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We report the observation of cyclotron resonance (CR) transitions of holes in the magnetotransmission spectra
of gallium-doped germanium at low temperatures, using intense, pulsed THz free-electron laser radiation with a
photon energy lower than the ionization energy of the Ga dopants (11 meV). The THz radiation, in the range of
12-89 cm ™!, both creates free holes through photoionization of Ga and induces the CR of these holes. For photon
energies above the lowest energy internal Ga transition (55 cm™"), intradopant transitions are simultaneously

observed with narrow CR peaks. For energies below 55 cm

~!, with increasing THz radiation intensity first

the lowest Landau level transitions of all heavy-hole and light-hole subbands appear. This marks the onset of
photoionization, which is found to be more efficient for lower laser frequencies, consistent with field-ionization
(Keldysh parameter << 1). For the highest laser intensities, the CR peaks of the heavy (light) holes shift to higher
(lower) magnetic field, as a result of the increasing population of the higher-energy nonequidistant Landau levels,
consistent with the effective-mass theory of the hole subbands in Ge.

DOI: 10.1103/PhysRevB.105.205204

I. INTRODUCTION

The development of high-intensity THz free-electron lasers
(FELs) has enabled the investigation of nonlinear phenom-
ena in semiconductors and low-dimensional materials in the
THz regime. Important examples are multiphoton absorption
[1,2], photoionization [3-5], absorbance saturation [6—10],
ultrafast inter(sub)band carrier dynamics, and multiple ways
of coherent control [11-14]. To expand their potential, FELs
are combined with high magnetic fields in some laboratories
around the world. These combination facilities have been
used to study pulsed electron paramagnetic resonance [15,16],
magnetic resonances [17-19], dynamics of charge carriers in
Landau levels (LLs) [6,20-22], and bound states of dopant
atoms [9].

Here, we use a THz FEL in combination with a 33 T
Florida-Bitter magnet to investigate photoionization and cy-
clotron resonance (CR) in gallium-doped germanium (Ge:Ga)
over a wide range of THz intensities. Nonlinear processes in
hole-doped germanium (p-Ge) have been investigated to ad-
vance the development of lasers [23,24] and THz technology
[25-28]. Despite the fact that p-Ge has been widely stud-
ied, also in high magnetic fields [29-31], several outstanding
issues still remain, which are mostly related to the non-
parabolic band structure of the valence band, the appearance
of nonequidistant LLs [32-34], and the lack of a clear under-
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standing of the light-induced ionization of the dopant atoms
[35-39]. Figure 1 shows schematically the band structure of
Ge:Ga near the bottom of the valence band. The ionization en-
ergy (E;) of Ga in Ge is 11 meV, which is equivalent to 128 K
or 89 cm™!, meaning that at liquid helium temperatures the
amount of free holes in the band is negligible. Low-intensity
THz spectroscopy at low temperatures will therefore detect
only intracenter transitions, the lowest of which are labeled
by C, D, and G. Free holes can be created in a number of
ways, such as raising the temperature, the application of an
external electric field, or by optical excitation using incident
radiation with an energy near the band gap of the material
(creating electron-hole pairs) or the ionization energy of the
dopant atom (creating only free holes) [35]. In addition, as
we will show below, free carriers can also be created through
light-induced ionization of the dopant atoms, using light with
an energy below the ionization energy [40].

The complex subband structure has resulted in the exper-
imental observation of very interesting features in the CR
spectrum of p-Ge [29]. The results depend strongly on how
many LLs (counted by index n) are occupied, what light
frequency and intensity is used, and at which temperature
T and magnetic field strength B the study is executed. To
classify whether or not specific quantum effects in the CR
spectra are present, the quantum effect parameter n = k’Z—‘; is
introduced, where fiw is the photon energy of the radiation
used, and kgT is the thermal energy. In the first experiments,
at high temperatures and/or at low magnetic fields, quantum
effects were not recognized [40,41]. Two hole bands—Ilight
hole (LH) and heavy hole (HH)—were reported with effec-
tive masses of mjy = 0.04m. and mjy; = 0.3me (me is the
free-electron mass), and no sign of absorption saturation was

©2022 American Physical Society
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FIG. 1. Schematic representation of the valence-band energy lev-
els in Ge:Ga. Zero energy is defined at the bottom of the valence
band. The red solid lines indicate the Ga levels; the vertical colored
arrows show the lowest three intracenter transitions, labeled by C,
D, and G. The vertical dashed arrow shows the spacing between
the Ga ground state and the bottom of the valence band at zero
magnetic field (11 meV, corresponding to the ionization energy). The
solid black lines correspond to the heavy-hole (¢~) and light-hole
(e™) subbands, and the dashed black lines indicate their LLs when a
magnetic field is applied. The vertical black solid arrows indicate the
cyclotron resonance transitions in between the LLs.

observed. These masses are correct, but later on it turned
out that they originate from higher-energy LLs (with high n
number), for which the effective mass is different from that
associated with the states at lower energy and low n-values.
These first studies were performed in the temperature range
of 1.3—4.2 K using continuous wave (CW) microwave sources
(9-25 GHz) and above-band-gap white tungsten light to create
free carriers [42]. In other words, n was small, between 0.11
and 0.29, so only two distinct hole peaks were observable.
Under these conditions, the population of the high-index LLs
is high, and details of the complex band structure at the band
edge are not observable.

