PHYSICAL REVIEW B 102, 125306 (2020)

Renormalization of the electron g factor in the degenerate two-dimensional electron gas of ZnSe-
and CdTe-based quantum wells

E. A. Zhukov®,"? V. N. Mantsevich®,>* D. R. Yakovlev®,"2 N. E. Kopteva,'-> E. Kirstein®,! A. Waag,® G. Karczewski,’
T. Wojtowicz®,® and M. Bayer!?
1Experimentelle Physik 2, Technische Universitdit Dortmund, 44221 Dortmund, Germany
2Joffe Institute, Russian Academy of Sciences, 194021 St. Petersburg, Russia
3Chair of Semiconductors and Cryoelectronics, Physics Department, Lomonosov Moscow State University, 119991 Moscow, Russia
4Quantum Technology Center, Physics Department, Lomonosov Moscow State University, 119991 Moscow, Russia
3Physical Faculty of St. Petersburg State University, 198504 St. Petersburg, Russia
®Institute of Semiconductor Technology, Braunschweig Technical University, 38106 Braunschweig, Germany
" Institute of Physics, Polish Academy of Sciences, PL-02668 Warsaw, Poland
8 International Research Centre MagTop, PL-02668 Warsaw, Poland

® (Received 24 July 2020; revised 27 August 2020; accepted 28 August 2020; published 18 September 2020)

The effective electron g factor, g, is measured in a two-dimensional electron gas (2DEG) in modulation-
doped ZnSe- and CdTe-based quantum wells by means of time-resolved pump-probe Kerr rotation. The
measurements are performed in magnetic fields applied in the Voigt geometry, i.e., normal to the optical axis
parallel to the quantum well plane, in the field range 0.05-6 T at temperatures 1.8-50 K. The g. absolute value
considerably increases with increasing electron density 7,. gerr changes in the ZnSe-based QWs from +1.1 to
+1.9 in the n, range 3 x 10'® — 1.4 x 10'> cm~2 and in the CdTe-based QWs from —1.55 down to —1.76 in the
n. range 5 x 10° — 3 x 10'' cm™2. The modification of g reduces with increasing magnetic field, increasing
temperature of lattice and 2DEG, the latter achieved by a higher photoexcitation density. A theoretical model is
developed that considers the renormalization of the spin-orbit coupling constant of the two-dimensional electrons
by the electron-electron interaction and takes into account corrections to the electron-electron interaction in the
Hubbard form. The model results are in good agreement with experimental data.
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I. INTRODUCTION

The electron g factor (Landé factor, g.) is one of the ba-
sic properties of semiconductors and their heterostructures.
Most of the spin-dependent phenomena and magneto-optical
properties are determined by g., which controls the Zeeman
splitting of the electron spin states in an external magnetic
field. g, is governed by the band structure parameters and, due
to the spin-orbit interaction, typically differs from the value
of the electron g factor in a vacuum of 2 [1,2], neglecting
quantum electrodynamics effects. The electron g factor in
low-dimensional heterostructures is modified due to quan-
tum confinement, which increases the effective band gap, see
Refs. [3,4] and references therein.

In bulk semiconductors and heterostructures g, was calcu-
lated using three-, five- and eight-band k - p models [5-11].
The experimental data for GaAs, InP, and CdTe [12—15] show
that g, depends nonlinearly on temperature so that corre-
sponding corrections need to be implemented in the models
[13].

It was found experimentally by Fang and Stiles [16] that
in the inversion layer at a Si surface the electron g factor
depends on the electron density. Its value decreases from
3.25 to 2.47 for an electron density ranging from 1 x 10'2
to 6 x 10'? cm~2. Janak [17] suggested a model descrip-
tion of this effect by introducing an effective electron g
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factor g, that is different from the g, value at zero elec-
tron density because of the electron-electron interaction. The
importance of the electron-electron interaction in the geg
modification at low electron densities was demonstrated us-
ing a static approximation of the screening, which neglects
the frequency dependence of the dielectric function. A sim-
ilar approximation was used in Refs. [18,19], where both
charge- and spin-fluctuation-induced vertex corrections were
considered. Ting and co-authors [20] calculated g based
on the random-phase approximation (RPA) and the Hubbard
approximation (HA) to the dielectric function. In Ref. [21]
the renormalization of the spin-orbit coupling constant of the
two-dimensional electrons by the electron-electron interaction
was studied theoretically. The proposed approach was used to
evaluate g.g at various electron concentrations and different
orientations of the external magnetic field.

Several optical experimental techniques can be used for
measurement of the electron g factor via the value of the elec-
tron Zeeman splitting. Among the direct approaches, which
do not require separation of the electron and hole contribu-
tions to the exciton Zeeman splitting, are: (i) spin-flip Raman
scattering [22-25], (ii) optically detected magnetic reso-
nance (ODMR) [26-29], (iii) optical orientation and Hanle
effect [30], (iv) time-resolved spin beats in polarized pho-
toluminescence [13,31], and (v) time-resolved pump-probe
Faraday/Kerr rotation [4,32,33]. Most of these techniques
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TABLE I. Parameters of the ZnSe-based QWs, the Fermi temperature (75 ), the interaction parameter (rs), and spin-orbit splitting (A,) for
the 2DEG calculated for these samples using Eqgs. (10), (6), and (7), respectively. Values of g. are given for low magnetic fields (B =~ 0 T),

where the renormalization effect is maximal, and for B =5T.

