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Here, we report on a magneto-optical study of two distinct systems hosting massless fermions—
two-dimensional graphene and three-dimensional HgCdTe tuned to the zero band gap condition at
the point of the semiconductor-to-semimetal topological transition. Both materials exhibit, in the
quantum regime, a fairly rich magneto-optical response, which is composed from a series of intra-
and interband inter-Landau level resonances with for massless fermions typical v/B dependence.
The impact of the system’s dimensionality and of the strength of the spin-orbit interaction on the
optical response is also discussed. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913828]

I. INTRODUCTION

Solid-state physics and quantum electrodynamics, with
its relativistic (massless) particles, meet in steadily expand-
ing class of materials. Those include, 1D carbon nanotubes,1
2D graphene,”” topological-insulator surfaces,”® semicon-
ductors with a giant Rashba-type spin splitting,” and most
recently, the systems with 3D conical dispersion—with
Dirac'®™* or Kane'” fermions.

Within recent past years, optical spectroscopy, often in
the infrared spectral region, appeared to be an efficient ex-
perimental tool to study these appealing Dirac-type materi-
als, in particular, when this technique is combined with the
application of magnetic fields."*’ The magnetic field sig-
nificantly changes the character of the motion of charge car-
riers (cyclotron motion) and induces a considerable
modulation of the density of electronic states due to the
appearance of Landau levels (LLs). The Dirac-type systems,
with conical bands and therefore strongly non-equidistant
Landau levels, give rise to a fairly rich magneto-optical
response, involving both intra- (cyclotron resonance) and
inter-band excitations with a characteristic /B dependence
on the applied magnetic field.'®™"?

In this paper, we compare the magneto-optical response
of two specific Dirac materials—multilayer epitaxial gra-
phene (MEG) and bulk mercury cadmium telluride (MCT)
tuned, with the cadmium concentration, to a nearly zero-
band gap condition. Both these systems display well-defined
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spin-degenerate conical bands. In graphene, the 2D cones are
located in the corners of the Brillouin zone; a gapless MCT
displays a single cone at the I' point, which is additionally
crossed by a flat (heavy hole) hole band at the cones’ vertex.
The schematic band structure has been plotted for both sys-
tems in Fig. 1.

Il. EXPERIMENT

The studied samples are standard multilayer epitaxial
graphene specimens grown on the C-terminated surface of
silicon carbide (4H-SiC[0001]) with intentional thickness of
50 layers. A significant part of layers displays an electronic
band structure identical of an isolated graphene monolayer.

FIG. 1. Schematic band structures of graphene (a) and of MCT with a zero
energy band gap (b). While the band structure of graphene contains two 2D
Dirac cones (around K and K’ points of the Brillouin zone), a single 3D coni-
cal band appears in the gapless MCT (at the I" point), which is additionally
crossed by rather flat (heavy hole) band. In both parts, blue colour corre-
sponds to the conduction band and the valence bands are depicted in red.

© 2015 AIP Publishing LLC
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This results from the characteristic rotational stacking of
these graphene sheets,”” and it is confirmed by micro-Raman
spectra measured on our sample, which show a single-
component 2D band***' (with some Bernal-stacked residuals
on selected locations). The sheets studied in this experiment
are quasi-neutral;?® only several layers close to the interface
and on the surface of MEG become significantly doped (up
to 1013cm_2).32

The MCT sample was grown using standard molecular-
beam epitaxy on a (013)-oriented semi-insulating GaAs sub-
strate. The growth sequence started with ZnTe and CdTe
buffer layers, followed by the MCT epilayer with gradually
changing cadmium content x, see Ref. 15 for details. The 3D
conical band develops at the point of semiconductor-to-semi-
metal transition (around x =~ 0.17 at low temperatures). The
investigated specimen contains a relatively thin layer
(d = 3.2 um) with this particular Cd concentration, which is
suitable for the transmission spectroscopy. The sample
exhibits a weak n-type background doping.