Later on, using high-frequency radiation and n > 1, quan-
tum effects became visible in p-Ge [30,42,43]. A summary
of these experiments is discussed in Ref. [29], revealing very
rich spectra with many absorption peaks, identifying up to
five different transitions with masses between 0.044m. and
0.256m,. There is a tendency that with larger resonance en-
ergy (hw), the observed effective mass m* is larger, which can
be attributed to the interaction of the valence band with the
conduction and split-off bands [29]. Although an intense THz
laser has been used for CR studies of p-Ge [43], to the best
of our knowledge there is no systematic study of the intensity
dependence of the CR transitions in p-Ge.

In our study, n was much larger than 1 (between 4.3 and
91.4). We found that the intense THz light simultaneously
creates free holes through photoionization and induces inter-
LL transitions. We first characterized the p-Ge samples in the
low excitation limit by using the low-intensity THz light of a
Fourier transform infrared (FTIR) spectrometer. This resulted
in an overview of the energy positions of the intracenter
Ga transitions as a function of magnetic field (measured at
1.3 K) and the positions of the lowest energy CR transitions

(measured at 20 K). For the FEL experiments, we used a pho-
ton energy range of 1.5-11 meV (12-89 cm™~'), which means
that we were able to study the laser frequency dependence
on the onset of the THz photoionization and to distinguish
different regimes. First, we investigated a low photon energy
regime of the ionization (below the lowest level labeled 1Ty at
6.8 meV equivalent to 55 cm~!). And second, we studied the
ionization assisted by intracenter transitions when the photon
energy is larger than 6.8 meV. For FEL photon energies above
6.8 meV, we saw both intracenter and CR transitions, where
the latter dominate at higher FEL intensities. For energies
below 6.8 meV, we observed multiple CR transitions, with
positions and amplitudes that depend strongly on the FEL in-
tensity, as a result of the saturation of some CR transitions and
an increasing occupation of higher-energy LLs, both with in-
creasing FEL radiation intensity. Using the same light source
for both free-carrier creation and inducing CR transitions is
usually avoided because under these circumstances it is diffi-
cult to keep the carrier concentration constant, which makes
the interpretation of the CR line shapes difficult [35,44]. How-
ever, our method has a big advantage. We are able to populate
higher-energy LLs while keeping the lattice temperature low.
As aresult, CR transitions for high index LLs appear, and the
CR positions shift with increasing THz intensity. We compare
our results with the theory of the germanium valence band
[34].

II. EXPERIMENTS

A. Experimental instruments and sample

Two setups were used for our experiments. Low-power,
frequency-resolved far-infrared spectra were measured at
fixed magnetic fields, using an FTIR spectrometer (Bruker
IFS113V) connected to a 33 T Florida-Bitter magnet [45]. The
interferograms were detected by a silicon bolometer nearby
the sample. Each transmission interferogram was Fourier-
transformed, then each spectrum was corrected with the same,
calculated common background. This background spectrum
was calculated from all spectra at all magnetic fields by taking
for each frequency the 90th percentile [46] intensity value.
With this normalization method, the water lines and other
field-independent features were removed. For the final figures,
we inverted these normalized spectra.

For the high-power THz measurements, we used a setup
that combines a 33 T Florida-Bitter magnet and the free-
electron laser FLARE (Free electron Laser for Advanced
spectroscopy and high Resolution Experiments), which covers
a broad THz frequency range (7-100cm~'/0.2-3 THz) [17].
The FLARE light consists of macro- and micropulses. The
macropulses are 10 us long, have a repetition rate of 5 Hz,
and consist of a series of micropulses with a repetition rate
of either 60 MHz or 3 GHz, depending on the operation
mode used. Each micropulse contains approximately 40 op-
tical cycles under a Gaussian envelope. In the 60 MHz mode,
the micropulses are well-separated in time, whereas in the
3 GHz mode the micropulses overlap in time, which affects
the spectral width of the radiation. Within the 3 GHz mode,
depending on the FEL cavity alignment [17], the spectral
resolution is about % = 0.1%, whereas the 60 MHz mode
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exhibits a spectral width of about % = 1%. The spacing of
the micropulses (i.e., different spectral bandwidths of the two
modes) affects the dynamical properties of the holes, as we
will discuss later.

Below 36 cm™!, an InSb hot electron bolometer (QMC
Instruments) was used, whereas above this frequency a
gallium-doped germanium photoconductive detector (in-
house development) was used. We recorded every single
macropulse and used a digital boxcar averager on the detector
signal.

We used two p-type gallium-doped samples, cut from two
different, 500 micron thick, germanium wafers (obtained from
MTTI Corporation) with the same nominal room-temperature
resistivity value (10-15 Qcm). From this resistivity, we
estimated the doping concentration to be (2.11-3.18) x
10 cm™3 [47]. The top surface of the wafers corresponds
to the (100) crystal plane. One sample was used for the ex-
periments with the FTIR and the 3 GHz mode of FLARE.
This sample was 2° wedged to avoid Fabry-Pérot interference
between their front and back surfaces. The other sample (not
wedged) was used for the experiments using the 60 MHz
mode of FLARE. For each experiment, the sample was
glued on a 5-mm-diameter aperture using GE Varnish. A
5-mm-diameter cone was mounted 3 mm above the sample
to focus the light. The sample was mounted in the center
of a Florida-Bitter magnet [45] within a liquid-helium bath
cryostat, using helium exchange gas to cool the sample. The
magnetic field and the k vector of the light were oriented
along the (100) axis of the crystal (Faraday configuration)
in all measurements. Regarding the sample holder and its
surroundings, there is no difference between the FEL-based
and FTIR spectrometer.