Sample Sample L, n, Er Tr rs Ay Geff Geft Sample

label design (nm) (cm™2) (meV) (K) (uev) B~0T) (B=5T) number

#1 A 10.0 1.4 x 102 21.5 250 1.95 4.4 +1.90 +1.40 cb2171%P
#2 A 7.5 6 x 10" 9.2 106 2.54 29 +1.80 +1.39 cb1934

#3 A 10.0 8 x 1010 1.2 14 6.88 1.1 +1.16 +1.10 cb2167*

#4 B 6.7 3.5 x 10" 53 62 3.30 2.2 +1.18 +1.13 cb1050

#5 B 9.5 8 x 10'° 1.2 14 6.88 1.1 +1.13 +1.10 cb1198%4
#6 C 8.0 1.2 x 10" 1.8 21 5.63 1.3 +1.35 +1.31 7q1088°¢

#7 C 8.0 3 x 10" 0.5 6 11.26 0.7 +1.24 +1.16 zq10395F2
4[39].

°[34].

°[42].

4[38].

°[35].

f136].

g[37].

require sufficiently high magnetic fields (B> 1 T) in order
to get a sufficiently large Zeeman splitting for its spectral
resolution or to induce a significant thermal spin polarization
of the electrons. The widely used pump-probe Faraday/Kerr
rotation technique allows one to conveniently monitor the
coherent precession of the electron spins around a magnetic
field in the time domain and to evaluate the g, value from the
Larmor precession frequency. Depending on the g, value and
the spin dephasing time, this method can be used also in weak
magnetic fields down to 0.01 T.

In this paper we report an experimental study of the
exchange interaction effects on the electron g factor in a two-
dimensional electron gas (2DEG) in ZnSe- and CdTe-based
quantum wells with a strong Coulomb interaction. We utilize
the pump-probe Kerr rotation technique to measure the Lar-
mor frequency of the electron spin precession across a wide
range of magnetic fields from 50 mT up to 6 T applied in
the structure plane. The g.¢ dependences on the electron den-
sity, magnetic field, temperature, and laser excitation power
are measured. We find a considerable modification of gegr
for increasing electron densities. This increase is reduced in
stronger magnetic fields and at higher temperatures. Model
calculations allow us to reproduce these experimental depen-
dences.

The paper is organized as follows. Section II contains
information about the studied samples and details of the ex-
perimental technique. The experimental results are presented
in Sec. III. In Sec. IV the model calculations are described and
their results are compared with the experimental data. Main
results are discussed in Sec. V.

II. EXPERIMENTAL DETAILS

The ZnSe-based quantum wells (QWs) with type-I band
alignment were grown by molecular-beam epitaxy on (100)-
oriented GaAs substrates. The structures contain a single ZnSe
quantum well layer with a thickness varying from 6.7 to
10.0 nm. Three structure designs with different barrier materi-
als and barrier height were used: ZnSe/(Zn,Be)Se (design A),

(ZnSe/(Zn,Be,Mg)Se (design B), and ZnSe/(Zn,Mg)(S,Se)
(design C). A schematic of these structures can be found
in Fig. 1 of Ref. [34]. The samples were either undoped or
modulation doped with donors in the barrier layers to pro-
vide a 2DEG in the ZnSe QWs. The undoped samples with
the different designs have similar optical properties, e.g., a
similar broadening of the exciton lines of about 1 meV at
liquid helium temperature, being contributed by well width
fluctuations.

Table I gives an overview of the sample parameters: struc-
ture design, QW width (L,), 2DEG density (n,.), Fermi energy
(EF), Fermi temperature (7f ), interaction parameter (7s), spin-
orbit splitting (Ay,), and measured ges. The values of Tr,
rs, and Ay, were determined using Egs. (11), (6), and (8),
respectively. Additional information about the optical prop-
erties of these samples can be found in Refs. [34-38]. The
electron densities given in Table I are evaluated using optical
methods. For the low electron density of n, < 6 x 10'% cm™2
we used for the evaluation the ratio of the exciton to negatively
charged exciton (trion) oscillator strength [36-38]. For n, >
3 x 10'° cm~2 the evaluation was based on the analysis of the
circular polarization degree of the photoluminescence in mag-
netic field [37,38]. Also forn, > 5 x 10! cm~2 characteristic
modifications of the photoluminescence and reflectivity spec-
tra are observed in strong magnetic fields at integer filling
factors, which give access to the 2DEG density [39—41].

The three samples #1, #2, and #3 with the design A are
ZnSe/Zng94Bep psSe QWs with n-type modulation doping.
They have either 10- or 7.5-nm-thick ZnSe QW embedded
between 100-nm-thick Zngg4BeggsSe barriers with 2.93 eV
band gap and additional 50-nm-thick Zng 9,BegggSe barriers
with 2.96 eV band gap. These samples contain 2-nm-thick
layers with iodine donors symmetrically located on both sides
of the QW at a distance of 10 nm. The 2DEG densities varies
from 8 x 10' up to 1.4 x 10'> cm™2, corresponding to a
variation of the Fermi energy from Er = 1.2 up to 21.5 meV.

The two samples with the design B are
ZnSe/Zny grBeg osMg, 1oSe QWs, with a 6.7 nm (#4) and
9.5 nm (#5) thick single QW located between 100-nm-thick
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TABLE II. Parameters of the CdTe/CdjssMg, sTe QWs, the Fermi temperature (7r), the interaction parameter (rs) and spin-orbital
splitting (Ay,) for the 2DEG calculated for these samples using Egs. (10), (6), and (7), respectively. Values of g.g are given for low magnetic
fields (B ~ 0 T), where the renormalization effect is maximal, and for B =5 T.

