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This work reviews recent advances in the research and development towards the graphene-based or HgTe quantum well (QW)-based 
terahertz (THz) lasers. A distributed-feedback (DFB) dual-gate graphene channel field-effect transistor was fabricated as a current- 
injection terahertz laser. A single mode emission at 5.2 THz was observed at 100 K beyond the threshold carrier injection level. Spectral 
narrowing with increasing the carrier injection around the threshold was also observed. The result is still preliminary level but the lin-
ewidth fairly agrees with numerical simulation based on DFB- Fabry-Perrot hybrid-mode modeling. Also the modal gain was calculated 
and analyzed for terahertz lasers based on HgCdTe heterostructures with HgTe QWs. 

Introduction 

Currently compact terahertz radiation sources are en-
joyed very much in demand. Quantum cascade lasers 
(QCLs) reached the most progress in this area, but 
there is the terahertz frequency region (5 – 12 THz) in 
which the generation of QCLs is impossible due to the 
strong phonon absorption in A3B5 semiconductors. 

On the other hand, ternary semiconductor compounds 
with heavier elements, in particular HgCdTe have lower 
phonon frequencies (3 – 5 THz), variable bandgap energy 
covering the wide spectral range 0 – 1.6 eV. This allows 
the radiation emission to terahertz frequency range by 
interband optical transitions at non-equilibrium pumping.  

Also optical and/or injection pumping of graphene can 
enable negative-dynamic conductivity in the terahertz 
(THz) spectral range. This may lead to new types of 
THz lasers [1]. In the graphene structures with p-i-n 
junctions, the injected electrons and holes have rela-
tively low energies compared with those in optical 
pumping, so that the effect of carrier cooling can be 
rather pronounced, providing a significant advantage of 
the injection pumping in realization of graphene THz 
lasers. We implement a forward-biased graphene struc-
ture with a lateral p-i-n junction in a distributed-
feedback dual-gate graphene-channel field-effect tran-
sistor (DFB-DG-GFET) and experimentally observe a 
single mode emission at 5.2 THz at 100 K.  

Graphene device fabrication  
and experimental results 

Graphene was synthesized by the thermal decomposi-
tion of a C-face 4H-SiC substrate [2]. The Raman spec-
trum confirmed a high-quality, a few layer non-Bernal 
stacked graphene (see Fig. 1(a)). The GFET was fabri-
cated using a standard photolithography and a gate 
stack with a SiN dielectric layer, providing an excellent 
intrinsic field-effect mobility exceeding 105 cm2/Vs at 
300 K at the maximal transconductance. A pair of 
teeth-brash-shaped gate electrode was patterned to 
form a DFB cavity in which the active gain area and 
corresponding gain coefficient are spatially modulated 
[3] (see Figs. 1(b), (c)). Designed grating period , the 
effective refractive index neff, the Bragg wavelength B, 
and the principal mode fP are 12 m, 2.52, 60.5 m, 
and 4.96 THz, respectively. The device exhibited am-
bipolar behaviors on its current-to-gate-voltages (Vg1, 
Vg2) characteristics (see Fig. 2(a)). With a complimen-
tary biased Vg1 and Vg2 with a positive drain-source bias 
Vds the carrier population can be inverted [1]. THz 
emission from the sample was measured at 300 and 
100 K using a Fourier-transform spectrometer with a 
4.2 K cooled Si bolometer. The background blackbody 
radiation was first observed under the zero-bias condi-
tion, which was subtracted from the one observed un-
der biased conditions.  



  

  
a b c 

Fig. 1. (a) Raman spectrum of the epitaxial graphene on 4H-SiC. (b) Device cross-section. (c) Device SEM and photo images.  

  
a b c 

Fig. 2. (a) Measured ambipolar current-voltage characteristics for G1 and G2 voltages. The square dots are typical points for symmetric 

electron/hole injections. (b) Observed emission spectra at 100 K. (c) The THz emission intensity vs. Vds. 

No distinctive emission at 300 K, but rather sharp sin-
gle mode emission at 5.2 THz was observed at 100 K 
(see Fig. 2(b)) when Vds is positively applied to a cer-
tain level under symmetric electron and hole injection 
conditions. The single mode emission exhibits a non-
monotonic threshold-like behavior with the highest 
intensity ~ 10 W, reflecting the carrier over-cooling 
effect under weak pumping [1] (see Fig. 2(c)). Spectral 
narrowing with increasing the carrier injection around 
the threshold was also observed. The emission spectra 
at Vds = 0.5 V can fit to the Lorentzian curve with a Q 
factor of 170 (a linewidth of 30.6 GHz). The modal 
gain of the in-plane waveguided modes in the DFB-
DG-GFET was analyzed by taking account of the DFB 
and the DG-stripline-induced in-plane Fabry-Perot hy-
bridized cavity structures. The results fairly agree with 
the experimental results. According to the simple for-
mula for gain in lasers [4], the modal gain is estimated 
to be about 5 cm-1.  

Calculation of modal gain in terahertz 
HgTe QW-based lasers 

We have calculated matrix elements for the electron – 
hole interband transitions in HgTe/Cd0.7Hg0.3Te struc-

ture with HgTe QW using 8×8 Kane model that takes 
into account the symmetry-enforced light hole–
heavy hole mixing at the quantum well interfaces. 
We have shown that real part of the surface con-
ductivity of a non-equilibrium electron-hole sys-
tem in this structure can be comparable with the 
value of real part of the surface conductivity for 
graphene. We have found that modal gain for a 
structure with 5 HgTe QWs of the 5.2 nm width 
can be 33 cm-1 at 9 THz. 

This work was supported by RFBR (  15-02-08274, 
17-52-50065) and JSPS KAKENHI No. 16H06361. 
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We report on temperature-dependent magneto-absorption spectroscopy of two HgTe/HgCdTe quantum wells above the critical well 
thickness dc. Our results, obtained in magnetic fields up to 16 T and temperature range from 2 K to 150 K, clearly indicate a change of 
the band-gap energy with temperature. The sample with inverted band structure evidences a temperature-driven transition from topolog-
ical insulator to semiconductor phases. At the critical temperature of 90 K, the merging of inter- and intra-band transitions in weak mag-
netic fields clearly specifies the formation of gapless state, revealing the appearance of single-valley massless Dirac fermions. The en-
ergies extracted from experimental data, are in good agreement with calculations on the basis of the 8-band Kane Hamiltonian with 
temperature-dependent interface and material parameters. 

Within the last decade, realizations of Dirac fermions 
(DFs) have been extensively studied in condensed mat-
ter systems (1). This study began with the discovery of 
graphene hosting two-dimensional (2D) massless DFs 
coming from two non-equivalent valleys (2). HgTe 
quantum wells (QWs) were the first system, in which 
single valley 2D DFs were experimentally demonstrat-
ed (3). As the QW width d is varied, the first electron-
like subband (E1) crosses the first heavy-hole-like sub-
band (H1) (4). When d exceeds a critical width dc the 
E1 subband drops below the H1 subband and the 2D 
system has inverted band ordering with a 2D TI phase. 
Below dc a trivial semiconductor phase is obtained with 
conventional alignment of electronic states. At the crit-
ical thickness dc, a topological phase transition occurs 
with realization of single valley massless DFs. 

Here, we report on the first unambiguous observation 
of the topological phase transition induced by tempera-
ture in HgTe QWs by Far Infrared (FIR) magneto-
absorption spectroscopy. We show the successive ap-
pearance of three phases with increasing temperature, 
starting from the TI phase below the critical tempera-
ture Tc, reaching the critical gapless DF state at Tc = 
90 K, and finally entering into the semiconductor (SC) 
phase above Tc. Through inter- and intra-band optical 
transitions between Landau levels (LLs), we investi-
gated the temperature evolution of the band structure of 
8 nm wide HgTe/Cd0.8Hg0.2Te QW with the In-doped 
barriers, grown on CdTe buffer oriented along (013) 
crystallographic direction. The QW width exceeds cal-
culated dc  6.6 nm at 4.2 K for the sample, thus, it has 
an inverted band structure. 