We used 15 different frequencies of FLARE, and at each
frequency we used at least two different laser intensities. The
raw and processed data of all the measurements are posted in
the data repository of the Supplemental Material [48].

B. Low-intensity FTIR measurements

Figure 2 shows the low-power transmission spectra of
Ge:Ga obtained in magnetic fields up to 28 T at 1.3 K. At
this temperature, the number of free holes in the valence band
is low. No LL transitions are observed, and all transmission
peaks originate from internal transitions between Ga levels.
Without an applied magnetic field, the peaks are positioned at
55cm™! (G), 69 cm~! (D), and 74 cm™~! (C), corresponding to
the transitions from the 1T'§” ground state to the 1Ty, 2I'y, and
2I'g states, respectively [49]. Each of these states is fourfold
degenerate and split in magnetic field due to the Zeeman effect
(colored dashed lines in Fig. 2 are guides for the eye). The
observed Zeeman splittings of the Ga states in Ge exhibit
both linear and quadratic Zeeman terms, similar to the earlier
reported behavior of boron dopants in Ge [50].

Figure 3 shows the transmission spectra at an elevated tem-
perature of 20 K. At this temperature, free holes are present in
the valence band, resulting in the observation of a set of five
relatively broad transmission peaks, four of which correspond
to inter-LL transitions (following the notation of Ref. [32]) in
the €, €;” (LHs) and €, , €, (HHs) subbands (indicated by the
dashed lines in Fig. 3). The origin of the fifth transition line
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FIG. 2. Inverted FTIR transmission spectra of Ge:Ga at 1.3 K in
applied magnetic fields up to 28 T. G, E, and D label the lowest en-
ergy Ga intracenter transitions (see Fig. 1). The dashed colored lines
are guides to the eye, illustrating how the transitions split in magnetic
fields. Each spectrum has been vertically offset corresponding to the
applied magnetic field (1 T steps). The three vertical gray dashed
lines label the frequencies used in the FEL low-intensity experiments
reported in Fig. 5.

(pink line) will be discussed later on. However, the relatively
large width of the CR peaks in this high-temperature FTIR
study hampers a thorough analysis. Figure 4 summarizes the
peak positions of all observed transitions, distinguishing the
intracenter Ga transitions (purple circles) and the inter-LL CR
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FIG. 3. Inverted FTIR transmission spectra of Ge:Ga at 20 K in
applied magnetic fields up to 25 T. The dashed lines indicate the field
dependence of the CR transitions for the €5, €/, €, €; subbands.
The pink dashed line indicates a hole CR transition characterized
by an effective mass of 0.36m, hole, which was reported earlier but
the origin of which is still unknown [33]. The small sharp peaks
correspond to water lines. Each spectrum has been vertically offset
corresponding to the applied magnetic field (2 T steps).
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FIG. 4. Peak positions of all transitions detected in the low-
intensity FTIR measurements. The purple (black) dots report the
results of the 1.3 K (20 K) measurements. The solid lines display
the calculated positions of the lowest-energy LL transitions at zero
momentum for the €, €], €, €; subbands, using the theory of
Evtuhov [34]. The pink line indicates a CR transition involving a
hole with an effective mass of 0.36m,, which was reported earlier
but the origin of which is still unknown [33].

transitions (black circles) with a linear field dependence (the
solid lines correspond to the calculated lowest LL transitions,
following the theory of Evtuhov [34].

C. High-intensity THz FEL measurements

In our high-intensity FEL-based experiments in the fre-
quency range of 12.9-89 cm~!, we distinguish two different
regimes for frequencies below and above the G transition at
55 cm~!. Above 55 cm~!, we expect both internal transi-
tions in the Ga dopants as well as the CR of holes at high
excitation intensities, whereas below 55 cm™!, only CR tran-
sitions can be excited. The bottom curves in Fig. 5 compare
FTIR (magenta curves) and FEL (black curves) experiments
for the different regimes (52.75, 59, and 65.3 cm™!) in the
low-intensity limit using the 3 GHz mode. It is important to
note that even though both measurements are in the low-power
regime, there is a difference in intensity of many orders of
magnitude. To compare those signals, we have removed the
background of the FTIR data and have normalized all the
curves, following a procedure that is discussed in the Supple-
mental Material [48].

