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18 The Landau level laser has been proposed a long s the so-called terahertz gap ' -, which still exists despite

1 time ago as a unique source of monochromatic ra- s a considerable effort of several generations of physicists.
2 diation, widely tunable in the THz and infrared
2 spectral ranges using an externally applied mag-

2 netic field. In spite of decades of efforts, this ap-  }e concept of a LL laser. In conventional materials, with

3 peali.ng concePt never r.esulted in th‘? design of quadratically dispersing electronic bands, and therefore,
a reliable device. This is due to efficient Auger _ i}, equally spaced LLs, ES = hwo(N +1/2) for N =
» scattering of Landau-quantized electrons, which N

»% is an intrinsic non-radiative recombination chan-
27 nel that eventually gains over cyclotron emission
» in all materials studied so far: in conventional
2» semiconductors with parabolic bands, but also
3 in graphene with massless electrons. The Auger
a1 processes are favored in these systems by Landau
» levels (or their subsets) equally spaced in energy.
33 Here we show that this scheme does not apply to
» massless Kane electrons in gapless HgCdTe alloy,
55 in which undesirable Auger scattering is strongly
3 suppressed and the sizeable cyclotron emission
observed, for the first time in the case of mass-
less particles. The gapless HgCdTe thus appears
% as a material of choice for future technology of
«» Landau level lasers.

ss  There is, however, a fundamental difficulty that has
s been recognized during the very first attempts to test

2

X

63 0,1,2, cyclotron emission is an intrinsically weak pro-
6« cess™” °. This is due to two independent processes which
compete with cyclotron emission: reabsorption of cy-
clotron radiation® and Auger inter-LL recombination

o (Fig. 1la). The latter becomes at higher pumping rates
extremely efficient for electrons within the equidistant LL
ladder, and in consequence, the excited LLs become de-
pleted with a characteristic rate proportional to the num-
ber of electrons in this level (77! oc n). Stronger pump-
ing, either optical or electrical, in systems with parabolic
bands does not enhance cyclotron emission, but instead,
increases the probability of Auger scattering. The inver-
sion of population thus cannot be achieved. Electrons
promoted via Auger processes to higher LLs then relax
via non-radiative channels, most often by emission of op-
tical phonons”.
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To overcome this obstacle, various systems with non-

a When a magnetic field is applied to a solid, the con- ™ o ;
equidistant LLs have been proposed as appropriate ma-

tinuous density of electronic states transforms into a set *® ! X
of discrete energy levels, known as Landau levels (LLs). @ terials f'or a LL laser™". These may be f.ound, for in-
Electrons excited in such a ladder may recombine with ® stance, in different narrow-gap materials or in the valence
emission of photons. This process can be viewed as an band of zinc-blende semiconductors. So far, stimulated
inverse of cyclotron resonance’ and it is referred to as cy- cyclotron emission was achieved only in bulk germanium
clotron emission>. The idea to construct the LL laser & i Which a non-equidistant spacing of valence-band LLs
by achieving stimulated cyclotron emission” is as old as % Was created by crossed electric and magnetic fields

« the experimental realization of the very first laser itself’. alz.ls in th(} regime close to the electrical breakdown of
The tunability represents a great advantage of this con- this material. In other attempts, q.uantum (.:ascade struc-
cept. The strength of the magnetic field defines the spac- tur.es .have also been tested to achieve efficient cyclotron
2 ing between LLs, and therefore, also the emission fre- ¢ €MISSION

s3 quency of the laser. This frequency typically corresponds o Renewed impetus to investigate cyclotron emission
s+ to the far infrared (terahertz) spectral range. The suc- « came along with the fabrication of graphene, which was
cessful realization of the LL laser”'~'" would thus bridge e considered as an ideal system with non-equidistant LLs
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Dirac electrons (graphene)

Magnetic field (T)

Kane electrons (zero-gap HgCdTe)
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Landau level ladders and possible paths for Auger scattering of massive and massless electrons. The

B-dependence and spacing of Landau levels for conventional massive (Schrédinger) electrons, Dirac electrons in graphene and
massless Kane electrons (at £ = 0), in part (a), (b) and (c), respectively. The arrows in LL ladders correspond to the Auger

scattering processes discussed in the main text.