Our magneto-optical results are compared with the 
electric-dipole transition energies between LLs calcu-
lated by using the 8-band Kane Hamiltonian adapted 
for (013)-oriented heterostructures with temperature-
dependent interface and material parameters (5). 
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Fig. 1. Waterfall plot of typical THz magneto-absorption spec-
tra (shown for 2 K and 90 K) from 0.5 T (first plot at the bottom) 
to 16 T (last plot on the top). Features appearing at about 90 
meV are due to a harmonic replica of 50 Hz noise. The shaded 
areas correspond to reststrahlen bands. 

Figure 1 presents transmission spectra at different val-
ues of magnetic field. Magneto-optical absorption 
measurements were carried out by using a Fourier 
transform spectrometer coupled to a 16 T supercon-
ducting coil. All spectra were normalized by the sam-
ple transmission at B = 0 T. The sample was complete-
ly opaque in the range of the reststrahlen bands for 
HgTe, Cd0.8Hg0.2Te (the barriers), CdTe (buffer) and 
GaAs (substrate), these bands are indicated by the 
shaded areas.  



  

 

Figure 2 shows LLs for our sample calculated at 2 K. 
The 4 most intense allowed optical transitions expected 
to be observed in our sample are: the  and  transi-
tions from zero-mode LLs and the cyclotron transi-
tions, marked as  and  in Fig. 2. At 2 K, an additional 
intra-band ' transition arises (6). We note that such 
transition is forbidden in the Kane model without cor-
rections, resulting from the lack of bulk inversion 
asymmetry (BIA) even beyond the axial approxima-
tion. The BIA results in the anticrossing of LLs with 
indices n= –2 and n= 0 (7), while the ' transition be-
comes active. Experimental data are in good agreement 
with calculated optical transitions as shown in Fig. 3. 
The first experimental fingerprint of a TI phase, is the 
appearance of the ' transition (6,7) that was followed 
up to 30K in our data. 
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Fig. 2. (The left-handed panel) Landau Levels fan chart at 2 K. 
The H1 and H2 subbands are represented by straight lines, 
while dashed lines are used for the E1 subband. The optical 
transitions, active in electric-dipole approximation, are depicted 
by arrows. The LLs colors correspond to the LLs indexes: grey 
for n=–2, black for n=–1, red for n=0, blue for n=1 and green 
for n=2. (The right-handed panel) Band edge of the electron-
like E1, heavy-hole-like H1 and H2 subbands at the  point as 
a function of temperature at zero magnetic field. A crossing of 
E1 and H1 subbands arises at the critical temperature 
Tc = 90 K. 

A distinctive characteristic of massless particles is 
square-root dependence of energies of LL transitions 
on magnetic field (2). However, linear subband disper-
sion in HgTe QWs exists only in the vicinity of the  
point. At large values of quasimomentum k, the terms, 
proportional to k2, in the Hamiltonian become relevant 
(3,4). The latter gives rise to the square-root behaviour 
of LL transitions in weak magnetic fields only, while at 
high magnetic fields, the linear dependence should be 
seen. A more representative characteristic of gapless 
state in HgTe QWs is the behaviour of electric-dipole 
transitions from the zero mode LLs. If the band struc-
ture is inverted, the  transition leans towards the band-

gap energy when the magnetic field tends to zero, 
while the energy of  transition vanishes. At direct 
band ordering, the transition behavior in weak magnet-
ic fields is reversed: the band gap is cut-off energy for 
the  transition, when the  transition tends to zero. In 
the gapless state, these two transitions should have the 
same dependence on magnetic field in weak magnetic 
fields, merging if magnetic field goes to zero. The lat-
ter is clearly seen in magnetoabsorption spectra at 90 K 
that indicates temperature-induced massless DFs. 
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Fig. 3. Magneto-absorption experiments on sample B. The ', 

, ,  and  calculated transitions are shown in solid lines in 
orange, red, dark grey and green respectively. Experimental 
data are represented by circles for ',  and  transitions, by 
squares and triangles for  and  transitions respectively. The 
value of the band-gap (Eg) at the  point of the Brillouin zone is 
shown by red and blue arrows respectively for negative and 
positive values, and black for the gapless state. Shaded areas 
give an indication of the position of the reststrahlen bands. 
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Light trapping structure was fabricated on crystalline silicon wafers by KOH selective etching using Ge(Si) dots as an etching mask. In 
this method, the Ge(Si) self-assembled dot structure was fabricated by solid source MBE. The parameters of such nanostructure after 
etching can be controlled by changing the dot layer growth conditions. Reduction of reflectivity was successfully confirmed in the sam-
ples with nanostructures after KOH etching. According to the Mie scattering theory, the sample with islands with size close to the wave-
length of incident light can reduce its reflectivity effectively. It is considered that island’s size of nanostructure is the important factor for 
minimization of reflectivity in each range of wavelengths. The control of size distribution of the nanostructures is the key to further reduc-
tion of the reflectivity in the wide range of wavelengths. 

Introduction 

Current general surface morphology of crystalline sili-
con solar cells is a random pyramid texture prepared by 
alkaline etching. This structure extends the optical path 
length of the incident light and increases the light ab-
sorption in the solar cell [1]. The random pyramid 
structure, however, needs more than 20 μm margin on 
the surface of the Si wafer for etching. If a Si cell be-
comes thinner and the margin for etching will be 
equivalent to the thickness of cell, it is difficult to fab-
ricate conventional random pyramid structure on a Si 
surface. Therefore, a new light trapping structure with 
smaller etching margin is needed. For this purpose, we 
have recently proposed to utilize the self-assembled Ge 
dots as alkaline etching masks and showed the funda-
mental fabrication mechanisms of light trapping 
nanostructure using the Ge dot mask grown by gas 
source MBE (GS MBE) [2]. In this research, Ge dots 
were grown by solid source MBE (SS MBE) to permit 
independent control of the growth temperature and 
growth rate. The growth temperature was chosen to be 
approximately within the same temperature range as in 
the previous paper [2], and the difference between solid 
and gas source MBE was investigated. 

Methods 

A Ge(Si) dot layer was grown on Si(100) substrates by 
SS MBE method by deposition of Ge in the tempera-
ture range from 600 to 750 °C. The Ge coverage was 
varied from 8 to 30 monolayers. The grown samples 

were chemically etched in a 2 mol/l KOH solution at 
room temperature. The reflectance of each sample was 
measured by the spectrophotometer and surface mor-
phology was observed by a scanning electron (SEM) 
and atomic force (AFM) microscopes. 

Results and discussion 

Fig. 1 shows the SEM images of sample surface with 8 
monolayers of Ge before and after 5 minutes KOH 
etching. It was found that the sample grown at 7500C 
before etching has larger islands with lower surface 
density than sample grown at 7000C (4.2 × 108 cm-2 and 
9.0 × 108 cm-2 respectively). The SEM images after 
etching confirmed that the island is enlarged by the 
KOH etching. Similarly to as-grown samples, the 
etched sample grown at higher temperature has larger 
islands with lower density. These results indicate that 
the density and height of the structure could be con-
trolled easily by changing the growth conditions of the 
dot layer. It seems that samples grown by SS MBE 
have narrower distribution than those by GS MBE [2]. 
Fig. 2 shows the histograms of the islands diameter 
distribution obtained from SEM images of as grown 
and etched samples. Comparing the histograms of each 
sample before and after etching, it can be seen that the 
peak of the histogram is shifted after etching to the 
larger diameters. This is probably because the etching 
has progressed so that the smaller dots are removed by 
etching and the averaged width of the island is widened 
due to the anisotropic etching of the KOH solution to 
the Si substrate. From the histogram of island’s size, it 



  

 

is found that the surface of sample grown at 7000C has 
a lot of islands with diameter of 150-175 nm. On the 
other hand, the surface of sample grown at 7500C has a 
lot of islands with diameter of 175-200 nm. The size 
dispersion of dots is increased by increasing the Ge 
growth temperature. So, the size distribution of etched 
islands is inherited from the grown ones. 