Sample LZ n, EF TF Aso 8eff 8eff

label (nm) (cm™2) (meV) (K) s (neV) B=~0T) B=5T)

#8 12 5x 10° 0.1 2 15.42 4.2 —1.546 —1.527

#9 12 8 x 10'° 1.9 22 3.85 16.7 —1.561 —1.527

#10 12 1.6 x 10! 3.8 44 2.73 23.5 —1.569 —1.532

#11 12 3.2 x 10" 7.2 84 1.99 32.1 —1.768 —1.557(B=3T)

Zng z2Beg 0sMg 1oSe barriers with 3.06 eV band gap. These
structures are clad between 50-nm-thick Zng 71Beg.11 Mg, ;sSe
barriers with a larger band gap of 3.2 eV. The 2DEG density
in the sample #4 is 3.5 x 10'! cm~2, provided by modulation
doping. The sample #5 was not intentionally doped and the
low 2DEG density of 8 x 10'° cm~? is due to residual donors
in the thick barrier layers.

The samples #6 and #7 with the design C contain an 8-nm-
thick ZnSe QW located between 100-nm- and 50-nm-thick
Znp3oMg, 11S0.185€0.82 barriers. These structures host 3-nm-
thick layers of chlorine donors at a distance of 10 nm from
the QW. The 2DEG density is 1.2 x 10" cm™2 (#6) and 3 x
101 cm=2 (#7).

CdTe/Cdy gsMg, ;sTe QWs (#93297A) were grown by
molecular-beam epitaxy on a (100) GaAs substrate with
a 2-um-thick CdTe buffer layer. They contain two QWs
with 12 nm and 7 nm widths, separated by a 5-nm-thick
Cdy gsMg, ;5Te barrier. A layer with donors is located in the
barrier separated by 10 nm from the wide QW. It provides
a 2DEG for the 12 nm QW, while the 7 nm QW remains
empty. The 2DEG density is varied from 5 x 10° up to 3.2 x
10" cm~2 with a respective change of the Fermi energy from
0.1 up to 7.2 meV. All these samples were grown on the
same wafer by the wedge doping technique to guarantee a
consistent sample set [43,44]. In this paper we report experi-
mental data for the 12-nm-wide QWs, which were spectrally
selected by resonant excitation. The sample parameters are
given in Table II. The coherent spin dynamics of electrons
in these samples were studied in Ref. [44]. Further details
on the spin properties of the low-density 2DEG in similar
CdTe/(Cd,Mg)Te QWs can be found in Refs. [45,46].

The measurements were performed in the temperature
range 7 = 1.8-50 K and in magnetic fields up to B=6 T.
Two superconducting magnet systems were used: one with a
split-coil solenoid and another with a vector magnet consist-
ing of three split coils oriented orthogonal to each other [47].
By adjusting the current through each coil, the strength (up
to 3 T) and orientation of the magnetic field can be selected,
which is very convenient for measurements of the g factor
anisotropy. To determine the exact value of the magnetic field
strengths in the Faraday and Voigt geometry three Hall sensors
were installed next to the sample.

We use time-resolved pump-probe Kerr rotation (TRKR)
to study the coherent electron spin dynamics (for details
see Ref. [33]). The electron spin coherence was created by
circularly polarized pump pulses (duration 1.5 ps, spectral
width about 1 meV) emitted by a Ti:sapphire mode-locked
laser system operating at a repetition frequency of 75.8 MHz

(repetition period Tz = 13.2 ns) and propagating along the
growth z axis. For the blue spectral range required for exciting
the ZnSe-based QWs, the laser photon energy was doubled
by a BBO (beta barium borate) crystal. The pump helicity
was modulated between o and o~ polarizations at a 50 kHz
frequency using a photoelastic modulator. The excited area on
the sample was tested by linearly polarized probe pulses in
the reflection geometry. The pump power was tuned in the
range P = 0.3-10 W/cm? and the probe power was about
0.15 W/cm?. The spot size of the pump beam at the sample
was about 300 um and the probe beam has slightly smaller
spot. The Kerr rotation (KR) angle of the probe pulses was
measured as a function of delay between the pump and probe
pulses using a balanced detector connected to a lock-in ampli-
fier.

Photoluminescence (PL) spectra were measured under
continuous-wave (cw) laser excitation with 3.05 eV photon
energy for the ZnSe-based QWs and the 2.34 eV for CdTe-
based QWs (above barrier excitation). The PL spectra were
detected with a Si-based charge-coupled-device camera at-
tached to a 0.5 m spectrometer.

III. EXPERIMENTAL RESULTS
A. ZnSe-based QWs

Photoluminescence spectra of the studied ZnSe-based
QWs at 1.8 K temperature are shown in Fig. 1. In case
of low electron densities of (3—-8) x 10'° cm~2 the spectra
consist of a higher energy exciton (X) line and the line of
the negatively charged exciton [trion (7)] shifted by about
6 meV from the exciton one, see samples #7, #3, and #5
in Fig. 1(b). The full widths at half maximum (FWHM) of
the exciton and trion lines in these samples range from 4.4
to 2.1 meV. With increasing 2DEG density the low-energy
line broadens and the exciton line disappears, see spectrum
for sample #6. Further, the line assumes an asymmetric shape
with a low-energy tail [see samples #4 and #2 in Fig. 1(a)]
and develops a complicated shape for the high-density 2DEG
of n, = 1.4 x 10! cm~2 (sample #1). For the sample #1 the
observed high energy edge corresponds to emission involving
electrons at the Fermi energy [39].