0,20

for the implementation of the LL laser' Its con-
ical band may be viewed as an extreme case of non-
parabolicity and implies a specific sequence of Landau
levels, Ef, = twvv2ehBN for N = 0,1,2..., with the
V/N spacing, typical of massless Dirac electrons (Fig. 1b).
However, to the best of our knowledge, no cyclotron emis-
sion, let alone the Landau level laser based on graphene,
has been reported so far, despite pertinent theoretical
predictions and numerous experimental attempts'":2"=20.

This surprising lack of optical emission seems to be
still a consequence of Auger scattering. Initially, such
processes were expected to vanish in Landau-quantized
graphene, but finally they were experimentally proven
to be present and very efficient’”*®. The reason behind
is simple. The LL spectrum in graphene: EL o VN
for N =0,1,2..., includes subsets of equidistant levels.
For instance, LLs with indices N = 0,£1,4+4,+9... or
0,+2,4+8,+18..., are equally spaced and may thus sup-
port, similar to conventional materials, efficient Auger
recombination (Fig. 1b). Notably, such a conclusion is
valid not only for graphene, but for any other system
with a conical band described by the Dirac Hamiltonian
for particles with a zero rest mass.

Fortunately, one may find other systems with massless
electrons, described by a Hamiltonian that differs from
the Dirac one. In such systems, equidistantly spaced LLs
may be avoided and undesirable Auger scattering possi-
bly suppressed. In this paper, we test Landau-quantized
3D massless Kane electrons®’~*? against the efficiency of
Auger scattering and against the possibility of efficient
LL emission. This type of massless electrons appears in
conventional bulk zinc-blende semiconductors when their
energy band gap — the parameter responsible for the gen-
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eration of the non-zero band mass of electrons and holes,
and therefore, also Schrodinger-like behavior of these car-
riers — vanishes, for instance, in the ternary compound
HgCdTe explored in this paper.

In magnetic fields, the conical band of 3D mass-
less Kane electrons splits into LLs, or more precisely,
Landau bands, which resemble those of massless Dirac
electrons’:

ER (k) = £v\/2ehB(N — 1/2+ 0/2) + h2k%, (1)
where N = 1,2,3... is the LL index, k the momentum
along the applied magnetic field and v the velocity pa-
rameter. However, the splitting due to spin is given by
o = £1/2 and differs from the one known for genuine
Dirac-type electrons (o = #1). As a result, the LL spec-
trum of massless Kane electrons (Fig. 1c): E¥ o VN
for N = 0,1,3,5..., does not include any subsets of
equally spaced LLs at &k = 0, where the maxima in the
density of states are. In contrast, 3D Dirac electrons
with 0 = 41 display at k = 0 the spacing E¥ o VN
where N = 0,1,2,3..., which is identical to that of 2D
graphene.

Moreover, there exists a set of narrowly spaced LLs,
which originates from the weakly dispersing (nearly flat)
band. In the simplest approach, these LLs do not dis-
perse with B: E,[Lfa =0forn=0,2,3,4.... Excitations
from this flat band to conduction-band LLs constitute
a dominant contribution to the optical response at low
photon energies and follow the standard selection rules,
N — N £ 1, for electric-dipole transitions®'?%**.

To test Landau-quantized electrons in gapless HgCdTe
for the presence of Auger scattering, we have employed a
degenerate pump-probe technique, using the free-electron
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Pump-probe experiments and Auger scattering of Landau-quantized massless Kane electrons. (a)

and (b) False-color maps of induced transmission AT/T measured at 7' = 10 K and for laser photon energies fiw = 78 meV
(upper panel) and 61 meV (lower panel) as a function of the time delay and magnetic field, showing both, pronounced induced
transmission (AT/T > 0) and absorption (AT/T < 0). (c-e) Selected pump-probe transients. The inter-LL excitations in (d)
and (e) follow the standard selection rules for electric-dipole transitions which are active in linearly polarized light, N — N +1,

and schematically shown in the corresponding insets.

laser emitting ~3-ps-long pulses in the mid-infrared
range. The results are plotted in Figs. 2a and b, in the
form of false color-maps, for two different photon energies
of the laser. These maps show pump-probe transients,
i.e., the pump-induced relative change of transmission,
AT/T, as a function of the applied magnetic field and
time delay between pump and probe pulses. One imme-
diately concludes that AT/T undergoes a fairly complex
evolution in both, its amplitude and sign, on a charac-
teristic time scale extending up to nanoseconds.