Fig. 1. SEM images of fabricated light trapping 
nanostructure: (a) and (b) - as grown, (c) and (d) - af-
ter-etching. (a) and (c) for the growth temperature of 
7000C; (b) and (d) - for 7500C 

Fig. 2. Histograms of the islands diameter distribution for as 

grown and etched samples. Designation is similar to fig. 1.  

Fig. 3 shows the reflectance of each sample before and 
after 5 min etching as a function of the wavelength. 
The reflectance of the sample grown at 700°C hardly 
changed before and after etching. However, the reflec-
tance of the sample grown at 750°C after etching was 
reduced in the range from ultraviolet to visible light. 
These results indicate that effective reduction of the 
reflectance needs the optimizations of island size dis-
tribution and density. Moreover, it is considered that 
they should be specialized to light scattering. Accord-
ing to the Mie scattering theory, scattering is remarka-

ble when the size of scattering object is close to the 
wavelength of an incident light [3]. In the Mie scatter-
ing, forward scattering is more remarkable than the 
backward one. Therefore, the reflectance can be re-
duced in the wavelength range where the Mie scatter-
ing becomes remarkable. These data show that the size 
of the island on surface is associated with the reduction 
range of reflectance due to the Mie scattering. 

Fig.  3. Reflectance spectra of each sample. 

In conclusion, the Si nanostructured surface has been 
formed by KOH etching using Ge(Si) dots grown by 
SS MBE. It was found that the average island size of 
the nanostructure after etching is larger than that of the 
as grown dots due to the etching anisotropy. The size 
and density of the nanostructure after etching can be 
controlled by changing the growth conditions. The re-
duction of reflectivity is confirmed in the samples with 
nanostructures after KOH etching. When the majority 
of the surface is occupied by the islands with a large 
size, the reflectivity was decreased. Control of size 
distribution of the nanostructures is the key to further 
reduction of the reflectivity in the wide range of wave-
lengths according to the Mie scattering theory. 
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Technology Research and Development Program (AL-
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Russian Foundation for Basic Research (RFBR) project 
# 16-52-50017. 
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We report on temperature-driven quantum spin Hall state in slightly inverted HgTe quantum well. We perform a detailed visualization of 
Landau levels by magnetotransport measured at different gate voltages and temperatures. The latter allows us extracting a temperature 
evolution of critical magnetic field, corresponding to the crossing of peculiar pair of zero-mode Landau levels, which characteristically 
split from the upper conduction and bottom valence bands. Our magnetotransport results clearly indicate a topological phase transition 
between quantum spin Hall and trivial insulator states induced by temperature. 

Topological insulators (TIs) are materials that are insu-
lating in the bulk, but possess dissipationless edge or 
surface states, whose spin orientation is determined by 
the direction of the electron momentum. In analogy to 
the helicity, which describes the correlation between 
the spin and the momentum of a particle, those spin-
momentum locked edge or surface states have been 
termed helical. A 2D TI, synonymously also referred to 
as a quantum spin Hall (QSH) insulator (1). Due to the 
helical nature, those topological edge states are coun-
ter-propagating spin-polarized states, which are pro-
tected against time-reversal invariant perturbations. 

The QSH state has first been demonstrated experimen-
tally in inverted HgTe/CdTe QWs (2), in which one 
can tune the band structure by fabricating QWs with 
different thicknesses d. In HgTe/CdTe QWs, the band 
structure is inverted if the thickness d exceeds the criti-
cal thickness dc  6.3 nm, whereas the band structure is 
normal for d < dc. Hence, at zero magnetic field, QSH 
states are absent in HgTe QWs with d < dc, but can 
appear for d > dc. 

The inherent property of inverted HgTe QWs is their 
characteristic behavior under the applied magnetic field 
B, i.e., the crossing of particular zero-mode Landau 
levels (LLs) (2), arising at a certain magnetic field Bc 
(see fig. 1). Below that critical magnetic field, the low-
est zero-mode LL has electron-like character, although 
it origins from the valence band. This LL tends toward 
high energies with increasing of magnetic field. The 

second zero-mode LLs, which arises from the conduc-
tion band at B < Bc, has an hole-like character and its 
energy decreases with magnetic field. In this situation, 
counter-propagating spin-polarized states also still ex-
ist, although these states are no longer protected by 
time-reversal symmetry (4). 

 
Fig. 1. LLs energy as a function of magnetic field at 1.7 K. 

Zero-mode LLs are shown by the red curves; critical magnetic 

field Bc is defined as their crossing. 

As it has been first proposed in (3), accurate values of 
Bc and consequently, a relevant characterization of the 
QW band ordering can be obtained by extracting LL 
fan charts from magnetotransport experiments. In this 
work, to address the issue of the temperature-driven 
phase transition in QSH insulators, we study gated Hall 
bars made of slightly inverted band structure (at 2 K) 
HgTe/Cd0.65Hg0.35Te QW of 6.6 nm width.  

The structure was grown by molecular beam epitaxy on 
a (013) GaAs substrate and 5 μm CdTe relaxed buff-
er (5). For gating, a Ti:Au metallization, placed onto a 



  

 

double oxide layer (100 nm SiO2 and 200 nm Si3N4), 
was performed by chemical vapor deposition. Standard 
Hall-bar 650 × 50 μm size with spacing between volt-
age probes of 100 and 250 μm was also fabricated. 

Fig. 2 shows experimental LL fan chart obtained by 
plotting the derivative xy/ Vg of Hall conductivity xy 
for both gate-voltage Vg and magnetic field B in a col-

or-coded graph. One can clearly see the evolution of 
LLs from the conduction and valence bands and more 
precisely the pair of zero-mode LLs marked by dashed-
red lines. The crossing of zero mode LLs is a key fea-
ture of a band-inversion in HgTe QW (2,3). The linear 
behavior of xy/ Vg with magnetic field down to 0 T 
allows us to determine the crossing point of the lowest 
electron and hole LLs at the critical magnetic field Bc. 

 
Fig. 2. Colormap of the derivative xy/ Vg at different temperatures from 1.7 K (a) to 25 K (e); warmer color represents higher value of 

derivative; colder color represents lower value. Positions of the zero-mode LLs are marked by white dashed lines for easy following. 

Fig. 3 contains comparison between experimental and 
theoretical values of critical magnetic field Bc at differ-
ent temperatures. The calculations were performed by 
using the 8-band Kane Hamiltonian adapted for (013)-
oriented heterostructures with temperature-dependent 
interface and material parameters (6). It is seen that Bc 
vanishes at about 18 K. Since position of the crossing 
point of the zero-mode LLs at zero magnetic field di-
rectly indicates gapless state with massless Dirac fer-
mions in the QW (3), we indeed observe a topological 
phase transition at 18 K. 

 
Fig. 3. Theoretical (solid curve) and experimental (open symbols) 

values for critical magnetic field as a function of temperature. 

