattering which are only in-
corporated in the MC model. In this 1D(k) model, we
treat each band separately, and numerically integrate the
equation of motion for (k)(¢) in the pump field F(t)
(both being the components along the I'-X direction) via
O(k) = (g/h)E - T(E){k), where I'(£) is the instanta-
neous energy-dependent momentum scattering rate. The
real-space velocity v(t) for each band is then obtained via
v(t) = h 10xE(t), which is taken as proportional to the
(plane-wave) field emission [21]. To reduce artifacts in
the scattering rate due to considering the scalar value for
(k), T'(E) was convolved with a Gaussian function with
a standard deviation of 2kgT.
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FIG. 4. Simulated intensity spectra of velocity V(v) and
wavevector K (v) for each band (top row: hh, bottom row:
1h), using MC (left column) and simplified 1D(k) simulations
(right column), for a nominal peak pump field of 24 kV/cm.
Spectra normalised to respective peaks at the fundamental
frequency. Ratios of peaks going from K — V for THG/FHG
are included.

The resultant intensity spectra for both methods and
hh-/lh-bands are shown in Fig. 4, obtained from both
the time-dependent velocity v and wavevector (k), i.e.
V(v) = |F{v(t)}|* and K (v) = |F{(k(t))}|?, respectively.
To better inspect the relative peak intensities, we nor-
malise all spectra to their respective peak value at the
fundamental (pump) frequency. This allows one to assess
post facto the relative roles of band anharmonicity vs.
energy-dependent scattering, as K(v) does not depend
strongly on the band anharmonicity (i.e. only through
its minor influence on the scattering rates compared to
isotropic parabolic bands). As can be seen, the MC re-
sults predict drastically higher relative values for V(v),
for both THG/FHG and both bands, demonstrating the
important role of band anharmonicity. A comparison of
the MC results with the 1D(k) results shows significant
deviations: in the latter, (i) the relative THG/FHG in-
tensities are significantly lower, (ii) the role of anhar-
monicity is significant but much less so than in the MC
results, and (iii) the lh-band THG/FHG intensities are
significantly stronger than for the hh-band.

We can account for these differences between the MC
and 1D(k) results in the following analysis of the MC
carrier distribution and 3D band structure. In Fig. 5
we plot the time dependence of the velocity in each band
(weighted by their occupation fraction, to represent their
respective contribution to the total emitted field), after
Fourier filtering of each harmonic component, as well as
the average wavevector (k) (which follows the pump-
pulse profile closely) and its rms spread both parallel (o)
and transverse (o, = o) to the field polarization. We

firstly note that the amplitude of the average k-space mo-
tion reaches values close to 0.04 (in units of 27/a), which
correspond to energies of ~25 meV (hh) and ~40 meV (1h)
(and corresponding temperatures of 195 K and 300 K,
respectively). This accounts for the dominant role of an-
harmonicity for our field regime, as one does not yet reach
the onset energy for scattering by phonon emission (64
meV for both LO/TO optical phonons at the I' point).
This also accounts for the lack of decay in (k) and o}
in the trailing edge of the pump pulse: as the phonon
scattering is dominated by low-energy acoustic phonons,
the electron cooling is predicted to be on a time scale of
more than 100 ps. Also, one observes that during the
pump pulse, the spread of the carrier distribution grows
from the initial level (dictated essentially by band-filling
at T' = 10 K) to a higher, non-equilibrium level, in both
the parallel and transverse directions. An inspection of
the velocity harmonics shows that the harmonic genera-
tion is stronger during the rising edge of the pulse, with
a complex pulse reshaping effect. Moreover, while the
occupation-weighted velocity response is dominated by
the hh contribution, one sees that the lh contribution is
not negligible (addressed further below).

In order to assess how the neglect of the finite trans-
verse carrier distribution might affect the predictions of
the 1D(k) results, we also inspect the band structure
away from the I'-X axis. This is shown as a 2D cross-
section vs (kg,ky) in Fig. 6(a,b) for each band, with
a magnified range of a higher-resolution calculation in
Fig. 6(c,d). To examine the anharmonicity for driven mo-
tion parallel to k, away from k, = 0, we fit and subtract
parabolas p, (k) for each k,, and plot the anharmonic
residuals in Fig. 6(e,f), with lineout curves in Fig. 6(g,h)
for selected k, values. These residuals show that the
lh band has a stronger anharmonicity for k, = 0, ex-
plaining why the 1D(k) results gave a dominant lh con-
tribution in Fig. 4(c,d), while the anharmonicity grows
rapidly for k, # 0, with the magnitude for the hh band
becoming comparable to that of the 1h band. Indeed,
performing the 1D(k) simulations using the 1D band
structure for k, # 0 leads to a much stronger THG/FHG
emission, with levels similar to the MC results and the
weighted hh contribution now dominating over the lh
contribution (although additional artifacts emerge in the
data, presumably due to the lack of distributional aver-
aging in the scalar 1D simulations). In any case, this
demonstrates that one must account for the extent of
the time-dependent carrier distribution away from the
field-polarization axis in order to correctly describe the
dominant anharmonic response in the regime of our ex-
periments.