Indeed, the low intensity 52.75 cm™! traces [Fig. 5(a)] are
basically featureless, whereas the 59 and 65.3 cm~! traces
[Figs. 5(b) and 5(c)] exhibit the main interlevel transitions.
The minima of the FTIR data reveal the intracenter Ga
transitions (along the gray vertical dashed lines in Fig. 2).
The low-intensity FEL curves roughly coincide with the
FTIR data, within the error of the measurements [51]. The
high-intensity FEL data (top curves of Fig. 5) display a com-
pletely different behavior. The intracenter Ga transitions are
not visible anymore, because they are saturated by the in-
tense FEL light. Instead, very sharp peaks are visible for all
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FIG. 5. Comparison of the FTIR and FEL measurements at low
intensities (bottom curves) and FEL experiments at higher intensi-
ties (top curves). Black lines correspond to FEL spectra obtained
using the 3 GHz mode, whereas magenta curves + symbols show
the discrete FTIR traces. The high-power FEL spectra are chosen
to express the highest contrast from the low-power measurements.
The frequencies and the 0 dB intensities are (a) 52.75 cm™' and
320.74 W/cm?, (b) 59 cm™! and 100.81 W/cm?, and (c) 65.3 cm™!
and 78.51 W/cm?.

frequencies, which can be attributed to CR transitions of
the holes occupying the subbands eff’{. These results unam-
biguously demonstrate that high-power THz radiation with
energies below E; is able to create free carriers through pho-
toionization and, simultaneously, excite inter-LL transitions.
Microwave-induced ionization of dopants in Ge was reported
previously [35,36,40], but the simultaneous observation of
impurity transitions with CRs has not been reported yet. In
the Supplemental Material [48] we give more details about the
coexistence of the two different kinds of transitions. Note that
at low lattice temperature, the LL transitions are quite narrow,
which allows a thorough analysis of the peak positions versus
magnetic field strength and FEL intensity. Figure 6 shows the
evolution of the transmission spectra with power for the FEL
frequencies 14.5, 23, and 31.5 cm~! (all below the internal Ga
transitions), measured using the 60 MHz mode. At low inten-
sities the curves are featureless, because the FEL frequency is
below the lowest intracenter Ga transition and because no free
holes are present. With increasing power, sharp CR peaks ap-
pear, indicating that also under these conditions the FEL light
simultaneously creates free holes through nonresonant pho-
toionization and induces transitions between the hole LLs. At
low fields, the CR transitions of the e; , el+ subbands are very
pronounced, whereas at higher fields heavy-hole CR peaks
appear, albeit that the individual HH levels (¢ ,) cannot be
resolved due to the small splitting at this low field/frequency,
leading to one relatively broad transmission dip, marked as
HHs. Clearly, the relative amplitudes of the different CR tran-
sitions depend strongly on the FEL intensity. For instance, the
14.5 cm~! data show that with increasing FEL intensity, €;"
and €;” become more clear but finally saturate. The HH peak
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FIG. 6. Intensity-dependent transmission curves as a function of
magnetic field, obtained using the FEL frequencies 14.5 (a), 23 (b),
and 31.5 (c) cm~! at 4.8 K with the 60 MHz mode. The correspond-
ing peak micropulse intensities near the sample at 0 dB are 7.2, 3.2,
and 2.1 x 10° W/cm?. The different curves are vertically offset for
visibility.

drastically increases with power, becomes broader, and finally
also saturates at the highest powers. In addition, the peak
positions shift as a function of FEL intensity. The CR spectra
obtained using the FEL frequencies 23 and 31.5 cm™! exhibit
a similar intensity dependence, as shown in Figs. 6(b) and
6(c). This behavior is also recognizable in the experiments
using the 3 GHz FEL mode, shown in Figs. 7 and 8. At
the lowest radiation power (purple lines in Figs. 7 and 8),
no peaks are visible due to the absence of free holes. With
increasing FEL power, several peaks subsequently appear and
some of them reach saturation. As before, we attribute these
peaks to the CR transitions of free holes in the €, €]", €;, and
€, subbands. Figures 7(b)-7(d) and Figs. 8(b)-8(d) show the
FEL intensity dependence of the different peaks together with
the calculated resonance positions, using Evtuhov’s theory
[34]. In these plots, the x-axis is converted to effective mass
based on the cyclotron resonance condition /iw, = eB/m*.
The data obtained at 36.0 cm™~! reveal very rich behavior.
First, at low FEL power (—15.2dB) the four basic light-
and heavy-hole CR transitions appear. The relative amplitudes
evolve as a function of the FEL intensity, and most remarkably
at intermediate power (—5.2dB) the two lowest-energy HH
transitions saturate and a broad transmission peak appears at
higher field strengths, comparable to the broad HH resonance
observed in Fig. 6(c). Figure 9 summarizes the results of
the CR magnetotransmission study. It shows the energies of
the inter-LL transitions of the different subbands and some of
the internal Ga dopant transitions as a function of magnetic
field up to 30 T. The data points shown by black circles are
obtained using FTIR spectroscopy at 20 K, and the red (blue)
circles show the data obtained using the 60 MHz (3 GHz)
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FIG. 7. (a) Intensity-dependent transmission traces as a function
of magnetic field at 1.4 K, using a frequency of 21.7 cm~!(3 GHz
mode). The micropulse peak intensity was 4.8 x 10* W/cm? at
0 dB. A vertical offset was added to each curve for better visibility.
(b)—(d) Intensity dependence of the resonance curves for each indi-
vidual hole subband, where the x-axis is converted to the calculated
effective masses using the CR condition. The amplitude values
shown correspond to the resonance intensity normalized to the 0 T
value. Solid lines indicate the effective masses of the lowest energy
transition for each subband (the numbers label the LL transition
indices) using the theory of Ref. [34]. The dotted, dashed, and dash-
dotted lines mark the higher-order LL transitions. For effz these are
1—>2,2—>3,3—>4andfore[2theyare3—>4,4—)5,5—>6,
respectively. The same notation is used in Figs. 8 and 9.

mode of FLARE. The straight lines are calculated by the
model discussed in the next section.