Another feature, which is clearly seen by comparing 
the Figs 1 and 2(a), is almost linear relationship be-
tween LL energy and gate-voltage Vg, in the magnetic 
field range corresponding to the linear behaviour of 
zero-mode LLs. The latter allows us evaluating the 
anticrossing gap 2 BIA at B = Bc for 1.7 K, arising due 

to the lack of bulk inversion asymmetry (BIA) in the 
unit cell of HgTe and CdTe (7). By using theoretical 
value for the band gap of 3.8 meV, we find that the 
strength of BIA splitting BIA does not exceed 
0.85 meV. This indicates a much smaller role of BIA 
than it was assumed previously. 
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We theoretically study multimode spin-dependent transport in arbitrary oriented quasi-one-dimensional quantum waveguides formed in 
quantum wells with different growth direction. The scattering matrix formalism is employed for calculation of spin-dependent conduct-
ances as well as spin polarization of the structure. We find Fano-resonance type dips in the spin-dependent conductances appearing at 
different positions in energy and obtain non-trivial relation between them for various combinations of the SOC parameters. 

Introduction 

There has been growing interest in the studies of physi-
cal systems in which the charge and spin degrees of 
freedom manifest themselves simultaneously. This 
topic has attracted much attention due to its potential 
applications in the design of spintronic devices [1]. 
One prominent spintronics device is the spin field-
effect transistor proposed by Datta and Das [2]. Its 
basic transport properties may be studied in the frame-
work of a simple model. In this model the Datta-Das 
transistor is treated as a quasi-one-dimensional (Q1D) 
waveguide consisting of a finite length region with 
spin-orbit coupling (SOC) attached with incoming and 
outcoming SOC-free leads. After injection from the 
incoming lead an electron propagates through the SOC 
region to outcoming lead, while its spin is precessing in 
the effective magnetic field generated by SOC. Appli-
cation of the external electric field allows to control 
spin precession in the SOC region and manipulate of 
the electron spin state in the outcoming lead. 

In the original Datta-Das’ proposal, the single-mode 
regime of spin precession was assumed. However, for 
its realization it is necessary to fabricate thin enough 
Q1D waveguides in sufficiently narrow quantum wells 
(down to 10 nm) that is not easy for nanotechnologies 
on the cutting edges. Therefore, the multimode effects 
should be taken into account in more rigorous investi-
gations.  

Results 

In this work, we study transport properties of Q1D 
waveguides formed in quantum wells with arbitrary 
growth direction in the presence of both the Rashba 
and Dresselhaus SOC contributions. For this purpose 
we employ the scattering matrix formalism [3-5] and 

calculate spin-dependent conductances as well as spin 
polarization of the structure for different values of the 
SOC-parameters and length of the SOC region. We 
find Fano-resonance type dips in the spin-dependent 
conductances appearing at different positions in energy 
and obtain non-trivial relation between them for vari-
ous combinations of the SOC parameters. Namely, our 
numerical calculations show that zeros of the spin-
dependent conductances are located at the same posi-
tion in energy when the system has an additional sym-
metry connected with the spin degree of freedom and 
the effective magnetic field in the SOC region is uniax-
ial. In the particular case of Q1D waveguide formed in 
[001] quantum well with equal the Rashba and 
Dresselhaus SOC contributions we reproduce some 
results of one our earlier work [6].  

The work was in part supported by RFBR (grant No. 
16-32-00-712) and by the Russian Ministry of Educa-
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Here, we report on a new class of multi-layered quantum wells, based on the traditional and robust III-V semiconductors technology, in 
which charge carriers mimic pseudo-relativistic particles with zero rest-mass. We calculate their energy spectrum showing that depend-
ing on the quantum well geometry and composition one may obtain two-dimensional massless Dirac fermions with Fermi velocity vary-
ing from 1·105 m/s to 3·105 m/s. Our results pave the route towards a pseudo-relativistic electronics based on a mature and reliable III-V 
semiconductor technology. 

Since relativistic Dirac-like character of charge carriers 
was demonstrated in monolayer graphene (1), two-
dimensional (2D) Dirac fermions (DFs) are intensively 
studied in condensed matter physics. The fabrication of 
graphene sheets has enabled substantial experimental 
progress in the physics of 2D DFs. However, many 
theoretical predictions require single-valley of DFs, or 
at least, weak inter-valley scattering. Graphene-based 
structures, therefore, are not suitable platforms to test 
these predictions because of the presence of two val-
leys and strong inter-valley scattering systems. 

It has been shown that HgTe/CdTe quantum wells 
(QWs) at critical thickness possess a single-valley spin-
degenerate Dirac cone at the  point of Brillouin zone 
(2). The wider QWs have inverted band structure, at 
which the lowest electron-like subband (E1) is lower 
than the top heavy-hole-like subband (H1). The band 
inversion puts the system into 2D topological insulator 
(TI) state, characterized by bulk gap and spin polarized 
gapless edge states. 

Another III-V semiconductor QWs, which feature an 
inversion of electron-like and hole-like subbands, and, 
hence, may potentially have the spectrum of DFs, are 
so-called broken-gap InAs/GaSb QWs (3). Since the 
broken-gap InAs/GaSb QWs have no inversion sym-
metry in the growth direction, the crossing of E1 and 
H1 subbands arises away from the  point of Brillouin 
zone. However, gapless state with massless DFs does 
not appear therein due to the mixing between E1 and 
H1 levels at non-zero quasimomentum k, which opens 
a hybridization gap and prevents formation of DF-like 
spectrum. 

In this work, we introduce a new class of structures, 
based on InAs/GaSb, which differ from the broken-gap 

QWs by the band-gap inversion at the  point. As hy-
bridization between electron-like and heavy-hole-like 
subbands vanishes at k = 0, the crossing of E1 and H1 
subbands at the  point results in the gapless state with 
2D massless DFs, just like in the HgTe QWs (2,4). To 
eliminate the inversion asymmetry in the growth direc-
tion, we propose to attach additional InAs or GaSb 
layer to the broken gap InAs/GaSb QWs. Further, we 
call the three-layered InAs/GaSb QW as InAs-designed 
QW (Fig 1A) or GaSb-designed QW (fig 1B) if it con-
tains two layers of InAs or GaSb, respectively. We 
predict arising of 2D massless DFs in both types of 
QWs. 

Figure 1C shows positions of electron-like E1, E2 and 
hole-like H1 subbands at k = 0 in InAs-designed QW 
as a function of InAs-layer thickness d1 for the thick-
ness of GaSb layer d2 =4 nm. The InAs-designed QW 
can be contingently considered as ‘double QW’ for the 
‘electrons’ with GaSb middle barrier, which also plays 
a role of ‘single QW’ for the ‘holes’ (fig. 1A). Intui-
tively, it is clear that the close electron-like levels E1 
and E2 are connected with even-odd state splitting in 
the ‘double QW’ for the ‘electrons’. If InAs layers are 
thin (d1 < d1c, d1c is a function of d2), the QW is in 
normal regime, and the E1 subband lies above the H1 
level. For d1 > d1c, the QW is in the inverted regime. As 
the band inversion is only determined by the relative 
positions of E1 and H1, the QW with other values of d2 
behaves essentially the same. 

In contrast, the GaSb-designed QW has effective ‘dou-
ble QW’ for the ‘holes’ with InAs layer as ‘middle 
barrier’ (Fig. 1B). However, the ‘heavy-hole states’ 
from different GaSb layers are not coupled at k = 0 



  

 

because InAs layer of reasonable thicknesses (d1 > 
4 nm) is not transparent for the particles from the 
heavy-hole-like subbands due to large effective mass 
therein. The mixing between heavy-hole-like and elec-
tron-like states, arising at non-zero quasimomentum, 
leads to the splitting between H1 and H2 subbands, 
which also can be contingently considered as odd and 
even combinations of the hole states in each GaSb lay-
er. 