In order to measure the effective electron g factor, which
is the main issue of this paper, we use the time-resolved Kerr
rotation technique. As described, spin coherence of the 2DEG
electrons was excited optically by the circularly polarized
pump pulses and the subsequent Larmor precession of the
electron spins about external magnetic field at frequency w,,
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FIG. 1. Photoluminescence spectra of ZnSe-based QWs with
various 2DEG densities measured at B = 0 T. In panel (a) the photon
energies of the pump-probe experiment are shown by the arrows of
corresponding color.

was detected by measuring the Kerr rotation angle of the
linearly polarized probe pulses. The effective g factor was
evaluated using the following relation

Fl(,()L (1)
8eff 5B
Here 7 is the Planck constant, B the Voigt component of the
magnetic field, and . is the Bohr magneton.

We choose sample #1 with the highest 2DEG density to
demonstrate how the time-resolved Kerr rotation works. The
central photon energies of the pump and probe pulses were
set to 2.826 eV, which corresponds to the high-energy tail
of the PL spectrum, see Fig. 1(a). The temporal dynamics of
the Kerr rotation amplitude shown in Fig. 2(a) are measured
for various magnetic fields from 0.1 up to 5 T. One can see
that with increasing magnetic field the Larmor precession
becomes faster evidencing the larger Zeeman splitting of the
electron states.

The experimental data on the magnetic field dependence
of the Larmor precession frequency are shown in Fig. 2(b) by
circles. Lines in this figure show the magnetic field depen-
dences of the Larmor precession frequency calculated for the
gett = 1.9 (black line) (the maximum value of the g.¢ factor
obtained for this sample, see below) and g = 1.1 (red line) (g,

20T 100F Oeff = 1.9 ¢

50F ° g, =11

00 1 2 3 4 5
Magnetic field (T) (
a)

Kerr rotation angle (arb. units)

| L | L | L
0.0 0.2 0.4 0.6 0.8 1.0
Time (ns)

: ()

1.8 %

P =0.9 W/cm?

geﬁ

14 )

0 1 2 3 4 5
Magnetic field (T)

FIG. 2. (a) Spin dynamics in ZnSe/(Zn,Be)Se QW (sample #1)
at various magnetic fields. The Kerr rotation signals are measured at
T = 1.8 K for P = 0.9 W/cm?. (b) Magnetic field dependence of the
Larmor precession frequency defined from measured curves (sym-
bols show experimental data). Black and red lines are calculated for
gerr = 1.9 and g, = 1.1, respectively. (c) Magnetic field dependence
of evaluated gy

in bulk ZnSe). A deviation from the linear dependence of the
Larmor precession on the magnetic field strength is observed
already at low fields. At strong fields this deviation becomes
significant, which means that g.; depends on the magnetic
field strength. Note that such dependence is not common for
the electron g factor. The magnetic field dependence of g
estimated with Eq. (1) is given in Fig. 2(c). g.fr demonstrates a
significant decrease from +1.90 in weak fields down to +1.41
at B=35 T. We note here (and will give more corresponding
experimental data below) that in weakly-doped QWs, e.g., in
sample #3 having the same barrier material and QW width
as sample #1, g. is weakly dependent of the magnetic field
strength and has a smaller value in the range 41.16 to +1.10,
see Table I. We suggest that the increase of the ges value in
highly-doped QWs is due to the modification of the electron
g factor by the strong electron-electron interactions. In what
follows we focus on an in-depth study of this effect and
clarify its experimental signatures. It is important to note that
the linear extrapolations to B = 0 shown by the red lines in
Fig. 2(b) meet with high accuracy the zero value of the Larmor
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FIG. 3. Magnetic field dependence of T," in ZnSe-based QWs:
(a) samples #1 and #6 with relatively high doping, (b) samples #4
and #5 with relatively weak doping. The inset shows T,* dependence
on 2DEG density. P = 0.9 W/cm?> and T = 1.8 K.

frequency. This evidences that a zero-field splitting of the
electron states is absent or very small in the studied samples
and cannot contribute to the effects observed for g.s that we
consider here.

The oscillating Kerr rotation signals shown in Fig. 2(a)
decay with the electron spin dephasing time 7, which does
not exceed 270 ps in weak magnetic fields and decreases to
70 ps in stronger fields, Fig. 3(a). This is considerably shorter
than the 7,* = 26 ns for the localized resident electrons in a
low-density 2DEG, e.g., in sample #5 [Fig. 3(b)] evidencing
that in highly-doped QWs the electron-electron interactions
provide fast spin dephasing. The data in the inset of Fig. 3(b)
show the known trend of a shortening of 7" with increasing
2DEG density [44]. We do not go into the details of the mag-
netic field dependence of the spin relaxation, as it is beyond
the scope of this paper.

The magnetic field dependencies of g for all studied
ZnSe-based QWs are collected in Fig. 4. One can see that
the highly-doped samples #1 and #2 have the largest ges
which smoothly decreases with increasing magnetic field up
to 5 T. On the other hand, in the samples with a low 2DEG
density gefr is smaller and has a weak field dependence,
which after a small decrease in low fields saturates in fields
above 0.25 T. For better comparison, we give in Table I
the gerr values measured at B~ 0 and 5 T, showing that
the exchange interaction-induced increase of g.g scales with
the 2DEG density and can be suppressed by the magnetic
field.

2.0
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0 1 2 3 4 5 6

Magnetic field (T)

FIG. 4. Magnetic field dependence of g in ZnSe-based QWs.
(a) A and B structure designs (samples #1 to #5). (b) C design
(samples #6 and #7). P = 0.9 W/cm?> and T = 1.8 K.