We finally highlight some additional effects which are
revealed by analyzing the MC results. In Fig. 7(a,b),
we plot the loci of the harmonic velocity components
v3O) (1) vs. the fundamental one v(Y)(t) (for a couple
of cycles about the pump-pulse maximum), in order to
inspect their phase relationship. These phases can be
gauged by inspecting the relative sign of v® and v at
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the extreme points. (Note that the notion of a phase shift
between waves of different frequency is only well-defined
with respect to chosen intra-cycle points of the funda-
mental wave, and we choose here the extrema of v(1)).
One sees that for THG, while v(3®) for the hh is essentially
in-phase with v(") (corresponding to an “overshoot”), for
the 1h the fields are in anti-phase (i.e. “clipping”). In-
deed, when calculating the total weighted velocity (coher-
ently summing the results in Fig. 5) the result is some-
what lower than for the hh alone. This phase relation is
actually reversed for the FHG components, although the
hh and lh contributions still remain in anti-phase to each
other. The key reason for this can indeed be traced back
to the anharmonic band structure as shown in Fig. 6(e-
h). One can see that for k, # 0, the anharmonic residuals
for hh and lh are of opposite sign, so one can expect
that the harmonic responses of the two bands are indeed
in anti-phase. Lastly, we note that the band occupa-
tions change significantly during the pulse, as shown in
Fig. 7(c). This effect is also seen in DC MC simulations

2 (h) —i,0
——k, =0.005
0 —k, =0.01
L -2
< -0.05 0 0.05 0 0.05
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FIG. 6. (a,b) 2D cross-section of full Brillouin zone for hh and
lh, respectively, vs (ksz,ky), demonstrating the well-known
warped structure for each band. (c,d) Zoom into the k-space
region relevant for the pump pulse fields considered here. (e,f)
Residual after subtraction of parabolic fits py(k») for each
value of ky, and (g,h) lineouts of these residuals for selected
ky.

(not shown), and corresponds to a net lh—hh scatter-
ing for the non-equilibrium carrier distribution. This is
expected due to the lower 1h mass, such that the lh inher-
ently acquire more ponderomotive energy from the field
(and hence have a higher temperature), leading to a net
transfer of population to hh as the hh/lh attempt to es-
tablish thermal equilibrium. As shown in the inset, this
interband transfer occurs at each peak of k(t), i.e. twice
per period of the pump field. To inspect the develop-
ment of this effect during the pump pulse, we also plot
the cycle-averaged relative interband scattering rate for
the 1h, i.e. m;ldny,/dt, in Fig. 7(d). One sees that this
normalized rate does not follow the shape of the pump
pulse, but rather saturates and reverts in sign near the
peak of the pump pulse, which we attribute to the fact
that both 1h and hh have developed significant spread in
the k, . directions (see o, , in Fig. 5), which represent
partial equilibration for those components of the kinetic
energy not driven by the pump field. As this coherent
interband scattering would also lead to an anti-phase re-
lation between hh and lh harmonics, we carried out ad-
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FIG. 7. MC simulations: Loci of the harmonic velocity com-
ponents for (a) THG and (b) FHG plotted vs the fundamental
component, for selected cycles about the pump pulse max-
imum, for both hh (red curves) and lh (blue). (¢) Time-
dependent population of hh and lh bands (inset shows a
zoomed range for the lh to better resolve the net intra-cycle
lh—hh scattering that occurs about each peak in the mag-
nitude of (k)(t), i.e. twice per fundamental period T'). (d)
Relative rate of change of 1h population (cycle averaged).

ditional MC simulations for isolated bands, where this
scattering mechanism cannot occur. However, the results
were not changed significantly, and we can conclude that
this effect does not play a significant role compared to
the anharmonicity effects discussed above.

V. CONCLUSION

In conclusion, we have experimentally demonstrated
third- and fifth-harmonic generation from Si:B, held
at 10 K, upon excitation with intense FEL pulses at
1.29 THz and peak field strengths up to 24 kV/cm. Two
main results are obtained. (i) The nonlinear susceptibil-
ities show a strong dependence on the intensity of the
terahertz pulses, which is indicative for an increase of
the density of holes while a pulse is present. Model cal-
culations support that the hole multiplication occurs by
impact ionization of boron dopant atoms, initiated by
thermally activated holes which are accelerated in the
terahertz radiation field.

(ii) In addition, we have simulated the hole dynamics
in the radiation field using time-domain MC simulations,
which can reproduce aspects of the experimental emission
quite well when including pump propagation effects, and
demonstrate that band anharmonicity dominates the HG
process in our experimental regime, in particular due to
the strong non-parabolicity for carriers away from the
field polarization axis.

This study shows that high-field THz harmonic gen-
eration is highly sensitive to the precise anharmonicity
of the band structure, and while it does not yield a di-
rect characterization of the band structure, it does offer a
complementary approach to other experimental and the-
oretical methods to treat the band structure and energy-
dependent momentum relaxation rates.
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