 
Fig. 1. (A,B) Schematic representation of symmetrical three-
layered InAs/GaSb QWs: (A) InAs-designed QWs and (B) 
GaSb-designed QWs. The QWs are supposed to be grown on 
GaSb buffer in (001) crystallographic direction. The numbers 
show the band gap values in materials of the layers. Here d1 
and d2 are the thickness of InAs and GaSb layers respectively. 
(C,D) Energy of electron-like (blue curves) and heavy-hole like 
(red curves) subbands at k = 0, as a function of the layer 
thickness: (C) InAs-designed QW at d2 = 4 nm and (D) GaSb-
designed QW at d1 = 10 nm. Crossing of E1 and H1 levels 
produces massless Dirac fermions in the vicinity of the  point 
of the Brillouin zone. Zero-energy corresponds to the top of 
valence band in bulk GaSb. 

Figure 1D shows positions of E1, H1 and H2 subbands 
at k = 0 in GaSb-designed QW with d1 = 10 nm as a 
function of d2. If GaSb layers are thin enough so that 
d2 < d2c, where d2c actually depends on InAs layer 
width, the E1 level lies below H1 and H2 subbands, 
and the band structure is inverted. For d2 > d2c, the QW 
has direct band structure. At other value of d1, the pic-
ture of band ordering in the GaSb-designed QW is 
qualitatively the same. 

Figures 2A and 2B represent the band dispersion at 
small k in both types of the QWs, when the E1 and H1 
subbands are crossed at the  point (see Fig. 1C and 
1D). The thicknesses of InAs and GaSb layers, corre-
sponding to the crossing of E1 and H1 subbands, are 
given in Fig. 2C. The linear band dispersion at small k 
is clearly seen. However, in the GaSb-designed QW, 
the cone is accompanied by additional ‘massive’ 

branch of H2 subband arising at the crossing point. 
Recently, very similar case has also been predicted for 
the double HgTe/CdTe QWs (4). 

 
Fig. 2. (A,B) A 3D plot of the band dispersion in the vicinity of 
the  point for (A) InAs-designed QW and (B) GaSb-designed 
QW. The values of d1 and d2 correspond to the crossing of E1 
and H1 subbands, shown in the bottom panels in Fig. 1. (C) 
The ratio between d1 and d2, at which massless DFs in the 
InAs-designed QWs (the blue curve) and in the GaSb-
designed QWs (the red curve) arise. (D) Fermi velocity vF of 
massless DFs as a function of InAs layer thickness d1 (d2 is 
defined by the dependencies shown in the panel C). The blue 
curve corresponds to the InAs-designed QWs, while the red 
one is for the GaSb-designed QWs. 

Figure 2D provides vF for massless DFs in both types 
of the QWs as a function of InAs layer thickness. It is 
seen that Fermi velocity is varied from 1·105 m/s to 
3·105 m/s, depending on the layer thicknesses. These 
values are in several times lower than the ones in gra-
phene (1) and HgTe QWs (2). Thus, massless DFs in 
three-layered InAs/GaSb QWs are actually the ‘lowest-
speed’ massless particles, as compared with other 
known systems (5). 
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We study spin precession in quasi-one-dimensional waveguides formed along an arbitrary crystallographic direction in quantum wells 
with different orientation. For this purpose, we consider a single-particle effective mass Hamiltonian under the effective mass approxi-
mation with the generalized linear in wave vector spin-orbit coupling term. In case when the system under consideration has an addi-
tional symmetry connected with the spin degree of freedom, an exact solution of the Schrödinger equation is derived. We also investi-
gate influence of the confinement potential on the additional spin symmetry and demonstrate that this symmetry is determined only by 
the properties of two-dimensional electron gas where the waveguide is formed. 

Introduction 

In modern spintronics many investigations have been 
focused on manipulation of the electron spin degree of 
freedom in various modifications of the Datta-Das spin 
field-effect transistor [1-4]. In some of them it is pro-
posed to control the electron spin via its precession in a 
special collinear effective magnetic field generated by 
spin-orbit coupling [3, 4]. It was shown both theoreti-
cally [5] and experimentally [6] that under extra as-
sumptions realization of such configuration of the ef-
fective magnetic field allows to provide suppression of 
some spin relaxation mechanisms that is suitable for 
spintronic applications. Additionally, in our previous 
work, spin precession in 2D electron systems with SOC 
was studied and it was found that a collinear effective 
magnetic field can be achieved in a wide class of quan-
tum wells (QWs) with different growth direction, 
which are described by the Hamiltonians with SU(2) 
symmetry [7].  

 
Fig. 1. Schematic illustration of a homogeneous Q1D wave-

guide oriented along direction x1, which forms angle  with the 

x axis. 

Results 

In this work, we study spin precession in quasi-one-
dimensional (Q1D) waveguides formed along an arbi-
trary crystallographic direction in QWs with different 
orientation (see fig. 1). For this purpose we consider 
the following form of a single-particle effective mass 
Hamiltonian with the generalized linear in wave vector 
k SOC-term: 

  yx
yx kkyxV

m

kk
H ˆˆ,ˆˆ,,

2

ˆˆ
ˆ

21

222

.   (1) 

Here we use Cartesian coordinates and assume that the 
QW is grown along the z axis, two symbolic vectors 

1312111 ,,  and 2322212 ,,  constructed 
from the SOC parameters define the asymmetry-
induced SOC, and ˆ  denotes the vector of the Pauli 
matrices. The confinement potential yxV ,  corre-
sponds to the hard-wall boundary conditions, i.e. 

yxV ,  is zero (infinite) inside (outside) the waveguide 
of width d (see fig. 1).  

In case when the cross product of 1  and 2  is a null 
vector, i.e. 021 , the initial 2D electron system 
where the Q1D waveguide is created has an additional 
symmetry connected with the spin degree of freedom 
[7]. Its presence leads to conservation of the spin 
projection on the direction of the collinear SOC-
induced effective magnetic field. It allows to obtain an 
exact solution of the Schrödinger equation with the 
Hamiltonian (1). For derivation of this solution it is 
necessary to carry out two transformations. The first 
one is a rotation on angle  around the z axis in the 
coordinate space. It is equivalent to the transition from 



  

 

(x, y)-coordinates to (x1, y1)-coordinates, in which the 
confinement potential is a function of y1 only. The 
second transformation is a rotation in the spin space 
after which the spin quantization axis coincides with 
the direction of the collinear effective magnetic field 
[7].  

 

 
Fig. 2. Dispersion curves of electrons in Q1D waveguides (a) 

without the additional spin symmetry (curves are nonparabolic 

and crossings between subbands with different n are absent) 

(b) with the additional spin symmetry (curves are parabolas 

with no anticrossings). 

In particular, for Q1D waveguides oriented along the 
x axis ( 0 ) in case when the SOC vectors are col-
linear and non-zero ( Rqq ,21 ), the Hamiltonian 
(1) has the following eigenfunctions 

   yy
Q

xkiyx n
y

xkn x 2
exp,,, ,       (2) 

corresponding to the eigenenergies 

2

222222

, 2222 md
nQQ

k
m

kE x
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Here Qy
2

22m and Qx qQy are components of 
so-called «magic» vector Q  [5, 7], quantum number 

1 , vector  denotes an eigenfunctions of the 
operator 22 2ˆ,  of the spin projection on the 
direction of the effective magnetic field, 

Nndyndyn ,21sin2 . 