To measure the infrared transmittance, the sample was
exposed to the radiation of a globar, which was analyzed by
a Fourier transform spectrometer and delivered to the sample
via light-pipe optics. The transmitted light was detected by a
composite bolometer which was operated at T=1.8K and
which was placed directly below the sample. Measurements
were done in the Faraday configuration, using a supercon-
ducting or resistive magnet.
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FIG. 2. Relative change of MEG absorbance with the applied magnetic field
(Ap/Ap) plotted as a false colour map. The data show a series of inter-LL
excitations in graphene with a perfect v/B dependence, the low-energy/low-
B response is dominated by absorption in highly doped graphene layers,
a-few layer graphene stacks (e.g., bilayer graphene inclusions™) and also
bulk graphite inclusions. Interaction with the K point phonons in graphene
are responsible for a small kink visible in the evolution of L_;) — Lo
transition around B ~ 20T (at photon energy of ~160meV).>> The data
have been collected on several MEG samples with very similar properties,
but with a slightly different number of layers. Therefore, the strength of ab-
sorbance differs in four separated windows. The grey areas correspond to
region with strong absorption on phonons in the SiC substrate.
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lll. RESULTS AND DISCUSSION

The magneto-absorbance of the MEG and of the gapless
MCT specimens is plotted in Figs. 2 and 3, respectively, in a
form of false colour maps. In both cases, the observed
magneto-optical response provides a clear signature of mass-
less particles: the observed spectrum is composed of a series
of inter-LL resonances, which follow a linear in v/B depend-
ence in a broad range of magnetic fields. In the quasi-neutral
sheets of MEG specimens, such a dependence may be traced
over more than three orders of magnitude, down to the milli-
tesla range.’*>

To identify the individual absorption lines, we briefly
describe the LL spectrum of each investigated material. In
graphene, which is a strictly 2D material, the electronic spec-
trum in a magnetic field consists of discrete LLs, which are
four times degenerate due to the valley and spin degrees of
freedom (n=0, =1, £2 ...)

E, = sign(n)vi\/2ehB|n|.

In the bulk gapless MCT, Landau levels (or Landau
bands due to their dispersive character) display a more com-
plex form, with the band and LL index, { = 0, =1 and n =0,
1,2 ..., respectively,

1
Egno(ky) = (YT [ 2enB <n -5+ 3) + 22,

4

where k. is the momentum along the direction of the applied
magnetic field (z-axis) and ¢ = *=1 describes the splitting
due to spin. Let us note that this LL spectrum (of so-called
Kane fermions) differs from that of 3D Dirac or Weyl par-
ticles, for which the flat ({ =0) band does not exist and the
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FIG. 3. The relative change of absorbance in the gapless MCT, Ag/Ag—_o,
plotted as a false colour-map. All the observed resonances clearly follow
VB dependence. The dashed lines are calculated positions of inter-LL
resonances at k, =0 using parameters v}°T = 1.06 x 10°m/s and A=1eV.
The presence of the spin-orbit split band, expressed by parameter A, does
not qualitatively change the LL spectrum, but introduces a weak electron-
hole asymmetry.
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spin splitting may be formally described by ¢ = *2. This
implies, for Dirac and Weyl fermions, a doubly spin-

degenerate LL spectrum: E;,,(k.) = (vgy/2ehBn + hzkf,

see, e.g., Ref. 34.

The dispersive character of LLs in MCT, typical also for
all other 3D systems, is connected with the particles’ motion
along the direction of the applied magnetic field. This motion
is, as expected, not quantized, but it is not fully decoupled
from the cyclotron motion (perpendicular to the field) as is
the case of conventional materials with 3D parabolic bands.
Instead, the k.-dispersion of each LL still depends on the
level index n. It is also interesting to note that the density of
states related to a given LL does not vanish when k, — oo
which is the case of conventional 1D systems with parabolic
bands. It approaches (hl)p)il, which corresponds to a typical
density of states in a 1D Dirac-type channel.

