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High-field splitting of the cyclotron resonance absorption in strained p-InGaAs/GaAs
quantum wells
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We report a systematic study of the cyclotron resonance (CR) absorption of two-dimensional holes in
strained InGaAs/GaAs quantum wells (QWs) in the quantum limit. The energies of the CR transitions are
traced as a function of magnetic field up to 55 T. A remarkable CR line splitting was evidenced when the
resonant field exceeds 20 T. We analyze our data with a 4 X 4 Luttinger Hamiltonian including strain and QW
potentials using two different methods to calculate Luttinger parameters for ternary alloys. We found excellent
agreement with the experiment when linear interpolation of the Luttinger parameters is used.

DOI: 10.1103/PhysRevB.79.073301

Nowadays strained-layer InGaAs/GaAs heterostructures
remain potentially interesting for many applications, such as
high-frequency electronics, solar cells, and infrared lasers
(see for review Ref. 1). Additionally, during the last few
years, the rapidly growing area of spintronics has increased
the interest in these structures due to demonstration of effi-
cient spin injection®3 and circular-polarized electrolumines-
cence in InGaAs/GaAs Schottky diodes, as well as the dis-
covery of the anomalous Hall effect in Mn J-doped InGaAs/
GaAs quantum wells.*>

When the thickness of the InGaAs epilayer grown on a
GaAs substrate remains below a critical thickness, the lattice
mismatch between the substrate and the epilayer can be ac-
commodated entirely by an elastic biaxial strain rather than
by formation of misfit dislocations. The strain provokes sig-
nificant changes in the valence-band structure, removing the
Brillouin-zone-center degeneracy and shifting the light-hole
(Ih) band down with respect to the heavy-hole (hh) one,
which becomes the uppermost (lowest hole energy). Decou-
pling of the light- and heavy-hole bands leads to the so-
called mass reversal effect—the light-hole behavior of the
heavy-hole band. The confinement potential in quantum
wells tends to maximize the effect. The mass reversal in
InGaAs/GaAs quantum wells was experimentally observed
first by measurements of temperature dependence of the
Shubnikov—de Haas oscillations and then confirmed by direct
measurements via cyclotron resonance (CR) technique.b%
Since the energy separation between the lh and hh bands is
relatively small, the dispersion of the hh band is expected to
be strongly nonparabolic.” So far, however, there are only
few systematic studies of the valence-band nonparabolicity,
and the situation with the band dispersion remains unclear,
while understanding of the valence-band structure is particu-
larly important for the device modeling. For example, War-
burton et al'® studied CR absorption in a set of
Ing 13Gag g, As/GaAs QW samples with various carrier con-
centrations under magnetic fields up to 17 T and did not find
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any pronounced nonlinearity. On the other hand, Lin et al.!!
using similar approach (CR absorption in a set of
Iny,GaysAs/GaAs QWs) found the cyclotron mass rising
from 0.123m, up to 0.191m, while the 2DHG density
changes from 0.54 X 10'! up to 8.5 X 10! cm™.

In this work we investigate CR absorption in p-type
Ing 14Gay geAs/GaAs QWs under high magnetic fields of up
to 55 T. In contrast to the above cited authors, we scan the
dispersion of the cyclotron mass by changing the excitation
wavelength rather than carrier concentration. For each given
excitation wavelength the CR absorption line is recorded as a
function of magnetic field. We used various types of excita-
tion sources from usual CO, pumped gas lasers (at LNCMP,
Toulouse) to quantum cascade lasers (QCLs) and free-
electron laser (at FZD, Dresden) covering the wide spectral
range from 420 down to 65 um. We found that the upper-
most valence subband is strongly nonparabolic. The CR ab-
sorption line exhibits a pronounced splitting when the exci-
tation wavelength decreases below 100 um, while the
corresponding resonant field rises above 20 T.