Our numerical analysis reveals one interesting feature 
in the energy spectrum of electrons, which are confined 
in Q1D waveguides with the additional spin symmetry. 
Unlike the dispersion curves for waveguides without 
this symmetry (fig. 2a), in case 021  dispersion 
relations describe parabolas with no anticrossings for 
any value of  (fig. 2b). This contrasting difference 
between the symmetric and asymmetric systems has 
important meaning for spin-dependent electron 
transport through inhomogeneous Q1D waveguides.  
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Using two-dimensional electron system in ultra-high quality SiGe/Si/SiGe quantum wells, we experimentally compare the behavior of the 
energy-averaged effective mass with that at the Fermi level and verify that the behaviors of these measured values are qualitatively 
different. With decreasing electron density (or increasing interaction strength), the effective mass at the Fermi level monotonically in-
creases in the entire range of electron densities, while the averaged one saturates at low densities. This reveals a precursor to the long-
sought-for fermion condensation in this electron system. The results indicate the occurrence of a new state of matter. 

 

The behavior of strongly-correlated fermions in two 
dimensions is a forefront area of modern condensed 
matter physics in which theoretical methods are still 
poorly developed and new experimental results are of 
great interest. According to theoretical calculations [1–
5], as the strength of fermion-fermion interaction is 
increased, the single-particle spectrum becomes pro-
gressively flatter in the vicinity of the Fermi energy 
(see the top inset to Fig. 1) eventually forming a plat-
eau: the fermions “condense”. The flattening of the 
spectrum is related to the increase of the effective fer-
mion mass mF at the Fermi level. The condensation of 
fermions, previously never observed experimentally, is 
similar to the condensation of bosons responsible for 
such prominent phenomena as superconductivity and 
superfluidity; the important difference, however, is 
that, unlike the condensation of bosons, the fermion 
condensation occurs at the Fermi level in a range of 
momenta. 

The role of electron-electron interactions in the behav-
ior of two-dimensional (2D) electron systems increases 
as the electron density is decreased. The interaction 
strength is characterized by the Wigner-Seitz radius, rs 
= 1/( ns)1/2aB (here ns is the electron density and aB is 
the effective Bohr radius in semiconductor), which in 
the single-valley case is equal to the ratio of the Cou-
lomb and kinetic energies. At high electron densities, 
where rs  1, interactions are not prevalent; 2D elec-
tron systems exhibit metallic conductivity and their 
behavior can be well described by the Fermi liquid 

theory. In the opposite limit of low electron densities 
(rs > 35) interactions are dominant, and the electrons 
are expected to form aWigner crystal [6, 7]. At inter-
mediate values of rs, where the energy of interactions 
exceeds all other energy scales but is still not high 
enough to cause the electrons to crystallize, different 
scenarios of the system behavior were suggested theo-
retically, and numerous experiments on different elec-
tron systems were performed (see reviews [8–11] and 
references therein). Nevertheless, the behavior of the 
strongly interacting 2D electron system is still not well 
understood. One of the important points is the residual 
scattering potential. Even in quite perfect electron sys-
tems the electron properties are influenced by the re-
sidual disorder [12–14]. At present, it is unclear wheth-
er the clean limit (i.e., the limit in which the influence 
of disorder on the electron properties is negligible) has 
been reached in experiments on the least disordered 
electron systems. Finally, there exist experimental facts 
that contradict both intuitive expectations and calcula-
tions, e.g., a decrease of the effective mass in fully 
spin-polarized single-valley electron systems [15, 16]. 
All this means that new experimental data are needed 
on the behavior of strongly interacting 2D electron 
systems as close as possible to the ideal ones in the 
sense of both strength of electron-electron interactions 
and weakness of the scattering potential. 

Raw experimental data obtained in strongly correlated 
2D electron systems can be divided into two groups: (i) 
data describing the electron system as a whole, like the 



  

 

magnetic field required to fully polarize electron spins, 
thermodynamic density of states, or magnetization of 
the electron system, and (ii) data related solely to the 
electrons at the Fermi level, like the amplitude of the 
Shubnikov-de Haas oscillations yielding the effective 
mass mF and Lande g-factor gF at the Fermi level. As a 
rule, the data in the first group are interpreted using the 
quasiparticle language in which the energy-averaged 
values of effective mass, m, and Lande g-factor, g, are 
used. To determine the values, the formulas that hold 
for the case of noninteracting electrons are employed. 
Although this approach is ideologically incorrect, the 
results for m and g often turn out to be the same as the 
results for mF and gF . Particularly, simultaneous in-
crease of the energy-averaged effective mass and that 
at the Fermi level was reported in earlier publications 
[8–10, 17, 18]. The most pronounced effects were ob-
served in the 2D electron system in silicon in which the 
effective mass is strongly enhanced at low densities 
while the g-factor stays close to its value in bulk sili-
con, the exchange effects being small [8, 9]. 

 

 

 

 

 

In this paper, we experimentally compare the product 
of the Lande g-factor and the energy-averaged effec-
tive mass, gFm, with that at the Fermi level, gFmF , 
measured in a 2D electron system in SiGe/Si/SiGe 
quantum wells. It turns out that the behaviors of these 
values are qualitatively different: with decreasing elec-
tron density, ns, the product gFmF monotonically in-
creases in the entire range of electron densities, while 
the product gFm saturates at low ns (see Fig. 1). Since 
the exchange effects in the 2D electron system in sili-
con are negligible [8, 9], this difference can only be 
attributed to the different behaviors of the two effective 
masses. This reveals a precursor to the fermion con-
densation in this electron system and indicates the oc-
currence of a new state of matter. 
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FIG. 1: Product of the Lande factor and effective mass as a func-
tion of electron density determined by measurements of the field
of full spin polarization (squares) and Shubnikov-de Haas oscilla-
tions (circles) at T  30 mK. The empty and filled symbols corre-
spond to two samples. The experimental uncertainty corresponds
to the data dispersion and is about 2% for the squares and about
4% for the circles. (g0 = 2 and m0 = 0.19me are the values for nonin-
teracting electrons). The top inset shows schematically the single-
particle spectrum of the electron system in a state preceding the
fermion condensation (solid black line). The dashed violet line corre-
sponds to an ordinary parabolic spectrum. The occupied electron
states at T = 0 are indicated by the shaded area. Bottom inset: the
effective mass mF versus electron density determined by analysis
of the temperature dependence of the amplitude of Shubnikov-de
Haas oscillations. The dashed line is a guide to the eye. 
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We present a microscopic theory of spin-orbit torques in ferromagnet/heavy-metal bilayers. This theory is used to explain skyr-
mion motion in ferromagnets and antiferromagnets, including the value of the skyrmion Hall angle. The theory is compared with 
the recent experiments on skyrmion dynamics. 

Ferromagnetic Materials 
Manipulating small spin textures that can serve as bits 
of information by electric and spin currents is one of 
the main challenges in the field of spintronics. Ferro-
magnetic skyrmions attracted a lot of attention because 
they are small in size and are better than domain walls 
at avoiding pinning sites while moved by electric cur-
rent. Moreover, recently in ferromagnet/heavy-metal 
bilayers they were shown to move very efficiently by 
the so-called "spin-orbit" torques. We formulated the 
general theory of these torques including their micro-
scopic treatment in disordered systems [1]. This allows 
us to calculate skyrmion Hall angle, which was recent-
ly revealed by X-ray microscopy. We show that this 
angle depends on dynamical deformations of the skyr-
mion due to spin-orbit torques [2]. 

 

 

 

 

 

 

Fig. 1. The graph illustrates the absence of topological Hall 

effect on AFM Skyrmion and is taken from reference [3]. 

Antiferromagnetic Materials 

Ferromagnetic skyrmions, however, also have certain 
disadvantages, such as the presence of stray fields and 
transverse dynamics, making them harder to employ in 
spintronic devices. To avoid these unwanted effects, 

we propose a novel topological object: the antiferro-
magnetic (AFM) skyrmion [3] and explore its proper-
ties using analytical theory based on microscopic anal-
ysis, generalized Thiele equation, and micromagnetic 
simulations.  