It is instructive to examine whether g is sensitive to the
electron temperature. So far we have shown experimental data
for T = 1.8 K. With increasing lattice temperature up to 50 K
gerr in the weakly-doped samples shows small changes. One
can see in Fig. 5(a) that in sample #3 withn, = 8 x 10'° cm™2
it decreases from +1.14 at 7 = 1.8 K down to +1.12 at
10 K and then stays constant at this level up to 50 K. In
contrast, the highly-doped sample #1, having the same QW
width and sample design A as sample #3, demonstrates a
considerable decrease of geg from +1.63 down to +1.23 at
P = 0.45 W/cm?. Similar trends of decreasing g.; we find
for increasing pump power, see Fig. 5(b), which elevates the
electron temperature, but is still too low to increase the lattice
temperature. From the data presented in Fig. 5 we conclude
that the exchange-induced increase of g is very sensitive to
the electron temperature and decreases when the Fermi distri-
bution of the degenerate 2DEG is converted into a Boltzmann
distribution.

So far, we have presented experimental data measured
in the Voigt geometry, i.e., for magnetic fields applied per-
pendicular to the optical axis coinciding with the structure
growth axis. This geometry corresponds to ¥ = 90°, where
¥ is the angle between the optical z axis and the magnetic
field direction. In this case, the Larmor frequency is given
by the in-plane component of the electron g factor, ges | .
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FIG. 5. Dependences of g.¢ on temperature (a) and pump power
(b) in ZnSe/(Zn,Be)Se QWs (samples #1 and #3).

In order to measure the longitudinal electron g factor, gef |,
and its magnetic field dependence, we tilt the magnetic field
from the Voigt towards the Faraday geometry and perform
measurements at ¢+ = 45°. In this case the Larmor precession
is controlled by the angle dependent g.¢(¢), which allows us
to assess gefr,| by the relation

gert(P) = \/gﬁff jcos? 0 + gl | sin? . ()

Experimental data for the highly-doped sample #1 are show in
Fig. 6(a). One can see that the g factor anisotropy with respect
to the structure growth axis is very small. g.f, | reveals a strong
dependence on the magnetic field, which is very similar to the
one of gefr | .

We also show the in-plane anisotropy of ger 1 by rotating
the magnetic field in the vector magnet in the xy plane cor-
responding to the Voigt geometry. The experimental data are
obtained for angles varying from 35° to 160°, see the red cir-
cles in Fig. 6(b). The blue circles are obtained by extrapolation
of the measured data to the next three quadrants. The observed
in-plane anisotropy of ges, | in sample #1 is weak: It slightly
varies between 1.701 and 1.689. Note that in the undoped
ZnSe-based QWs the g.sr 1 anisotropy is negligibly small. It
was demonstrated in Ref. [34] that in a nominally undoped 8-
nm-thick ZnSe/Zny goMg ;1 S0.185€0.820 QW (zq1038), where
&eff,z = +1.13 and Zeff,x = &eff,y = +1.18.
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FIG. 6. ZnSe/(Zn,Be)Se QWs (sample #1). (a) Magnetic field
dependence of ger) and ger . P =0.6 W/cm? and T = 1.8 K.
(b) xy in-plane anisotropy of the g 1. P = 0.6 W/cm?>and B =1 T.

B. CdTe/(Cd,Mg)Te QWs

Figure 7(a) shows PL spectra of the CdTe/Cdj ssMg, ;5Te
QWs with different doping concentrations. Similar to the
ZnSe-based QWs, in CdTe-based QWs the spectra reveal a
characteristic shape evolution. In the weakly-doped sample
#8 two emission lines corresponding to exciton and trion are
clearly seen. With increasing 2DEG density the trion line
broadens and transforms into a broad band, while the exciton
line disappears. The sharp high-energy edge of the PL band
in samples #10 and #11 corresponds to recombination of
electrons in the vicinity of the Fermi level. More details about
the PL spectra in doped CdTe-based QWs and their change in
external magnetic field can be found in Ref. [41].

Kerr rotation transients for the weakly- and highly-doped
QWs (samples #8 and #11) are shown in Figs. 7(b) and 7(c),
respectively, for different magnetic fields. For the weakly-
doped sample the signal is contributed by localized electrons
with a very long spin dephasing time of 7, =4.2 ns at B =
0.2 T, which shortens for higher fields due to the dispersion
of the electron g factor [33,45]. In the sample #11 with a
higher 2DEG density the spin dephasing time is 400 ps, i.e.,
significantly shorter than in the sample #8. This behavior is
similar to the observations for ZnSe-based QWs, where we
have assigned the shortening of 7," to the electron-electron
exchange interactions.
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FIG. 7. CdTe/CdjgsMg, ;sTe QWs. (a) Normalized PL spectra
of samples with different 2DEG densities. B=0T, T = 1.8 K, and
excitation energy 2.34 eV. Colored arrows mark the photon energies
of the pump-probe Kerr rotation experiment. (b) and (c) KR signals
of samples #8 and #11 for different magnetic fields, respectively. P =
0.6 W/cm?and T = 1.8 K.

The values of g are evaluated from the Larmor precession
frequency. The magnetic field variations of g.s for all CdTe-
based QWs are shown in Fig. 8. These results are similar to
those obtained for the ZnSe-based QWs: Strong dependences
of gefr on the magnetic field and the 2DEG density are ob-
served. Significant changes of g. are found for sample #11,
where it changes from —1.768 down to —1.557 in the field
range from 0.2 to 3 T, see Fig. 8(a). For sample #8 with the
lowest 2DEG density the changes are much weaker, covering
the span from —1.546 to —1.527 in the field range from 0.2 to
6 T, see Fig. 8(c).