To analyze the data we calculated the hole Landau levels
and the CR transition energies as a function of magnetic
field. We used a 4 X4 Luttinger Hamiltonian that includes
also strain and QW potentials. The Luttinger parameters for
ternary alloys, however, are not known a priori. It is gener-
ally accepted that the Luttinger parameters have to be lin-
early interpolated from the values of the parent binary
compounds.'> On the other hand, several authors propose
nonlinear interpolation schemes for cubic semiconductors
(see, for example, Refs. 13—15). The particular feature of
strained systems is the significant simplification of the
valence-band structure compared to the unstrained case, al-
lowing to consider them as a model system to probe different
theoretical approaches. We therefore compared in our analy-
sis two interpolation schemes for Luttinger parameters: lin-
ear and nonlinear according to Ref. 14. We found much bet-
ter agreement with the experiment when the linear
interpolation scheme is used.

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.79.073301

BRIEF REPORTS

The sample we studied in this work is a p-type InGaAs
multiple quantum well structure metal-organic chemical-
vapor deposition grown on a semi-insulating GaAs substrate
oriented along the [001] direction. One period of the hetero-
structure consists of an undoped 70 A wide In, 4,Gag gsAS
QW sandwiched between 500 A wide GaAs barriers. The
barriers contain two carbon delta-doped layers separated
from each quantum well by a 150 A thick spacer. The nomi-
nal hole concentration is 4.5X10'' cm™>/QW; the total
number of periods is 50.

We performed all experiments in pulsed magnets in Far-
aday configuration, where the wave vector of the electromag-
netic radiation is parallel to the magnetic field and to the
growth direction of the heterostructure. Most of the measure-
ments were carried out in the Dresden High Magnetic Field
Laboratory (HLD). The magnet we have used is a 55 T coil
with a 24 mm clear bore diameter. The coil produces roughly
150 ms long pulses with a rise time close to 12 ms. The
cool-down time after a full-energy pulse remains below 1.5
h. The excitation light was guided by a polished stainless-
steel waveguide to the sample mounted in the center of the
coil. The transmitted light was then focused on a Ge:Ga pho-
todetector installed 200 mm below the sample to minimize
the modulation of the sensitivity by magnetic field. In addi-
tion to the main waveguide, we used a reference one, con-
taining no sample, in order to compensate possible fluctua-
tions of the excitation source intensity.

As the main excitation source we used the free-electron
laser facility at the Forschungszentrum Dresden-Rossendorf
(FELBE).'® The infrared light is fed through a 50 m long
beamline to the pulsed magnets of the high magnetic field
facility. In contrast to most of the free-electron lasers (FELSs),
FELBE is capable to deliver a continuous train of short
Fourier-limited pulses with 13 MHz repetition rate. There-
fore, no synchronization of the FEL with the magnetic field
pulses is necessary. The emission wavelength is tunable be-
tween 4 and 230 um with average power up to 30 W. In
addition to the FEL, we utilized semiconductor QCLs which
recently became available in terahertz range.'”-'° This type
of lasers is easily portable, allowing to mount them very
close to the sample. Along with the portability, QCLs are
relatively easy to operate since they work under electrical
current injection; therefore no optical excitation or alignment
is necessary. However, only a limited number of wavelengths
are currently available.

Experiments above the longest wavelength available at
FELBE were performed at the Toulouse High Magnetic Field
Laboratory (LNCMP). This laboratory is equipped with a
long-pulse coil, delivering magnetic fields up to 40 T with a
total pulse length of 800 ms. On the optical side, at the
LNCMP several CO, pumped gas lasers emitting in far-
infrared or submillimeter range are available. The experi-
mental setup is very similar to the one in Dresden. In all
measurements the temperature was set to 4.2 K.

Figure 1 represents a set of typical transmission spectra
obtained under FEL and QCL excitations. The radiation
wavelength is given on the left-hand side of the figure, while
corresponding energy values are shown on the right-hand
side. Two curves marked with QCL were taken using tera-
hertz quantum cascade lasers running in a pulsed mode with

PHYSICAL REVIEW B 79, 073301 (2009)

1
j ' /17.7 meV

74.2 um (FEL) w 16.7 meV
75.4 um (QCL) "’"”“ﬁ\/\/ 16.4 meV

69.9 um (FEL)

79.8 um (FEL)

15.5 meV
88 um (FEL) 14.1 meV
93.8 um (FEL) 132mev
97 um (FEL) 12.8 meV
100.5 um (FEL) 12.3 meV
104 um (QCL) 11.9 meV
115.8 um (FEL) 10.7 meV