The peculiar spin-splitting in MCT, described by
o= =1, is fully determined by the Fermi velocity, o}, the
only scaling parameter in the LL spectrum of MCT. This sur-
prising fact is another signature of the relativistic-like char-
acter of gapless MCT—for truly relativistic particles one
cannot separate spin degree of freedom from the orbital
motion. Notably, this spin splitting follows a v/B depend-
ence, in contrast to conventional materials and also gra-
phene, where the standard Zeeman term implies a linear in B
spin splitting, the magnitude of which is determined by the
effective g-factor (g =~ 2 in graphene with rather weak spin-
orbit coupling).

In graphene as well as in MCT, the dipole-active inter-
LL excitations follow simple selection rules: n — n 4+ 1 and
n — n —1, active in the right and left circular polarization of
the absorbed radiation, respectively. This allows us to unam-
biguously identify all observed excitations, as shown
in Figs. 2 and 3, and to deduce, for instance, the correspond-
ing Fermi velocities: v$ = (1.02+0.01) x 10°m/s and
vMCT = (1.06+0.03) x 10°m/s. Surprisingly, we obtain
nearly the same Fermi velocity in those two distinctively dif-
ferent systems.

The two most pronounced resonances observed in MCT
correspond to excitations from (nearly) degenerate LLs
within the flat ({ =0) band to the spin-split =1 LL ({=1),
see Fig. 3 and in the inset of Fig. 4(b). Hence, the energy dif-
ference between these two resonances corresponds to the
spin-splitting of the n= 1 LL, visualizing directly its /B de-
pendence—the well-established signature of ultrarelativistic
particles. Notably, such a spin-splitting, when described con-
ventionally, implies an effective g-factor, which depends on
magnetic field as B~'/2, and therefore, diverges when B — 0.

Another distinctive difference in the magneto-optical
response of MEG and MCT is the particular shape of inter-LL
resonances. In 2D graphene, with discrete LLs, the absorption
lines have a symmetric, nearly Lorentzian shape, see, e.g., the
L_y) — Loq) transition Fig. 4(a). The inter-LL resonances in
3D MCT are characterized by an abrupt cutoff on the low-
energy side (due to singularity at k,=0) and a pronounced
shoulder on the high-energy side, as clearly shown in Fig.
4(b). The asymmetric lineshape is a straightforward conse-
quence of the dispersive character of LLs in 3D systems.

J. Appl. Phys. 117, 112803 (2015)
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FIG. 4. Absorbance spectra of multilayer epitaxial graphene (plotted for
fiw > 50meV) and of the gapless MCT at B=28T in parts (a) and (b),
respectively. While MEG exhibits fairly symmetric resonances, see the
L_1) — Loq) transition in the part (a), the 3D character of MCT implies a
pronounced high energy tail for each resonance, which is related to the dis-
persion of particles along the magnetic field direction. The observed
resonances are shown in the insets by vertical arrows in the corresponding
LL fan chart. The broad line at low energies in the absorbance of MEG is
quasi-classical cyclotron resonance absorption in highly doped graphene
sheets, which follows a linear in B dependence.”’37 In MEG spectra at
higher energies, a weak contribution from bilayer graphene inclusions
appears.>”

Interestingly, and in contrast to the conventional 3D systems
with parabolic bands, this high-energy tail should be present
also for intraband (cyclotron) resonance 3D massless fer-
mions. This is due to the LL dispersion in the direction of the
magnetic field, which differs (it depends on the LL index n)
even for levels within one (non-parabolic) band.

IV. CONCLUSIONS

Concluding, two selected Dirac-type materials—gapless
HgCdTe and multilayer epitaxial graphene—have been
probed using infrared magneto-spectroscopy. The presence
of massless fermions in both materials implies important
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similarities in the observed magneto-optical responses—in
particular, the characteristic VB dependence of all observed
resonances. We also find a surprising similarity in the Fermi
velocities of charge massless carriers in both materials.
However, a closer inspection reveals also differences, which
originate in the dimensionality of the studied systems as well
as in the particular strength of the spin-orbit interaction.
Spin-related effects are rather absent in the optical response
of graphene, which exhibits a weak spin-orbit coupling.
Instead, we observe a pronounced spin-splitting of levels in
HgCdTe (with a particularly strong spin-orbit interaction)
which follows the /B dependence—a well-established sig-
nature of relativistic particles.
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