This topological texture has no stray fields and we 
show that its dynamics are faster compared to its fer-
romagnetic analogue. We obtain the range of stability 
and the dependence of AFM skyrmion radius on the 
strength of Dzyaloshinskii-Moriya interaction coming 
from relativistic spin-orbit effects. Moreover, we study 
the temperature effects on the stability and mobility of 
AFM skyrmions. We find that the thermal properties, 
e.g. such as the antiferromagnetic skyrmion radius and 
diffusion constant, are rather different from those for 
ferromagnetic skyrmions. More importantly, we show 
that due to unusual topology the AFM skyrmions do 
not have a velocity component transverse to the current 
(no skyrmion Hall effect), and thus may be interesting 
candidates for spintronic memory and logic applica-
tions.  
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We are reporting on the charge-density wave (CDW-2) forming in NbS3, phase II, at the temperature TP2=150 K. The transition is found 
only in the sulfur deficient samples. The CDW-2 is clearly detected in the resistance and in the collective transport measurements, but 
does not show any lattice distortions at TP2 in the diffraction studies. However, features near TP2 are clearly detected in the temperature 
dependences of the 93Nb NMR relaxation time and in XANES (X-ray absorption near-edge spectroscopy) spectra measured at S and Nb 
peaks. Anomalous photoresponse of CDW-2 is also reported. Among others, the concept of excitonic dielectric is considered as the 
origin of CDW-2. 

Introduction 

The monoclinic phase of NbS3, known also as phase II, 
shows two coexisting charge-density waves (CDWs) at 
room temperature, T. The corresponding lattice distor-
tions are characterized by the wave-vectors q1 = (0.5, 
0.298, 0) and q0 = (0.5, 0.352, 0) [1]. The q1-CDW 
(CDW-1) emerges at TP1=340-370 K and shows the 
features typical of the collective electronic transport. 
Evidence for the q0-CDW (CDW-0) transport has been 
also shown recently, TP0 has been tentatively estimated 
as 620-650 K [2]. 

Here we are reporting on the unusual features of the 
CDW forming at TP2=150 K (CDW-2). 

The results and discussion 

The appearance of CDW-2 and its collective transport 
are clearly detected in the transport studies. The T de-
pendence of conductivity, , shows a distinct feature at 
TP2; the voltage, V, dependences of  below TP2 show a 
drop at the threshold value, Vt [2]. However, no lattice 
distortions at TP2 have been detected in the diffraction 
structural studies (TEM and powder X-ray). Neverthe-
less, features near TP2 have been clearly detected in the 

temperature dependences i) of the nuclear transverse 
magnetization relaxation time measured at the central 
93Nb NMR line and ii) of XANES (X-ray absorption 
near edge structure) spectra measured at two S and one 
Nb peak [2].  

Under RF irradiation sliding CDW-2 shows Shapiro 
steps, – a typical feature of CDW transport. The RF 
interference shows that the charge density carried by 
CDW-2 per one wavelength can be from 3 to 1000 
times lower than that of CDW-1. This is too low for a 
usual CDW formed though the Peierls transition. The 
charge density scales with the sample specific conduc-
tivity, s, above TP2. The composition studies of NbS3 
samples have shown that CDW-2 is observed only in S 
deficient samples, which show relatively high s. 
Therefore, CDW-2 is concluded to be a condensate of 
electrons donated by S vacancies [2]. This is the first 
known case of doping-induced electrons condensation 
into a collective state. 

One of the surprising features of CDW-2 is the varia-
tion of the (T) curves with the change of s (for 
T>TP2). The value of TP2 does not depend on s, and 
changes in s within 1.5 orders of magnitude result 



  

 

only in vertical shift of the s(T) curve in the logarith-
mic scale. Thus, the transition at TP2 is not directly 
coupled with the concentration of the electrons induced 
by doping [2]. 

We have also observed indications of the purely elec-
tronic nature of the CDW-2, while the lattice distortion, 
if any, plays a secondary role. In contrast to CDW-1, 
both TP2 value and the I-V curves of CDW-2 show very 
low sensitivity to the uniaxial strain, , of the samples 
[2]: dlog(TP2)/d ~0.1dlog(TP1)/d ~1.5, which is a very 
low value for a CDW, while the non-linear conductivi-
ty does not show any regular changes for  in the range 
0 – 1%. The critical slowing-down of fluctuations re-
vealed by NMR near TP2 is also in accord with the elec-
tronic nature of the distortion: the relaxation of the 
transverse magnetization can be stimulated by fluctua-
tions of both magnetic and electric fields, and its freez-
ing can reveal not only a lattice but also an electronic 
ordering. This would explain, why no lattice distortion 
is observed at TP2 with diffraction methods. 

Another anomalous feature of NbS3 is the effect of 
infra-red (IR) irradiation on the CDW-2 transport [3]. 
Earlier the impact of light on the CDW transport has 
been reported for K0.3MoO3 [4] and o-TaS3 [5]. In both 
cases the threshold field, Et, for the CDW depinning 
grows under optical irradiation. The effect was ex-
plained in terms of the CDW rigidity: the optically ex-
cited electrons are supposed to decrease the CDW elas-
tic modulus and increase Et. 

To study photoconductivity in NbS3 we used IR LED 
with the frequency corresponding to h =1.2 eV, which 
is above the known energy gap, 0.43 eV [6]. In case of 
CDW-1 the Vt value is found to increase with the pow-
er of irradiation, W, like in [4,5]. The Vt variation was 
too small to establish the dependence of Vt vs. W.  

In contrast, CDW-2 shows a decrease of Vt vs. W; 
Vt  W1/2 (Fig. 1). For the maximum W values Vt is of 

the order of Vt at W=0, while Vt(W) is non-linear even 
for the lowest values of W, when Vt << Vt(0). Presum-
ably, changes of the CDW-2 rigidity [4,5] result in a 
linear Vt(W) dependence for small W. Thus, the behav-
ior of CDW-2 under the irradiation indicates its specif-
ic interaction with the pristine lattice.  

The increase of the linear conductivity under the IR 
irradiation also follows the W1/2 dependence [3]. 

To explain the origin of CDW-2 we considered the 
mechanisms of Wigner crystallization and Keldysh-
Kopaev transition (formation of excitonic dielectric) 

[2]. These orderings are primarily of electronic nature. 

The concept of excitonic dielectric is more favorable, 
because it explains the low sensitivity of TP2 on the 
concentration of electrons condensed into CDW-2. In 
the limiting case of zero concentration of the donated 
electrons the transition persists: the CDW-2 is formed 
by coupling of equal numbers of electrons and holes, as 
is suggested for the “classical” Keldysh-Kopaev transi-
tion. Alternatively, the CDW-2 can emerge at stacking 
faults in NbS3. This hypothesis seems to be supported 
by the first STM studies of this compound. 

RFBR (Grants 16-02-01095, 17-02-01343, 14-02-
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Fig. 1. The relative Vt drop vs. W. The sample dimensions are
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taken from the I-V curves matching. ‘ ’ – from (W) at fixed V. 
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Низкоразмерные гетероструктуры (ГС) можно под-
разделить на структуры с энергетическим спектром 
первого рода, в которых электроны и дырки лока-
лизованы в одной области пространства, и с энер-
гетическим спектром второго рода, в которых они 
пространственно разделены. ГС второго рода, ха-
рактеризуются «синим» сдвигом положения мак-
симума полосы фотолюминесценции (ФЛ), про-
порциональным корню кубическому от плотности 
мощности возбуждения (Pex) [1]. Поскольку в хо-
рошо изученных ГС первого рода (GaAs/AlGaAs), 
сдвиг полосы ФЛ практически отсутствует [2], за-
частую утверждение о принадлежности ГС к си-
стемам второго рода делается только на основании 
наличия «синего» смещения полосы ФЛ с ростом 
Pex, при этом характер смещения не анализируется. 
В то же время, для ГС, как первого рода, так и вто-
рого рода, возможно «синее» смещение полосы 
ФЛ, вызванное заполнением энергетических состо-
яний [3]. В особенности этот эффект заметен для 
ГС с диффузионно-размытыми границами. В таких 
ГС имеют место неоднородности по размерам и 
химическому составу, что приводит к образованию 
протяжённых флуктуационных «хвостов» плотно-
сти состояний [4]. Это приводит к тому, что сдвиг 
полосы ФЛ, вызванный заполнением энергетиче-
ских состояний, становится сравним по величине со 
сдвигом, вызванным пространственным разделени-
ем носителей заряда [1]. Это осложняет корректное 

определение типа энергетического строения ГС с 
диффузионно-размытыми границами. В настоящей 
работе развита методика определения типа энерге-
тического строения ГС с диффузионно-размытыми 
границами. Методика аппробирована на GaSb/AlAs
и AlSb/AlAs ГС, тип энергетического строения ко-
торых заранее не известен.