IV. MODEL CALCULATIONS

Different theoretical approaches were used to explain the
experimentally observed behavior of the electron g factor. As

-1.8

r é #11

Magnetic field (T)

-1.56 (b)
. L
D 154 | #9
A2k
e
C
-1.56 |- ( )
uq:) -§ éé 3 #10
O 154 o 9 3
)
- 99 48 o 9 9 g g
'152 ~ L L L 1 N | . | ! | L 1
0 1 2 3 4 5 6

Magnetic field (T)
FIG. 8. Magnetic field dependencies of ger in CdTe/
CdjssMg, 5 Te QWs. P = 0.6 W/cm? and T = 1.8 K.

g. depends on the effective mass, these approaches mostly
deal with the investigation of effective mass renormalization
in the presence of quasiparticles interaction [48-54]. The
effective mass renormalization results in a g, modification,
leading to the effective electron g factor, g¢, which can be a
function of the external magnetic field or temperature [17,19—
21,52,53].

First attempts to calculate the effective mass for 2D sys-
tems (Si inversion layers) were made by Janak [17] as well
as by Suzuki and Kawamoto [18]. The static approximation
to screening was used, which does not take into account
the frequency dependence of the dielectric function [17]. In
Refs. [18,19] both charge- and spin-fluctuation-induced ver-
tex corrections were considered, in addition to the scheme
proposed by Janak. Later in Ref. [20] the effective mass
was evaluated within the random-phase approximation and
the Hubbard approximation to the dielectric function. The
obtained values of the electron effective mass were slightly
larger than the experimental values. In Ref. [54], calcula-
tions of the electron effective mass were performed using
the plasmon-pole approximation to the dielectric function,
which was proposed in Ref. [48], but resulted in values of
the effective masses that were smaller than the experimental
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TABLE III. Parameters of ZnSe- and CdTe-based QWs.

Sample m*/my € ge o (meV 10\)

0.154
2.35°
1.90

ZnSe
CdTe
GaAs

0.150* 9.0*
0.095% 10.2¢
0.067" 12.3¢

+1.13°
—1.60°
—0.44b

a[55].
b[34].
°[22].
d4[64].
°[65].
f166].
£[67].
h[68].

ones. Santoro and Giuliani [49] evaluated the effective mass,
considering the frequency dependence of the electron self-
energy including the vertex corrections induced by charge
and spin fluctuations. Corrections to the RPA method tak-
ing into account exchange and self-energy contributions were
performed in Refs. [50,51]. These corrections opened the pos-
sibility to avoid artifacts of the standard RPA approximation
scheme, when sharp momentum distribution functions are
considered. In Ref. [21] the re-normalization effect of the
spin-orbit coupling constant of two-dimensional electrons by
electron-electron interactions was studied theoretically. The
proposed approach was used to evaluate g. at various elec-
tron concentrations and for different orientations of magnetic
field. Theoretical calculations of the temperature dependence
of the effective mass in the interacting 2D electron system
were performed in Refs. [52,53].

To describe the experimental data, we apply the modified
formalism proposed in Refs. [17,21]. Herewith we consider
the interplay between the spin-orbit coupling and the electron-
electron interaction and take into account that the electron-
electron interaction leads to an enhancement of the spin-orbit
coupling. We also modify the expression for m*/m, within
the Hubbard approximation applied for the electron-electron
interaction.

The optical experiments are carried out at energies in the
vicinity of the Fermi energy. The electron states are filled
up to the Fermi surface. The occupation is modified in the
presence of a magnetic field. It results in a modification of
the Coulomb energy, which affects the energy of the electron
states. We analyze the properties of the electron system in
weak magnetic fields, where the simultaneous influence of
both the Zeeman splitting and spin-orbit coupling on g can
be investigated. This formalism is universal as the charac-
teristics of materials are included in the effective mass and
the spin-orbit coupling constant. Parameters of the relevant
materials used in the calculations (m* the effective mass, ¢
the dielectric susceptibility, g, the electron g factor, and o the
spin-orbit coupling constant) are given in Table III.

Following the approach proposed in Refs. [17,21] one can
show that the electron-electron interaction accounted within
the RPA results in the following dependence of ge:

B _ |

= — 3
8e 1_%F(rs) )

Here

me ﬁ r2 5

poe 1 7rs + Es + (1 —r: )F(rs), %)
where m, is the bare electron mass, m™ is the effective electron
mass, and the function F'(r,) reads

T \/5
F(ry) = ————cosh™! ( ) ry < V2,
7'[\/2 — I‘s2 rs =
7 «/5
F(ry)) = ——— cos™! >, re > V2. 5
()= o= ( " > 5)
The quantity

V2m*e?
Fy=——5—
th kF

is the interaction parameter of the 2DEG, which in our case is
always larger than unity, so the situation of the small densities
of the 2DEG is realized. e is the electron charge, kr is the
momentum corresponding to the Fermi energy, /7 is the Planck
constant. The electron-electron interaction renormalizes the
two branches of the energy spectrum, which appear due to the
spin-orbit coupling, resulting in an enhancement of the spin-
orbit coupling. The renormalized spin-orbit splitting reads:

(6)

A
. 7
B= T ™)
Ago = 20tkp. ®)

Here A, is the bare spin-orbit splitting, « is the spin-orbit
coupling constant, and the renormalization factor A, depends
on the strength of the electron-electron interactions [16]. The
value of Ay, in the studied structures ranges from several units
to 30 ueV. For comparison, the magnitude of the spin-orbit
splitting in the valence band of these semiconductors is greater
than 0.3 eV [55]. So, the exchange interaction results in an
enhancement of the spin-orbit coupling. Finally,

2 :
Ay = —£i’s + % + (1= r2)F (ry). )
b

Following the logic of Refs. [16,21] one can get the expres-
sion for the g.¢ renormalization in a perpendicular magnetic
field (Voigt geometry):

sr®) _ A2 [ w7 AR
TV AT+ A2 : A2+ A2
8e b4 + SO me b4 + SO

Here A, = F(ry) and A, = g.upB. For our model calculations
we take g, = 1.13 for ZnSe-based QWs [34] and g, = —1.60
for CdTe-based QWs [22].