0 10 20 30 40 50 60
B(M

FIG. 1. Selected transmission curves of Inj;4GajgsAs/GaAs
multiple quantum wells as a function of magnetic field, measured
under FEL and QCL excitation. The excitation wavelengths are in-
dicated on the left side, while the corresponding photon energies are
given on the right side of the figure. Arrows 1 and 2 point to
minima corresponding to the transitions Os; — 1s; and 3a; —4ay,
respectively, at the highest photon energy (see explanation in the
text). Dotted lines are plotted to simplify the identification of the
resonances.

500 ns pulse width and 20 kHz repetition rate. As can be
seen the signal-to-noise ratio is comparable to the FEL-based
traces, confirming that QCLs have a large unexplored poten-
tial in spectroscopic applications.

The CR absorption line exhibits a pronounced splitting
when the excitation energy rises above 12 meV
(=100 wm) which pushes the corresponding resonant mag-
netic field above 20 T. The dotted lines are drawn to guide
the eyes. Up to approximately 20 T the position of the CR
absorption line scales nearly linearly with magnetic field,
which is consistent with measurements from Ref. 10. Above
this value the CR line splits into two well resolved compo-
nents with strongly nonlinear magnetic field dependencies.

To analyze the obtained data we have developed a model
based on a 4 X4 Luttinger Hamiltonian that includes the de-
formation potential and the rectangular QW energy profile.?’
The eigenfunctions of the Hamiltonian were calculated in a
vector-potential gauge given by A=1/2[HXr]. The Lut-
tinger parameters y;, ¥», ¥3, and « are usually calculated via
linear interpolation between GaAs and InAs values for the
given In content. In order to understand how the Luttinger
parameters affect the transition energies and, especially, the
relative position of two lowest hh Landau levels (see discus-
sion below), we have performed additional calculations us-
ing the nonlinear interpolation scheme for cubic semiconduc-
tors proposed initially by Lawaetz!* and successfully used
recently by Winkler et al.'> Initial values of the Luttinger
parameters for bulk InAs and GaAs were taken from Ref. 12.
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FIG. 2. (Color online) Energies of cyclotron resonance transi-
tions as a function of magnetic field, calculated (lines) and mea-
sured (squares, circles, and triangles). The vertical arrow labeled
v=1 indicates the magnetic field when the Landau-level filling fac-
tor v is equal to unity. Solid lines correspond to the calculations
made with linearly interpolated Luttinger parameters, while thin
dashed lines represent results given by use of nonlinearly interpo-
lated parameters. The inset shows the energies of the four lowest
Landau levels versus magnetic field calculated using linearly inter-
polated Luttinger parameters. Arrows 1 and 2 indicate the transi-
tions corresponding to lines 1 and 2 on the main figure,
respectively.

The Luttinger parameters are connected via the following
expression:?!

1 1
K=§(’Yl—27’2—3’)’3+2)—561- (1)

The parameter g is usually neglected since it is around 0.04
for both GaAs and InAs. We also neglected the nondiagonal
terms in the Hamiltonian, proportional to (y,— 73), meaning
that the anisotropy in the QW plane (XY) was not taken into
account (axial approximation).

In our model the Landau levels are characterized by three
parameters: ns; is the Landau-level (LL) number n, the in-
plane symmetries called s for symmetric and a for antisym-
metric states, and finally the index of the size-quantization
subband i. Note that the Landau-level number 7 in the model
is given by n=r+(M+|M|)/2, where r=0,1,...,0 and M
=J,/fi+3/2. The inset of Fig. 2 shows the energies of the
first four LLs of the first size-quantization subband as a func-
tion of magnetic field (linear interpolation scheme was used
for the calculations). For the given carrier density, the filling
factor unity corresponds to a magnetic field of 18 T. On the
other hand, according to our calculation, the energy separa-
tion between the first two LLs, Os; and 3a, is comparable to
kgT; therefore both of them should be populated. We then
attribute the two CR absorption lines observed in the spectra
at high magnetic fields (see Fig. 1) to the CR transitions
0s; — ls; (low-field line) and 3a; —4a; (arrows 1 and 2 in
the inset of Fig. 2, respectively). The lines in Fig. 2 show the
field-dependent transition energies 1 and 2 calculated accord-
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ing to our model using linear (solid lines) and nonlinear
(dashed lines) interpolation schemes. In the same figure, we
summarize the experimentally obtained energies of all reso-
nances as a function of magnetic field. We found excellent
agreement between the measured and calculated transition
energies without any fit parameters when linear interpolation
scheme was used. From the model we could extrapolate the
band-edge effective mass my=(0.118 =0.003)m, that is in
good agreement with previously reported values.!!