Гетероструктуры выращивались методом молеку-
лярно-лучевой эпитаксии (МЛЭ) на подложках 
GaAs ориентации (001). Квантовые ямы (КЯ), 
сформированные из 1 монослоя GaSb и AlSb, оса-
ждённого при температуре 480°С, расположены 
между обкладками AlAs толщиной 50 нм. Слой 
AlAs защищался от окисления 20 нм слоем GaAs. В 
аналогичных условиях выращены тестовые ГС с
InAs/AlAs КЯ первого рода [5] и GaAs/AlAs КЯ 
второго рода [6]. Кристаллическое строение ГС 
исследовано методами просвечивающей электрон-
ной микроскопии (ПЭМ) и спектроскопии ФЛ. Рас-
пределение химических элементов в ГС исследова-
но методом энерго-дифракционного анализа. Пока-
зано, что КЯ формируются из неоднородных твёр-
дых растворов. Сегрегация атомов In и Sb приводит 
к диффузионному размытию гетерограниц 
InAs/AlAs, GaSb/AlAs и AlSb/AlAs КЯ. Поскольку 
сегрегация Ga в AlAs подавлена, GaAs/AlAs КЯ 
характеризуется резкой гетерограницей.



Зависимости смещения максимума полосы ФЛ от 
Pex для тестовых ГС и III-Sb/AlAs ГС с КЯ пред-
ставлены на рисунках 1 (а) и (б), соответственно. 
Интегральная интенсивность ФЛ сохраняет линей-
ную зависимость от Pex во всём диапазоне измере-
ний. При изменении Pex почти на 4 порядка вели-
чины полоса ФЛ для InAs/AlAs (GaAs/AlAs) ГС 
смещается на величину 6 мэВ (3,5 мэВ). Смещение 
полосы ФЛ ~ ln(Pex/P0) и ~ Pex

1/3 для InAs/AlAs и 
GaAs/AlAs КЯ, соответственно. При изменении Pex

более чем на 4 порядка величины полоса ФЛ для 
GaSb/AlAs (AlSb/AlAs) ГС смещается на величину 
25 мэВ (35 мэВ). Смещение полосы ФЛ GaSb/AlAs
ГС ~ ln(Pex/P0), в то время как для AlSb/AlAs ГС 
смещение ~ ln(Pex/P0) при Pex < 1 мВт/см2 и ~ Pex

1/3

при Pex > 1 мВт/см2. Ширина полосы ФЛ для всех 
исследуемых ГС практически не зависит от Pex.

Тестовая GaAs/AlAs ГС второго рода демонстриру-
ет, как и ожидалось [2], «синий» сдвиг полосы ФЛ 
~ Pex

1/3. Наблюдаемый логарифмический сдвиг по-
лосы ФЛ InAs/AlAs ГС первого рода вызван запол-
нением флуктуационных «хвостов» плотности со-
стояний [7]. Следовательно, чисто логарифмиче-
ский сдвиг полосы ФЛ GaSb/AlAs ГС позволяет 
отнести её к системам первого рода. Для объясне-
ния сложного характера смещения полосы ФЛ 
AlSb/AlAs ГС были проведены расчёты спектров 
ФЛ ГС с диффузионно-размытыми границами, с 
учетом заполнения энергетических состояний 
флуктуационных «хвостов» плотности состояний 
[3]. В соответствии с [8], плотность состояний в 
«хвосте» ~ exp(-E/E0). Для ГС второго рода был 
также учтён сдвиг уровней размерного квантования 
~ Pex

1/3 [1].

P

Результаты расчётов представлены на рисунке 2. 
Смещение спектра ФЛ ГС первого рода ~ ln(Pex/P0), 
в то время как для ГС второго рода ~ a·ln(Pex/P0)+
b·Pex

1/3, при этом ширины спектров не зависят от 
Pex. Сопоставление с данными ФЛ позволяет отне-
сти AlSb/AlAs ГС к системам второго рода. Пока-
зано, что в случае сосуществования подсистем пер-
вого и второго рода в рамках одной ГС будет 
наблюдаться уширение полосы ФЛ с ростом Pex.

С повышением плотности мощности возбуждения 
гетероструктуры первого рода демонстрируют «си-
нее» смещение полосы ФЛ ~ ln(Pex/P0), в то время 
как ГС второго рода ~ a·ln(Pex/P0)+ b·Pex

1/3, при по-
стоянной ширине полосы ФЛ. Уширение полосы 
ФЛ с ростом Pex указывает на сосуществование 
подсистем первого и второго рода в ГС.

Работа выполнена при поддержке РФФИ (проек-
ты № 16-32-60015 и 16-02-00242). 
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ИЗМЕРИТЕЛЬНЫЕ РЕШЕНИЯ ДЛЯ ИССЛЕДОВАНИЙ  
АТОМНОЙ И ЭЛЕКТРОННОЙ СТРУКТУРЫ ВЕЩЕСТВА 

Представительство в России 

ООО «Группа Ай-Эм-Си» 

117638, Москва, ул. Криворожская, д.23, кор.3  

+7 (495) 374-04-01  

sales@imc-systems.ru  

Компания Scienta Omicron — мировой лидер в области разработки технологий исследования свойств по-
верхности. Благодаря обладанию фундаментальными технологиями и знаниям в области электронной 
спектроскопии, сканирующей зондовой микроскопии в вакууме, исследованию свойств тонких пленок, 
компания предоставляет своим клиентам лучшее оборудование из доступного на рынке.  

РФЭС спектрометры ESCA 2SR 

Надежные РФЭС спектрометры, позволяющие реа-
лизовывать исследования поверхности с помощью 
рутинной и специализированной РФЭС и ЭСХА. 
Удобный исследовательский инструмент, комбини-
рующий в себе высокую чувствительность, превос-
ходное разрешение по энергии с высокой пропуск-
ной способностью. 

Установки молекулярно-лучевой эпитаксии LAB|EVO|PRO 

Установки обладают гибкой конфигурацией, широким набором эффузионных ячеек различ-
ного объема (от 200 до 1,5 см3) для роста кристаллов и легирования, различными типами 
испарителей, затворов и приводов. Возможно изготовление заказных конфигураций портов 
(смотровые окна, симметричные порты для эллипсометрии и прочие). 

Сканирующие зондовые микроскопы QPlus  

Измерения в сверхвысоком вакууме поз-
воляют успешно реализовать методику 
АСМ одновременно с туннельной микро-
скопией без потери измерительных харак-
теристик. 

Комбинация метода QPlus АСМ и СТМ рас-
крывает колоссальный потенциал для це-
лого набора направлений фундаменталь-
ных и прикладных исследований, включая 
манипуляции и силовое воздействие на 
отдельные молекулы на изолированных 




