Our experiments presented above reveal the enhancement
of g with increasing 2DEG density in ZnSe- and CdTe-
based QWs. Theoretically such kind of dependence cannot be
obtained within the RPA or using the corrections proposed in
Ref. [19]. The growth of g.y with increasing 2DEG density
was demonstrated in the model proposed in Refs. [20,56],
where the Hubbard approximation was used to consider the
electron-electron interactions. Following Refs. [20,56] one
can get the modified expression for m*/m, as a function of
the 2DEG density within the Hubbard approximation.
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FIG. 9. Comparison of experimental (symbols) and calculated
(lines) magnetic field dependencies of g.r in ZnSe-based QWs.
P=09W/cm?>and T = 1.8 K.

The magnetic field dependencies of g.; are shown in
Figs. 9 and 10 for the ZnSe- and CdTe-based QWs, respec-
tively. One finds good correspondence between the measured
and calculated results. To achieve the best fit to the experimen-
tal data, slightly lower values for n, were used in comparison
with the values obtained from optical spectroscopy. For the
ZnSe sample #1 n, is reduced by 21%, for sample #5 by 13%,
and for sample #7 by 4%. For the CdTe samples n, values are
reduced by about 15%.

A comparison of the experimentally measured and theoret-
ically calculated dependencies of the maximum |g.g| values in
weak magnetic fields on the 2DEG density in the ZnSe- and

-1.80
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#11
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FIG. 10. Comparison of experimental (symbols) and calculated
(lines) magnetic field dependencies of g. in CdTe/(Cd,Mg)Te QWs.
P=09W/cm?>and T = 1.8 K.
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FIG. 11. Dependence of the maximum |g.s| values in weak mag-
netic fields on 2DEG density in ZnSe- (black circles) and CdTe-based
QWs (red circled). P = 0.9 W/cm? and T = 1.8 K. Calculations are
done within the Hubbard approximation for the ZnSe- (black line)
and CdTe-based QWs (red line). The values of the 2DEG density for
the data represented by open circles are taken from the best fit of the
gerr dependence on the magnetic field.

CdTe-based QWs (black and red, respectively) are depicted
in Fig. 11. The full circles correspond to the 2DEG densities
obtained from optical spectroscopy and the open circles are
those for obtaining the best fit to the data in Figs. 9 and 10.
Both for the ZnSe- and the CdTe-based QWs a |g.¢| enhance-
ment with increasing 2DEG density is revealed. Note that in
the ZnSe-based QWs the increase is much more pronounced.

The results shown in Figs. 9 and 10 for ZnSe- and CdTe-
based QWs, respectively, reveal that the g.s(B) behavior is
determined by the electron density and consequently by the
ry parameter (see Tables I and II for ZnSe- and CdTe-based
QWs). For the sample #1 the decrease of ge(B) with in-
creasing magnetic field is much more pronounced than for the
samples #5 and #7. In the sample #1 the electron concentration
is the largest and the r; parameter is the smallest. In the
samples #5 and #7 the electron concentrations are close to
each other and one can expect similar g.¢(B) dependencies.
The ger value in these samples is much smaller than that
in sample #1. This is the reason for the more pronounced
decrease of g.(B) in sample #1 compared to samples #5 and
#7. Following this logic, the CdTe-based sample #9 should
demonstrate a weaker dependence of g.;r on magnetic field
than sample #11, as for sample #9 the carrier concentration n,
is smaller and the parameter r; is larger than for sample #11.
It is exactly what we see in experiment and reproduce in our
model calculations (see Fig. 10).

Let us also analyze the temperature dependence of g in
the ZnSe-based QWs. Following the approach proposed in
Refs. [52,53] one has to operate in Fermi temperature units 7.
For the Fermi temperature one could write down the following
expression:

kgTy = wh’n,/m*, (11)
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FIG. 12. Comparison of experimental (symbols) and calculated
(lines) temperature dependencies of g in ZnSe-based QWs. B =
0.1T.

where kp is the Boltzmann constant. The theory in
Refs. [52,53] is proposed for T /Tr < 1. In our case, for sam-
ple #1 Tr is about 250 K and for sample #4 T is close to 62 K,
so that the condition T/Tr < 1 is valid (see Table I). It was
demonstrated in Refs. [52,53] that an analytical expression for
the effective mass dependence on temperature can be applied
and works well for both the high density limit (ry < 1) and the
low density limit (; > 1). This expression has the form:

mo_a oo L) +coo( L 21 T\ a2
m—e— (rg) + (V‘v)<T—F>+ (’”.v)(T—F) H<T—F>,( )

where A(ry), B(ry), and C(r,) are functions independent of
temperature (see Refs. [52,53]). We use this equation to cal-
culate the g.s(7) dependencies in the ZnSe-based QWs, see
Fig. 12. Generally, g.s should decrease with increasing tem-
perature, as the effective mass m™* increases with temperature.
This is exactly what we find in the experiment and modeling
in Fig. 12.