Another interesting feature we found relates to the ratio of
the spectral weight of transitions 1 and 2. As can be seen in
Fig. 1, the low-field line, which corresponds to the transition
Os;— 1s;, has a lower spectral weight than the high-field
line, corresponding to the 3a; —4a; transition. In contrast,
our calculations show that the initial state of the first transi-
tion Os; lies above (i.e., lower hole energy) the initial state of
the second transition 3a,. At low temperatures this implies a
higher hole occupation of the Os; state and, therefore, a
larger spectral weight of the corresponding transition Os;
— 1s; (assuming the oscillator strengths are similar). On the
other hand, our experiment shows the opposite behavior.

We attribute this unusual behavior to the crossover of the
first two LLs, Os; and 3a;. In terms of our model, the cross-
over point shifts to the lower fields when the « parameter
reduces. The linearly interpolated value k=2.2 results to the
crossover in magnetic field of 50 T, while the value k=1.5
would shift the crossover point toward 20 T. Surprisingly,
use of the nonlinear interpolation scheme, which gives sig-
nificantly smaller value of k=1.62, does not help so much
since the changes in the other Luttinger parameters 7; result
into strong deviation of the calculated transition energies
from the experiment (see dashed lines in Fig. 2).

Changes in the k parameter can also be provoked by hole-
hole interaction [similar to the exchange enhancement of the
effective electron g factor (see, for example, Ref. 22)]. The
importance of hole-hole interaction in strained InGaAs/GaAs
structures was evidenced earlier by Warburton et al.'® De-
tailed analysis of the present effect, however, requires addi-
tional studies and is beyond the topic of the present Brief
Report.

In conclusion, we have reported systematic energy-
dependent measurements of the cyclotron resonance absorp-
tion in a strained InGaAs/GaAs heterostructure. We traced
the resonance positions as a function of magnetic field upon
the excitation wavelength changes from 420 down to
65 pm. We found the upper hole subband strongly nonpara-
bolic. Pronounced CR line splitting was evidenced when the
resonance field rises above 20 T. We calculated the CR tran-
sition energies using a 4 X4 Luttinger Hamiltonian that in-
cludes the quantum well potential profile as well as the strain
potential. Two different approaches to calculate Luttinger pa-
rameters for InGaAs/GaAs were probed. We found excellent
agreement with the experimental data taking linearly interpo-
lated Luttinger parameters for the given In content with no
additional fit parameters. On the other hand, our calculations
that use nonlinearly interpolated parameters fail to fit experi-
mental data. We found unexpected spectral weight distribu-
tion of the spin-split components of the CR line, which we
suggest to attribute to a renormalization of the Luttinger pa-
rameter « due to hole-hole interaction.

073301-3



BRIEF REPORTS

We are grateful to S. Barbieri and C. Sirtori
(University Paris VII) and K. Unterrainer and G. Strasser
(TU Wien) for providing terahertz QCLs and their
interest in and support of this work. This work was
financially supported by RFBR (Grants No. 07-02-01382

PHYSICAL REVIEW B 79, 073301 (2009)

and No. 08-02-01126) INTAS (Grant No. YS 05-109-4705),
BRHE (Grant No. Y5-P-01-03), and Russian Academy
of Sciences. Part of this work has been supported
by EuroMagNET under the EU contract No. RII3-CT-
2004-506239.

*o.drachenko@fzd.de

"H. Morkoc, Proc. IEEE 81, 493 (1993).

