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Magnetic field dependence of the in-plane hole g factor in ZnSe- and CdTe-based quantum wells
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The effective g factor of holes is measured in modulation-doped ZnSe/(Zn,Mg)(S,Se) quantum wells and
from surface-state p-doped CdTe/(Cd,Mg)Te quantum wells by time-resolved pump-probe Kerr rotation. The
measurements are performed at a temperature of 1.7 K and in magnetic fields up to 5 T applied in the Voigt
geometry with orientation perpendicular to the quantum-well growth axis. The absolute value of the in-plane
hole g factor increases with growing magnetic field in both studied heterostructures. A theoretical model is
developed that considers the influence of magnetic field and interface mixing of heavy-hole and light-hole states
on the g factor. The model results are in good agreement with the experimental data.
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I. INTRODUCTION

One of the main parameters that is associated with the band
structure of semiconductors and their nanostructures is the g
factor (Landé parameter) of electrons and holes. The value
and sign of the g factors determine the magnetic and magneto-
optical properties phenomena in semiconductors, including
magnetic resonance, spin relaxation dynamics, the quantum
Hall effect, etc. [1–3]. In nanostructures, the quantum con-
finement reconstructs the electronic bands, which results in
a strong change of the g-factor values with reducing dimen-
sionality. Although the modification of the electron g factor
under the influence of external factors (magnetic field, electric
field, temperature, intensity of photoexcitation) and internal
parameters such as electron concentration was widely studied,
both experimentally and theoretically (see Ref. [4] and refer-
ences therein), the problem of the hole g-factor modification
is not well investigated and understood. One of the reasons
for that is primarily the complexity of p-type doping for many
compounds. Also, very often the value of the hole g factor is
much smaller than that for the electrons, and typically the spin
relaxation times for holes are much shorter than that for the
electrons [5–8]. This provides difficulties for the experimental
measurement of hole g factors.

Recently, interest in hole spin dynamics has signifi-
cantly increased. Technological progress in the fabrication
of nanostructures (material, dimensionality, doping) and spin
engineering with semiconductors offer the possibility to com-
bine materials with different g factors to tune the g-factor
values. The prospects of using the hole spin for quantum

information technologies are based on the peculiarities of the
hole spin interaction with the lattice nuclei, which is con-
siderably weaker than that for the electrons. The hyperfine
interaction between the electron and nuclei spins is the main
mechanism for electron spin dephasing and spin relaxation at
cryogenic temperatures and small magnetic fields, especially
for electrons localized on defects or confined in quantum
dots. The hole spin represents an attractive alternative, as
the hole hyperfine interaction is much weaker, therefore the
hole spin dephasing via nuclear spins is much less efficient.
In Ref. [9], a hole spin relaxation time of about 1 ms was
determined in (In,Ga)As quantum dots subject to weak mag-
netic fields. Using time-resolved pump-probe Kerr rotation,
spin dephasing times up to 70 ns were measured for local-
ized holes in p-type modulation-doped GaAs/Al0.3Ga0.7As
quantum wells (QWs) [10], as evaluated from the full width
at half-maximum (FWHM) of the resonant spin amplification
(RSA) signal at a magnetic field of 0.2 T and temperature of
0.4 K. The hyperfine interaction for holes was measured in
p-doped InAs/GaAs [11] and (In,Ga)As/GaAs, InP/(Ga,In)P,
GaAs/(Al,Ga)As [12,13] quantum dots. It was demonstrated
that the hole hyperfine interaction is not negligible and that
the hole hyperfine constant has opposite signs for cations and
anions and ranges from −15% to +15% compared to that for
electrons.