To illustrate the observed behavior in greater detail,
three selected pump-probe traces are plotted in Figs. 2c-
e. At B =0, the observed induced transmission (bleach-
ing) is primarily due to electrons excited from the fully
occupied heavy-hole-like flat band to the upper conical
band (inset of Fig. 2c). The contribution of excitations
from the lower cone is considerably weaker. The induced
transmission exhibits a nearly mono-exponential decay,
with a characteristic time, 7 = 70 ps, which is compara-
ble to that in other gapless systems with conical bands,
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such as graphene’”. This relatively fast relaxation may
be associated with the emission of phonons.

When the magnetic field is applied, one observes a pro-
nounced change in AT/T transients. For particular val-
ues of B, the second component develops, with a char-
acteristic decay time in the nanosecond range. The ap-
pearance of this slow component clearly coincides with
the resonant pumping into the bottom of Landau bands.
This is illustrated in Fig. 2d, where the AT /T trace col-
lected at B =5.4 T and Aw = 78 meV is plotted. In this
particular case, electrons are pumped from the flat band
to two lowest lying conduction-band LLs, see the inset
of Fig. 2d. The faster component, with a relaxation rate
not much different from the zero-field one (7 &~ 80 ps),
can be associated with the relaxation of electrons excited
into the lowest Landau band (E1K¢) This relaxation
of electrons from states with finite-momentum towards
k =~ 0 is probably due to emission of phonons. Most
likely, electrons relax via emission of acoustic phonons.
The slow component, appearing only when electrons are
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FIG. 3. Pump-probe experiments using circularly

polarized probe beam. Pump-probe transients collected at
B = 6.2 T using the laser photon energy of Aiw = 61 meV and
circularly polarized probe beam. The involved excitations,
which follow the standard electric-dipole selection rules for
right and left circularly polarized radiation: N — N + 1 and
N — N —1, respectively, are schematically shown in the inset.

pumped resonantly from/to states around k = 0, reflects
the existence of long-living electrons at the bottom of the
ElK | Landau band. Another example of the slowly decay-
ing component in the pump-probe transient is shown in
Fig. 2e. This AT/T trace was collected at B =8 T and
hw = 61 meV, when only the lowest LL in the conduction
band (ElKT) is pumped close to zero-momentum states.

Experiments with circularly polarized radiation repre-
sent another way to visualize how the relaxation of photo-
excited electrons in gapless HgCdTe is slowed-down when
the magnetic field is applied. Pump-probe transients col-
lected using a linearly polarized pump pulse, but with a
circularly polarized probe pulse are depicted in Fig. 3.
In this particular case, electrons are excited by the pump
pulse from the flat band to the lowest lying LL only,
as schematically shown by the vertical arrow in the in-
set of Fig. 3. The transient recorded using o~ -polarized
probe shows positive AT/T, with an initial fast decay
due to the relaxation of electrons to the bottom of EfT
level and slower component indicating a nanosecond-long
lifetime of excited electrons around k ~ 0. Different be-
havior, i.e., strong induced absorption AT/T < 0 , is
observed when the probing beam is o+ polarized. In this
latter case, the induced absorption is primarily due to the
Ef} — Eﬁ} transition which becomes activated due to
electrons promoted to the EfT level by the pump pulse.
This excitation corresponds to the fundamental cyclotron
mode, which becomes resonant with the laser photon en-
ergy (hw = 61 meV) just at the selected magnetic field
of B=6.2T.

Let us now discuss the main findings of our pump-
probe experiments. These show that electrons in Landau-
quantized gapless HgCdTe relax with relatively long de-
cay times, at the scale of nanoseconds. In addition, the
presented pump-probe experiments were performed at
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relatively high photon fluences, ~0.5 pJ.cm™2. These
translate, for the chosen photon energy, into the photon
flux of 10'* em~2 per pulse. Due to the relatively large
absorption coefficient®', which in the linear regime, at
hw ~ 70 meV and B = 0, reaches A =~ 3 x 10 ecm™!, a
significant part of the flux is absorbed in the explored 3-
pm-thick layer of gapless HgCdTe. This corresponds to
more than 10'® cm™3 electrons promoted from the flat
band to the upper conical band by a single pump pulse.
Since there is no decay observed at the scale of the pulse
duration (~3 ps), this number serves as a rough estimate
of the electron density in the sample just after the pump
pulse.