2Y. Ohno, D. K. Young, B. Beschoten, F. Matsukura, H. Ohno,
and D. D. Awschalom, Nature (London) 402, 790 (1999).

3N. V. Baidus, M. L Vasilevskiy, M. J. M. Gomes, M. V. Dor-
okhin, P. B. Demina, E. A. Uskova, B. N. Zvonkov, V. D. Ku-
lakovskii, A. S. Brichkin, A. V. Chernenko, and S. V. Zaitsev,
Appl. Phys. Lett. 89, 181118 (2006).

4B. A. Aronzon, V. A. Kul’bachinskii, P. V. Gurin, A. B. Davydov,
V. V. Rylkov, A. B. Granovskii, O. V. Vikhrova, Yu. A. Danilov,
B. N. Zvonkov, Y. Horikoshi, and K. Onomitsu, JETP Lett. 85,
27 (2007).

5V. A. Kulbachinskii, R. A. Lunin, P. V. Gurin, B. A. Aronzon, A.
B. Davydov, V. V. Rylkov, Yu. A. Danilov, and B. N. Zvonkov,
J. Magn. Magn. Mater. 300, e16 (2006).

6J. E. Schirber, L. J. Fritz, and L. R. Dawson, Appl. Phys. Lett.
46, 187 (1985).

7S.Y. Lin, C. T. Liu, D. C. Tsui, E. D. Jones, and L. R. Dawson,
Appl. Phys. Lett. 55, 666 (1989).

8D. Lancefield, W. Batty, C. G. Crookes, E. P. O’Reilly, A. R.
Adams, K. P. Homewood, G. Sundaram, R. J. Nicholas, M.
Emeny, and C. R. Whitehouse, Surf. Sci. 229, 122 (1990).

9G. C. Osbourn, J. E. Schirber, T. J. Drummond, L. R. Dawson,
B. L. Doyle, and 1. J. Fritz, Appl. Phys. Lett. 49, 731 (1986).

0R. J. Warburton, R. J. Nicholas, L. K. Howard, and M. T. Emeny,
Phys. Rev. B 43, 14124 (1991).

1S Y. Lin, H. P. Wei, D. C. Tsui, and J. F. Klem, Appl. Phys. Lett.
67, 2170 (1995).

I21. Vurgaftman, J. R. Meyer, and L. R. Ram-Mohan, J. Appl.
Phys. 89, 5815 (2001).

I3M. M. Rieger and P. Vogl, Phys. Rev. B 48, 14276 (1993).

4P, Lawaetz, Phys. Rev. B 4, 3460 (1971).

ISR, Winkler, M. Merkler, T. Darnhofer, and U. Rossler, Phys.
Rev. B 53, 10858 (1996).

16p Michel, F. Gabriel, E. Grosse, P. Evtushenko, T. Dekorsy,
M. Krenz, M. Helm, U. Lehnert, W. Seidel, R. Wiinsch, D.
Wohlfarth, and A. Wolf, Proceedings of the 26th International
FEL Conference, Trieste, Italy, 2004 (unpublished)
(http://accelconf.web.cern.ch/Accel Conf/f04/papers/ MOAIS04/
MOAIS04.pdf).

I7R. Kéhler, A. Tredicucci, F. Beltram, H. E. Beere, E. H. Linfield,
A. G. Davies, D. A. Ritchie, R. C. Iotti, and F. Rossi, Nature
(London) 417, 156 (2002).

185, Barbieri, J. Alton, H. E. Beere, J. Fowler, E. H. Linfield, and
D. A. Ritchie, Appl. Phys. Lett. 85, 1674 (2004).

198 S. Williams, H. Callebaut, S. Kumar, Q. Hu, and J. L. Reno,
Appl. Phys. Lett. 82, 1015 (2003).

20y, Y. Aleshkin, V. I. Gavrilenko, D. B. Veksler, and L. Reggiani,
Phys. Rev. B 66, 155336 (2002).

2IH -R. Trebin, U. Rossler, and R. Ranvaud, Phys. Rev. B 20, 686
(1979).

22T. Ando and Y. Uemura, J. Phys. Soc. Jpn. 36, 1044 (1974).

073301-4