III. DISCUSSION
A. Model and calculations

The valence-band edge (at zero momentum k, = 0) con-
sists of six energy levels [32,52], which are split due to the
strong spin-orbit coupling. This results in two levels, one of
which is fourfold degenerate and the other is twofold degen-
erate. The twofold degenerate level, called the split-off band,
has a total angular momentum J = % and is located 290 meV
above the bottom of the valence band (not shown in Fig. 1).
The fourfold degenerate level has total angular momentum
J = % and consists of two HH subbands €, and two LH

subbands €;",. Since the energy difference between the split-
off and LH-HH bands is very large, at low temperatures only
the LH and HH bands contribute to the optical transitions in
the THz range. Hence, in our discussion we restrict ourselves
to the behavior of the LH and HH subbands. These subbands
interact, resulting in bands that are strongly nonparabolic
and give rise to nonequidistant LLs under the application
of an external magnetic field, which was studied extensively
in the 1950s-1960s, both experimentally and theoretically
[33,52]. Wallis and Bowlden [32] specified the theory of
CR for the valence band of germanium, which was further
developed by Evtuhov [34]. This work took into account the
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FIG. 8. (a) Intensity-dependent transmission traces as a function
of magnetic field at 1.4 K using a FEL frequency of 36 cm~! (3 GHz
mode). The micropulse peak intensity was 9.4 x 10* W/cm? at
0 dB. A vertical offset was added to each curve for better visibility.
(b)—(d) Intensity dependence of the resonance curves for each indi-
vidual hole subband, which are labeled in the same way as in Fig. 7.

anisotropic valence-band structure and paid special attention
to the calculation of the hole wave functions, using the full
6 x 6 Hamilton operator (for the three different valence
bands). A second-order k - p and first-order spin-orbit per-
turbation analysis was used, incorporating five constants, the
values of which were based on the work of Dresselhaus [40]
and Kane [53]. Based on Evtuhov’s notation [34], the fol-
lowing constants were used in this calculations: [ = —31.0,
pw=-43,v=-324,k=33,and A =0.29¢eV.

The situation is quite complex because of the interaction
between the different valence subbands, leading to strongly
nonparabolic subbands and nonequidistant LLs. The most
peculiar subband is the €;” level, the minimum of which is not
at k, = 0 [32] (not shown in Fig. 1). At k, = 0, the band has a
local maximum that results in a negative effective mass. The
negative effective mass has consequences for the development
of lasers and a negative-effective-mass amplifier/generator
[54-56]. In CR experiments, the negative effective mass might
influence the spectrum when the magnetic field is directed
along the propagation direction of the light and when circu-
larly polarized light is used [57]. Since in our experiments
we used unpolarized light and the opposite field direction, the
effect of the negative mass is not observable. In our analy-
sis, therefore, we restrict ourselves to the CR transitions at
k, = 0, resulting in a sequence of CR transitions that can be
characterized by the CR effective masses displayed in Table I
[34]. We note that the energy difference (i.e., the condition for
CR) between the neighboring LLs is almost k-independent,
even if the given n-index subband depends strongly on k
[34]. Therefore, we use the k, = 0 approximation, despite
the complex €, subband. Later, we discuss the limit of this
approximation. For the light-hole subbands (¢;,), the cy-
clotron effective masses associated with the lowest energy CR
transitions are given by 0.055m, and 0.119m,.. With increasing

TABLE I. Calculated values of the cyclotron masses describing
transitions at k, = 0 between Landau levels with different index n
based on the model of Evtuhov [34]. The e,*_z transitions are counted
from n = 0, whereas the €, transitions start from n = 2, because in
that case the lower n indices result in unphysical eigenvalues of the
Hamiltonian [32]. The field-dependent CR transition energies using
these masses are indicated in Figs. 4, 7-9.

LL transition Cyclotron mass (m,)

€01 0.055
&1 —>2 0.048
62— 3 0.048
&34 0.049
60— 1 0.119
61—2 0.056
€23 0.050
€3 —>4 0.052
€62—3 0.213
€34 0.253
€4—>5 0.259
€E5—>6 0.314
€2—3 0.255
63— 4 0.256
6&4—5 0.331
€£5—>6 0.269

LL index, these effective masses become smaller. For the
heavy-hole subbands €125 the dependence on the LL index is
opposite, i.e., the effective masses for the higher index CRs
are higher than their values for the lowest energy transition
(0.213m, and 0.255m,).

B. THz radiation intensity dependence of the CR transitions

The 20 K FTIR data points (black circles in Fig. 4) closely
follow the calculated lowest energy CR transitions indicated
by the colored solid lines. Our experiments in the limit of low
intensity are, therefore, in good agreement with the theoretical
calculation. All four expected eff{ subbands are observ-
able and identified, and under these conditions (20 K, low
intensity) higher index LLs of the different valence subbands
are barely populated. A fifth line is visible and characterized
by a CR effective mass of 0.36m, (pink line). This transition
was observed previously [33] but was not present in our calcu-
lation. Its detailed origin is still unknown, and it is attributed
to details in the complicated valence-band structure.

In general, with increasing THz power the following hap-
pens: the total number of free holes increases (due to a more
efficient ionization), which leads to an increasing intensity
of the observed CR transitions. Once all Ga acceptors are
ionized, the increasing power only changes the distribution
of the holes among the LLs, populating the higher index
LLs. This leads to a decreasing amplitude (i.e., saturation) of
the lower index LL transitions, as already observed in other
semiconductors [20].