One may compare this carrier density and the deduced
relaxation time, with the results obtained in conven-
tional semiconductors, where a strong decrease of relax-
ation time with the electron density has been reported:
7 < n~ L, see Refs. 3, 13, and 36. In conventional semi-
conductors, the nanosecond decay times are only found
at very low carrier densities in the excited LL, in the
range of 10'2-10'3 cm™3. For the carrier density close
to 10'6 cm~3 in a parabolic-band semiconductor, one ex-
pects the electron relaxation time to drop down to the
sub-picosecond range’ due to efficient Auger processes.
This is more than three orders of magnitude less than
relaxation times observed in gapless HgCdTe in a mag-
netic field. This indicates that Auger scattering is indeed
strongly suppressed for Landau-quantized massless Kane
electrons as compared to other materials explored so far.
We interpret this suppression as a direct consequence of
the specific LL spectrum, which does not include any
subset of equidistant levels (around k ~ 0).

Since the rate inter-LL Auger scattering follows the de-
generacy of Landau levels (x B) and the strength of in-
teraction between Landau-quantized electrons (o< v B)?7,
we expect similarly long lifetimes also at lower magnetic
fields. Let us also note that the observed lifetime of
electrons, even though unusually long as compared to
any so-far explored Landau-quantized semiconductor or
semimetal®, remains still significantly shorter than spon-
taneous cyclotron radiative lifetime. This latter time
can be for massless electrons estimated using the simple
formula'?, 7! ~ aw.(v/c)?, where « is the fine structure
constant, ¢ speed of light in vacuum and the character-
istic w,. cyclotron frequency (g &~ 1076 s in the THz
range for v 10% m/s). Hence, there still exist other
(non-radiative) channels which dominate the recombina-
tion, such as electron-phonon interaction giving rise to
emission of phonons.

The observed slowing-down in the relaxation dynamics
of electrons induced by the magnetic field, with the the
overall lifetime of photo-excited electrons in the nanosec-
ond range, call for cyclotron emission experiments. We
have performed such experiments in the THz spectral
range, which is the most relevant one for applications of
the future Landau level laser technology. To generate
cyclotron emission, the sample was placed in a super-
conducting coil at liquid helium temperature and electri-
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FIG. 4. Cyclotron-emission and absorption of 3D massless Kane electrons. (a) Cyclotron emission spectra measured
on gapless HgCdTe sample kept in the liquid helium at selected values of the magnetic field. (b) Experimentally deduced maxima
of emission compared with theoretically expected cyclotron modes (dashed lines), see the text. The grey area correspond to the
error bar of cyclotron emission maxima. The LL spectrum with schematically depicted emission lines (by vertical arrows) is
shown in the inset. (c¢) The false-color map of magneto-absorbance, primarily due to cyclotron resonance absorption, reprinted
from Ref. 31. The dashed lines show the theoretically expected positions of cyclotron modes, the same ones as in (b). The red
dashed lines shows the range of magnetic fields and photon energies in which cyclotron emission was explored.

cally pumped, using ms-long current pulses, see Meth-
ods section. The emitted radiation was analyzed us-
ing a photoconductive InSb detector, with a spectrally
narrow (cyclotron-resonance-like) response, tunable by a
specially dedicated coil. The collected cyclotron emission
spectra are plotted in Fig. 4a for selected values of the
magnetic field applied to the sample.