The electron concentration plays an essential role in the
measured dependencies of g.r on magnetic field and temper-
ature. However, according to the Larmor theorem [57] the
precession frequency of the electron spin should not depend
on the electron concentration. This follows from the kinetic
equation describing the electron spin dynamics after exci-
tation. In a 2DEQG, i.e., in the presence of electron-electron
interactions, the electron spins precess in the total field given
by the sum of the external magnetic field and the exchange
field. But the contribution, which corresponds to the spin
dynamics from the exchange field, exactly equal to zero. In
our case Larmor theorem is fulfilled despite the situation being
a bit more complex. In the studied samples there are several
groups of electrons with different degree of localization, as
confirmed by both experimental measurements of the Kerr
signal and theoretical calculations, where reduced electron
concentrations were used in comparison with the concentra-
tions targeted during growth. The presence of several electron

2.0
@ B=01T,T=18K  ZnSe QWs ;
18 O B=74T, T=18K
©r B=50T, T=50K
] B=10T, T=18K A
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\
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P = 0.6 W/om® (
18} b \
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FIG. 13. Dependence of maximum g values (closed symbols)
on the 2DEG density. The maximum g value at high magnetic fields
and high temperatures are given by open symbols. (a) Data for the
ZnSe-based QWs. (b) Data for the CdTe-based QWs.

groups directly gives the additional contribution to the spin
dynamics from the exchange field which leads to the fulfill-
ment of the Larmor theorem.

V. DISCUSSION

Let us summarize the experimental results of this paper.
The overview of the measured electron g.g is presented in
Fig. 13. Here g is given by the solid symbols corresponding
to weak magnetic fields where the renormalization effect is
maximal. By open symbols the g. values reduced by applica-
tion of the magnetic field or increasing the lattice temperature
are shown. The main experimental results for the ZnSe- and
CdTe-based QWs are:

(1) The absolute value of the electron g.¢ increases consid-
erably with increasing 2DEG density. In the ZnSe-based QWs
geff changes from 1.13 up to 1.90, and in the CdTe-based QWs
from —1.55 down to —1.77.

(2) The ger renormalization can be suppressed by a strong
magnetic field, by increasing temperature or by optical heating
of the 2DEG at elevated pump powers. The effect takes place
only in the degenerate 2DEG. In the ZnSe-based QW of sam-
ple #1 a rise of the magnetic field from 0.1 to 3 T decreases
gefr from 1.90 down to 1.40. In the structures with high 2DEG
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FIG. 14. Dependence of g./g. on the 2DEG density in ZnSe-
(black line), CdTe- (red line), and GaAs-based (blue line) QWs in
weak magnetic fields calculated with Eq. (10).

density all changes occur gradually with increasing magnetic
field, but in QWs with low doping concentration the g.g de-
crease occurs only at low magnetic fields.

We have shown that our model calculations provide good
agreement with the experimental data in the ZnSe- and CdTe-
based QWs. In order to highlight the role of the Coulomb
interaction in the ges renormalization in a dense 2DEG, we
calculated the g.f(n,) dependence for GaAs-based QWs, for
parameters see Table IIl. The results are plotted in Fig. 14
together with the calculations for the II-VI QWs. For better
comparison they are presented in relative units, geg/g.. One
can see that the g.; renormalization is very weak in GaAs-
based QWs but is large in the ZnSe-based QWs. This is in line
with the trend in the Coulomb interaction that can be charac-
terized by the exciton binding energies in bulk ZnSe, CdTe,
and GaAs of 20 meV, 10 meV, and 4.2 meV, respectively.

The modification of the electron spin splitting and,
accordingly, the Larmor precession frequency measured ex-
perimentally, may originate from the spin-orbit splitting of the
electrons described by the Rashba [58—60] or the Dresselhaus
[61] effect. For the manifestation of the Dresselhaus effect it
is necessary to have a high structural asymmetry. However,
our samples were symmetrically doped and we do not expect
a strong anisotropy. For observation of the Rashba effect, the
structure should not have a center of inversion. In this case a
strong in-plane anisotropy of the electron g factor is expected.
However Fig. 5 shows a very weak in-plane anisotropy of ges
in the studied sample. This allows us to conclude about a weak
impact of the Rashba effect.

It is worthwhile to note that the g.s oscillations with in-
creasing magnetic field in a 2DEG of a CdTe/(Cd,Mg)Te
modulation-doped quantum well were found to be related to
the filling factors of Landau levels. This oscillatory behavior
can be explained by the Pauli principle and the presence of
electron-electron Coulomb interaction [62,63].

As one can see from the model consideration, the electron
g-factor renormalization with increasing electron density is
closely related to the renormalization of the electron effective
mass. To the best of our knowledge there are no published
results on the electron effective mass in II-VI QWs for the
conditions under which we have observed the main effect.
We estimated the renormalization of the electron effective
mass for the electron concentrations in the studied ZnSe- and
CdTe-based QWs. It increased by about 15% in ZnSe-based
QWs with the largest electron density and by about 10% in
CdTe-based QWs.

VI. CONCLUSIONS

The coherent spin dynamics of electrons and holes have
been studied by pump-probe Kerr rotation in n-type ZnSe-
and CdTe-based quantum wells with a 2DEG. We find exper-
imentally in both material systems that the electron g factor
increases in its absolute value with increasing electron density.
The effect is strong in weak magnetic fields and is suppressed
by increasing the magnetic field or at higher temperatures.
The relative increase is stronger in the ZnSe-based quantum
wells, where the Coulomb interaction is about twice stronger
than that in the CdTe-based structures. The performed model
calculations provide good quantitative agreement with the ex-
perimental results. They take into account both the spin-orbit
coupling and the electron-electron interaction, considering
also corrections to the electron-electron interaction in the
Hubbard form. The observed effect depends critically on the
strength of Coulomb interaction.
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