A large part of the data points obtained using the FEL
radiation coincides with the lowest LL index transitions (solid
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FIG. 9. The frequency-field dependence of the transmission peak energies in Ge:Ga. Black circles correspond to the 20 K FTIR data, and
red (blue) circles correspond to the peak positions of all experiments with the 60 MHz (3 GHz) mode of FLARE (all attenuation levels). The
3-GHz mode data points show both CR transitions and internal Ga dopant transitions. The solid lines indicate the calculated behavior of the
lowest-energy CR transitions of the different valence hole subbands, and they are the same as the solid lines in Fig. 4 [34]. The dotted, dashed,
and dash-dotted lines show the calculated high-order LL transitions [34]. The level indexes are indicated on the plot and are the same as those

in Figs. 7 and 8.

lines in Fig. 9). This mainly concerns the results for the low
FEL intensities, as well as the data for FEL frequencies above
55 cm~! (3 GHz mode data), i.e., when intracenter Ga transi-
tions facilitate photoionization and the creation of free holes.
It is clear though that in this frequency range it is quite difficult
to disentangle the CR and intracenter transitions. This prob-
lem does not exist for the low FEL frequencies (< 55 cm™}),
where we only focus on the radiation intensity dependencies
of the amplitude and peak position of the CRs. Remarkably,
for the light-hole transitions (eiz) we see relatively narrow
CR peaks (see the results in Figs. 6-8). In particular, the €
CR exhibits a narrow resonance, situated close to the expected
position of the n = 0 — n = 1 transition [Figs. 7(c) and 8(c)].
In fact, the €1+ n =0 — n =1 transition is quite isolated in
energy (blue solid line in Fig. 9), because the higher index LL
efr transitions are shifted to lower mass values (field values),
close to the position of lowest energy ej CR (black solid line
in Fig. 9). Indeed, around this CR peak position [Figs. 7(b)
and 8(b)] several €5 and €, transitions are situated, leading
to a nonmonotonic intensity dependence of the CR positions,
but still with a rather narrow linewidth. For the HH CR tran-
sitions, the situation is different, which is most clearly seen

in the traces of the 36 cm™! results using the 3 GHz FEL
mode [Fig. 8(d)]. At relatively low FEL intensity (—15.2 and
—10dB), two sharp HH CR dips are detected, the positions of
which are close to the calculated lowest energy €, (0.213m,)
and €, (0.255m.) LL transitions. With increasing intensity
(—5.2 and 0 dB) these lines gradually disappear (saturate)
and a broad HH resonance is visible at higher field strengths,
consistent with the calculated positions of the transitions be-
tween the higher index LLs (*0.3m,; see also Fig. 9). Thus,
our data directly show the nonequidistant nature of the LLs in
the valence band of Ge.

Figure 10 summarizes the effects on the observed CR sig-
nal discussed so far, showing the calculated LL energies [34]
for the e;f’z_ subbands in p-Ge as a function of the magnetic
field at a frequency of 36 cm™!. For this fixed transition energy
(shown by the vertical lines), a series of CR transitions are
expected. The calculation correctly predicts the positions of
the lowest-energy CR transitions of the different subbands,
i.e., 2.12 T for €5 (black vertical arrow), 4.57 T for €, (blue
vertical arrow), 8.20 T for €, (red vertical arrow), and 9.82 T
for €, (green vertical arrow). The higher index LL transitions
(indicated by the faded vertical arrows) shift to lower mag-
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FIG. 10. Calculated Landau level energies for the different va-
lence subbands. Transitions are shown with vertical solid lines for
a radiation frequency of 36 cm™' from the lowest LL (solid line) to
one level higher (faded line). The vertical lines belong to the higher
(more faded) LL transitions.

netic fields for the LH transitions 614:2 and to higher fields for

the HH transitions 611.2, as observed in the experiment. The
experimental conditions obtained with the 3 GHz mode of
FLARE at 36 cm™! at 1.4 K are apparently ideal to observe
this effect. Free holes are created by photoionization of the
Ga centers, and the same FEL light induces inter-Landau-level
CR transitions. In this measurement, the effective temperature
of the crystal lattice is sufficiently low to keep the linewidth of
the CR transitions small enough to see many of the individual
transitions and their progression with varying FEL power.
Similar behavior is observed for the 21.7 cm~! of 3 GHz
mode results and those using the 60 MHz FEL mode. Close
inspection of these traces [see, for instance, Figs. 6(c) and
7(d)] shows that the lowest energy CR transitions of the €
(0.213m,) and €, (0.255m.) subbands are weakly visible on
the wing of the broader HH resonance at high fields (having
a CR effective mass of = 0.3m.). Apparently under these
conditions, the hole system is already in the high excitation
regime at relatively moderate FEL intensities.