The hole g factor in nanostructures is determined by
the peculiarities of the hole energy level spectrum, which
in turn is determined by the complex valence band and
the interface mixing between the heavy-hole and light-hole
states. The mixing is also contributed by strain and quantum
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confinement. This problem was investigated theoretically and
experimentally in different structures [12,14–22]. Theoreti-
cal approaches for the interface mixing between heavy-hole
and light-hole states were proposed in Refs. [19,23–29]. In
Refs. [23,24], the authors performed an analysis within the
envelope-function approximation for the case of oblique in-
cidence of the hole onto the interface, while in Ref. [25]
the case of normal incidence on the interfaces grown along
directions with rather high Miller indices was considered. In
Ref. [26], the mixing for normally incident holes was con-
sidered in (001)-grown structures by adding additional terms
to the boundary conditions for the hole envelope function at
the interfaces. An empirical pseudopotential formalism was
used in Ref. [27] to demonstrate numerically that a heavy hole
reflected under normal incidence from a single GaAs/AlAs
(001) heterojunction contains a considerable light-hole am-
plitude. A tight-binding model was used to demonstrate the
mixing of the heavy-hole and light-hole states for a zero in-
plane vector in (001) GaAs-based heterostructures [28]. The
generalization of the envelope-function formalism for zinc-
blende based (001) interfaces taking into account heavy-hole
and light-hole mixing by including off-diagonal terms into
the boundary conditions for the envelopes was achieved in
Ref. [29].

Available experimental information on the hole g factor in
quantum-confined structures is mostly related to the values
along the structure growth axis. It was shown that the hole
g factor is considerably modified, i.e., its value can change
and even its sign can reverse, by increasing the quantum
confinement, e.g., by decreasing the QW width or decreasing
the quantum dot size. In GaAs/Al0.3Ga0.7As single QWs with
decreasing well width from 4.3 nm down to 14 nm, the hole g
factors vary from −0.6 to 1.1 for the heavy holes and from
6.5 to 8.6 for the light holes [30]. It was demonstrated in
Refs. [6,31,32] that the hole g factor and hole spin dynamics
can be tuned by varying an applied gate voltage. Strong mag-
netic fields can induce additional mixing of the heavy-hole
and light-hole states that would result in a modification of the
hole g factor. A significant change of the hole g factor from
−1.5 down to −0.5 in a 20-nm-thick CdTe/Cd0.65Mg0.35Te
quantum well with increasing magnetic field from 6 up to
32 T was reported [33]. In CdSe/CdS colloidal nanoplatelets,
the heavy-hole g-factor changes from −0.4 to −0.7 with in-
creasing magnetic fields to 15 T [34]. The in-plane g factor
of the heavy hole in the quantum-confined structures, where
the heavy-hole and light-hole states are split in energy, is
very small. It is zero in the ideal case of the absence of the
heavy-hole and light-hole mixing, but in real structures it has
some finite values due to the presence of mixing. So far its
magnetic field dependence has not been studied in detail.

In the present paper, we report an experimental and the-
oretical study of the magnetic-field-induced modification of
the in-plane hole g factor in ZnSe- and CdTe-based QWs. We
utilize the pump-probe Kerr rotation technique to measure the
Larmor precession frequency of the hole spin precession in
magnetic fields of 0.5–5 T for ZnSe-based QWs and 0.4–1.2 T
for CdTe-based QWs. We find a considerable modification of
the hole g factor by the magnetic field. We analyze theoret-
ically the role of an external magnetic field applied in Voigt
geometry and of the interface mixing of heavy and light holes

in this modification. Model calculations allow us to reproduce
the experimental dependences.

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. A
discussion is given in Sec. V.