A brief inspection of the emission spectra leads us to
a conclusion that they feature a single emission band.
It position in the spectrum is tunable in the THz range
by a relatively low magnetic field (tens of millitesla) and
it roughly follows a v/B dependence, which is typical of
massless electrons (Fig. 4b). This also agrees well with
results of cyclotron absorption experiments performed on
the same sample, see Fig. 4c and Ref. 31. However, a
closer look at the lineshape suggests that several emis-
sion modes actually contribute. Theoretically, one indeed
expects several cyclotron emission modes in the interval
given by the linewidth (FWHM~ 4 meV). In Fig. 4b,
the dashed lines show the positions of cyclotron emis-
sion modes with the final states of electrons in the four
lowest lying conduction-band LLs: E]I\?JF]STM — EJI\?T(L)
for N = 1 and 2. It is thus the spacing of these cy-
clotron modes, together with primarily elastic scattering
processes, which is responsible for the observed width of
the emission band. The mutual intensities of individual
modes then determine the position of the maximum of
the emission band. At higher B, the relative weight of
modes from higher LLs increases, which reflects the dis-
tribution of electrons among LLs established by electrical
pumping and which leads to a slowing-down of the v/B
dependence.
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Even though the cyclotron emission observed in the
used configuration is primarily due to spontaneous re-
combination, it is worth to discuss conditions required
to obtain stimulated emission and gain. To achieve
the light amplification comparable to, e.g., quantum
cascade lasers®®, the gain coefficient has to approach
g = An.c ~ 10 cm™', where An stands for the popu-
lation inversion and o = A?/(27).(Ttot/Tsp) is the stimu-
lated emission cross-section®’. The typical spontaneous
cyclotron emission lifetime of massless electrons in the
THz range reaches 7o, ~ 1 ps and the total lifetime,
which dominantly reflects elastic scattering, may be esti-
mated (its lower limit) from the linewidth of the emission
line: Tyot ~ 1 ps. Taking the characteristic wave length of
A = 300 pum, we obtain the cross-section o ~ 1070 cm =2,
This implies the necessity to achieve the population in-
version An > 10" em™3. Our simple estimate, see Sup-
plementary materials’’, indicates that such a popula-
tion inversion should be achievable at least in the pulsed
mode.

To conclude, we have demonstrated, for the first time,
cyclotron emission of massless electrons. This emission
was observed in gapless HgCdTe — a system hosting
3D massless Kane electrons. The existence of sizeable
cyclotron emission is directly related to their particu-
lar Landau level spectrum, which comprises only non-
equidistantly spaced levels. The systems hosting massless
Kane electrons are thus promising candidates for an ac-
tive medium of a Landau level laser, which would, in this
particular case, operate in the THz and infrared spectral
ranges and would be widely tunable by very low magnetic
fields.
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Methods

Sample growth. The sample was grown using standard
molecular-beam epitaxy on a (013)-oriented semi-insulating
GaAs substrate. The growth sequence started with ZnTe and
CdTe transition regions, followed by the MCT epilayer with
gradually changing cadmium content z. The prepared MCT
layer contains a region with x ~ 0.17 of thickness d ~ 3.2 um.
For more details about the explored sample see Ref. 31.

Pump-probe spectroscopy. The free-electron laser FELBE
provided frequency-tunable Fourier-limited radiation pulses.
In the experiments described in this paper, photon energies
of w = 61 and 78 meV were chosen. The pulse duration was
about 3 ps, the repetition rate was 13 MHz. The pulses were
split into pump and probe pulses by a pellicle beam splitter.
The polarizations of pump and probe beams were controlled
independently. Frequency-tunable quarter-wave plates (from
Alphalas GmbH) were used for the generation of circularly
polarized radiation. Both the pump and probe beam were
focused on the sample in the magnet cryostat by an off-axis
parabolic mirror (effective focal length: 178 mm). The spot
size on the sample was ~ 0.5mm (FWHM). The pump fluence
was ~ 0.5 pJ.cm™2, the fluence of the probe beam was about
10% of the pump fluence. The time delay between pump and
probe pulses was varied using a mechanical delay stage.

Emission measurements. To measure radiation emitted
due to inter-LL recombination of electrons, the radiation was
guided, using a copper light pipe, to a InSb photoconductive
spatially separated from the coil inside which the sample was
placed. The used detector has narrow-band (~60 GHz) and
field-tunable response due to cyclotron resonance absorption.
This tunability is ensured by a specially dedicated supercon-
ducting coil and allows us to analyze the radiation in the
spectral range of 0.4-2.5 THz. All emission experiments oper-
ate in a pulsed mode (using current pulses for pumping), with
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the pulse duration of 7 ms and with the peak-to-peak value
of electric field up to 12 V/cm. The duty circle was tuned in
such a way that the average power consumption of emitter did
not exceed 13 mW (to avoid sample heating). The signal on
the InSb detector was collected using a conventional lock-in
technique.
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