This behavior can be partly explained by the fact that at
lower magnetic fields the LL spacings are smaller, which
makes it both easier to populate higher index LLs and more
difficult to resolve individual CR transitions. At the same
time, these results suggest that for low FEL frequencies it
is easier to ionize the Ga centers. As discussed below, it
is quite difficult to compare the results obtained using the
different FEL modes. Therefore, we have performed a rough
analysis, in which we make a relative comparison of the FEL
intensity dependence for each CR transition. Neglecting the
field-dependent reflection, we define an absorption coefficient

O/ Olyyax
60 MHz mode

O/ Olyax
3 GHz mode

/

I / kil
0.2+ ° . 1t |
o e |

L /@ g
Ll e [
60 40 20 0 -60 40 -20 0O -60 -40 -20 O
Relative power on the sample (dB)

FIG. 11. The power dependence of the relative (normalized to
avax) absorption coefficients of all the €/, and the merged HH
peaks. (a),(b),(c) are from the 60 MHz mode, while (d),(e),(f) are
from the 3 GHz mode. At 36 cm~!, we display all the HH-related
peaks without distinction. They are quite close to each other, there-
fore there are some overlaps among them. The lines between the
points are guides for the eye.

(a) based on the Lambert-Beer law [58] as

o= ln[T(B = 0)/T(B = Bres)]

3 ; ey

where T(B =0) and T (B = Bys) are the magnetic-field-
dependent transmission values at zero field and at resonance
field, and 4 is the thickness of the sample. apax is the largest
absorption coefficient for a given transition. Figure 11 shows
the relative absorption coefficients against the relative THz
power on the sample. First of all, the onset of the CR signals
(i.e., the onset of photoionization) for each of the peaks is at
lower intensity with decreasing FEL frequency, indicating that
photoionization is easier at lower radiation frequency. Second,
for each transition the value of the relative absorption coef-
ficient seems to increase with decreasing frequency. Finally,
apart from the 36 cm™! excitations and the HH excitation
of 31.5 cm~!, the CR transitions show a clear saturation
behavior, for which the absorption coefficient increases with
growing FEL intensity, reaching a maximum, after which it
reduces again.

It is known [59,60] that at resonance, the absorption coef-
ficient does not explicitly depend on the light frequency or the
applied magnetic field strength. However, at a given temper-
ature, a higher population difference is desirable to achieve
stronger absorption because of the Boltzmann distribution of
the holes among the LLs. Therefore, usually no dependence
on the magnetic field and light frequency is observed in CR
experiments, apart from studies at high temperatures where
an increased frequency/field strength results in a stronger
absorption and a stronger CR signal. In our low-temperature
study, we observe the opposite effect. As discussed in the next
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subsection, this might be related to the ionization mechanism
being more efficient at the resonance for the lower frequen-
cies, resulting in a significant increase in the population of the
initial LL state.

C. Photoionization and Keldysh parameter

THz photoionization studies [36-38] of germanium as a
function of magnetic field and doping are still scarce, and
we show that it is not straightforward to identify the precise
ionization mechanism for all the experiments that we have
performed. However, for some experimental conditions we
can offer a nonexhaustive explanation using the theory of
Keldysh [61,62] and estimate whether we deal with a mul-
tiphoton ionization or tunneling effect.

We restrict our discussion to frequencies where direct pho-
toionization is not possible. We limit ourselves to frequencies
below the first intracenter Ga transition, i.e., < 55 cm™!,
to exclude the contribution of ionization processes via im-
purity states. Under these conditions, Keldysh theory treats
photoionization to be primarily determined by the mean free
time of the charge carrier passing through a potential barrier
with thickness E;/qE,, where E, is the amplitude of the
electric component of the radiation and ¢ is the elementary
charge. For efficient ionization, the charge carrier has to gain
velocity by at least «/2E; /f during the radiation period, where
i = 1073 kg is the mass used for ionization processes [61]
in semiconductors. Thus, there is a characteristic threshold
frequency

gk,
V= ———,
" 2 J2WE,

which describes the timescale of the energy gain of the
charged carriers over the thickness of the potential barrier.
Using the experimental parameters for gallium-doped ger-
manium, we find that v, ~ 147 cm~! for 52.9 cm™! (the
highest frequency used below 55 cm~') and 1128 cm™' for
12.5 cm™!, the lowest frequency used, both in the case of
the highest THz laser intensities used. The corresponding
Keldysh parameter y is defined as the ratio of the radiation
frequency and the threshold frequency, leading to y = 0.01
and 0.36 for 12.5 and 52.9 cm™!, respectively. Since the cri-
terion for multiphoton ionization is y >> 1, we claim that we
are in the opposite limit, where the field-ionization (i.e., tunnel
effect) is dominant, in agreement with a previous study [38].
On the other hand, for low-power radiation at intermediate
frequencies, we can reach values of y > 30, as shown in Table
S1 of the Supplemental Material [48]. Thus, there are regions
in our parameter space where the multiphoton process has a
larger probability.

Qualitatively, we can explain our photoionization results
below 55 cm™! as follows. The charge carrier has less time
to tunnel through the barrier within one radiation cycle with
increasing light frequency. As a result, the tunneling proba-
bility reduces with increasing frequency, as seen in Fig. 11.
However, the multiphoton process becomes more efficient
with growing frequency. Distinguishing these two effects re-
quires measuring the frequency dependence of the ionization
efficiency at frequencies above the characteristic frequency
v;, but below the energies of single-photon ionization, which

©))

is a relatively narrow range for Ge:Ga, as indicated above.
We note that a more realistic description of the process is
more complicated and should involve the finite temperature
of the experiment, the effect of the magnetic field, and the
doping dependence of the ionization. Nevertheless, we believe
that further ionization studies of Ge:Ga would contribute to
developing broad-range, fast THz detectors.

D. Future challenges

Many observations in our experiment can be reasonably
described and explained by the band-structure and pho-
toionization theories introduced above. A full quantitative
understanding is, however, quite difficult to obtain, due to the
inherent complexity of the valence band of Ge and due to the
lack of temporal information.

First of all, we have restricted our analysis to the calcu-
lated behavior of the valence hole subbands at k, = 0 and the
corresponding power related changes in the spectra. This is
clearly a simplification, evidenced by the observation of the
fifth CR line characterized by a CR effective mass of 0.36m,
[33] and the appearance of additional transmission peaks even
below this fifth transition [see two FTIR data points (black
circles) and one FEL data point (red circle) in Fig. 9]. In
this range, there are no Ga intracenter transitions and LL
transitions with a selection rule of An = 1. We believe that
these points might originate from different selection rules of
the CR as discussed in Ref. [33]. A second issue regards the
whole subband curvature in the Brillouin zone: based on the
theory, towards high magnetic fields the effective mass should
increase, though this effect is fairly small [34]. A third issue
is the simultaneous occurrence of photoionization of the Ga
dopants and CR transitions. The ionization is a nonresonant
process that creates free holes that distribute themselves over
the different subbands. This process is most probably field-
(and frequency-) dependent, also because of the occurrence
of CR and the effect of screening of the dopant charges by
the free holes. This affects the overall refractive index of the
sample as a function of field strength and radiation power.

Finally, the distinct FEL modes of operation might also
play an important role considering the dynamics of the
valence-band states, because the 60 MHz and 3 GHz modes of
FLARE have a difference in spectral resolution and average
power (see the Supplemental Material [48]). Time-resolved
studies of the valence-band transitions in germanium [3,63]
resulted in a measured capture time of free holes by the
dopant states (i.e., the depletion time of the valence band
after photoionization) in the range of 1-20 ns, depending on
the occupation of the band. Using the 60 MHz mode (with
a time separation of 16.67 ns between the micropulses), the
FEL micropulses create free holes, which are able to relax
back to the Ga centers in between the micropulses in most
cases, making the effect of all micropulses similar. Instead, in
the 3 GHz mode, with a micropulse time-separation of only
0.33 ns, the first micropulse generates free carriers that do not
relax back to the dopant centers before the next micropulse
arrives. Therefore, the consecutive micropulses are incident
on a sample already containing free carriers. The different
modes of operation thus might affect the time-averaged results
obtained in this study.

205204-9



BENCE BERNATH et al.

PHYSICAL REVIEW B 105, 205204 (2022)

Therefore, the full explanation of the amplitude and
linewidth behavior of the CR transitions as a function of the
FEL intensity requires us to obtain precise information and
control on the carrier concentration in the band. Comple-
mentary techniques such as photoconductivity, transmission
with reference, or time-resolved measurements might be very
helpful for further studies.

IV. CONCLUSIONS

In conclusion, we have reported the THz magnetotrans-
mission spectra of gallium-doped germanium employing
low-power FTIR and high-power FEL radiation. We showed
that intense, pulsed THz radiation with frequencies below the
Ga ionization energy (89 cm~!) can effectively ionize the Ga
centers creating free holes in the valence bands, leading to
ideal conditions for a detailed CR study of the valence band
in Ge. For photon energies above the lowest-energy internal
Ga transition (55 cm™!), intradopant transitions are simul-
taneously observed with narrow CR peaks. The internal Ga
transitions have been characterized using FTIR spectroscopy,
and they exhibit both linear and quadratic Zeeman terms.
For energies below 55 cm™ !, only CR transitions have been
observed with amplitudes and peak positions that strongly
depend on the THz radiation intensity. At low and moder-
ate radiation intensities (both FTIR at 20 K and FEL), we
identify all four lowest-energy Landau level transitions of
the HH and LH subbands, the positions of which are in
good agreement with effective-mass theory of the Ge va-
lence band taking into account transitions at the center of the
Brillouin zone (at k, = 0). The appearance of these lowest-
energy CR peaks marks the onset of photoionization, which
is found to be more efficient for lower FEL frequencies.

Quantifying the Keldysh parameter in this regime, we es-
timate that under these experimental conditions, the field
ionization is dominant. With increasing FEL intensity, com-
plex behavior of the CR signals is seen, which is related to
the complicated valence-band structure. We observed that the
heavy- (light-) hole CR peaks mostly shift to higher (lower)
magnetic field with increasing radiation intensity, which is
also consistent with the theoretical calculations for the k, = 0
transitions. Our studies also reveal CR transitions that cannot
be explained by the theory we used, such as a transition
with a CR effective mass of 0.36m, and some peaks with
a mass that is even heavier. Our time-averaged studies of
these nonlinear magneto-optical processes in gallium-doped
germanium using a pulsed free-electron laser might be very
relevant for developing THz lasers, photonics, and detectors.
However, it is obvious that a full explanation of the nonlinear
CR properties requires more experimental and theoretical in-
vestigations.

Overall, our saturation spectroscopy technique unprece-
dentedly expands the parameter space of the magnetic field,
THz frequency, and intensity, offering an exciting perspective
for the research of semiconductors, especially 2DEGs, where
the carrier concentration can be kept constant over a wide
range of THz intensity.
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