II. EXPERIMENTAL DETAILS

We studied two types of II-VI semiconductor QW struc-
tures grown by molecular-beam epitaxy (MBE). The first one
are ZnSe/Zn0.89Mg0.11S0.18Se0.82 structures with a single QW
grown on (100)-oriented GaAs substrates. A specially de-
signed deposition of Zn by atomic-layer epitaxy was used for
the growth of a 20-nm-thick ZnSe buffer layer on GaAs. The
ZnSe QWs were placed between Zn0.89Mg0.11S0.18Se0.82 bar-
riers of 100 and 50 nm thickness. In sample no. 1 (zq 1038),
the top barrier has a 3-nm-thick layer doped with chlorine
donors; this layer is separated by a 10-nm-thick spacer from
the 8-nm-thick QW. The relatively close vicinity of the surface
to the QW, which, due to charging, can cause band bending,
and the rather thick spacer result in specific features of this
structure. Despite the nominal n-type modulation doping, in
the absence of above-barrier illumination the QW contains
resident holes and not resident electrons, as may be expected.
This is confirmed by the observation of hole spin precession in
pump-probe Kerr rotation experiments described in Ref. [35].
For above-barrier illumination, resident electrons dominate in
the QW.

The sample no. 2 (zq 1113) containing a 10.5-nm-thick
QW with otherwise identical material composition is p-type
doped using a nitrogen RF plasma. In this case, symmetric
modulation doping was achieved by uniform doping of the
barriers, excluding 3-nm-thick spacer layers next to the QW.
The concentration of the two-dimensional hole gas (2DHG)
in the QW is about nh � 1010 cm−2.

Detailed information about samples no. 1 and no. 2 and the
typical optical and magneto-optical properties of ZnSe-based
QWs can be found in Refs. [35–39].

The second type is a CdTe/Cd0.78Mg0.22Te QW structure
with a 20-nm-thick single QW. Sample no. 3 (no. 062907A)
was grown by molecular-beam epitaxy on an undoped (100)-
oriented GaAs substrate. Its QW contains resident holes
being provided by the method of p-type doping from surface
states. The details of this method and the physical processes
can be found in Refs. [40,41]. A CdTe 4-μm-thick buffer
was initially grown on the GaAs substrate, followed by a
Cd0.78Mg0.22Te layer with a thickness of 0.7 μm and the
single CdTe QW. The top barrier is formed by 17.5-nm-thick
Cd0.78Mg0.22Te, which provides p-type doping of the QW
from surface states. The density of the resident holes in the
QW is about nh ≈ (3−5) × 109 cm−2. As will be shown be-
low, the presence of the resident holes is confirmed in the
Kerr rotation signal through rather slow (as compared to an
electron) Larmor precession oscillations and the suppression
of this signal by above-barrier illumination.

We use the time-resolved pump-probe Kerr rotation
(TRKR) technique to study the coherent carrier spin dynamics
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(for details, see Refs. [2,42]). Spin coherence of holes and
electrons was generated by circularly polarized pump pulses
(duration 1.5 ps, spectral width about 1 meV) emitted by a
Ti:sapphire mode-locked laser operating at a repetition fre-
quency of 75.8 MHz (repetition period TR = 13.2 ns). For the
blue spectral range required for measuring the ZnSe-based
QWs, the laser pulses were frequency doubled by a BBO (beta
barium borate) crystal. The pump helicity was modulated
between σ+ and σ− polarization at 50 kHz frequency using
a photoelastic modulator. The pump and probe beams hit the
sample about parallel to the QW growth axis (z-axis). External
magnetic fields up to 5 T are applied perpendicular to the
growth axis, i.e., in the Voigt geometry. We do not study here
the effects related to weak in-plain anisotropy of the hole g
factor [35], and therefore the magnetic field was applied along
the [100] crystal axis. The measurements are performed at a
temperature T = 1.7 K.

The pump-excited area of the sample is tested by linearly
polarized probe pulses in the reflection geometry. The Kerr
rotation (KR) angle of the probe pulses is measured as a func-
tion of the delay between the pump and probe pulses using a
balanced detector connected to a lock-in amplifier. The pump
power was tuned in the range Ppump = 0.3−10 W/cm2 and the
probe power is kept in the range Pprobe = 0.4−0.7 W/cm2.
The spot size of the pump beam at the sample is about 300
μm and the probe beam size is slightly smaller.

Photoluminescence (PL) spectra are measured at T =
1.7 K under continuous-wave (cw) laser excitation with
3.06 eV photon energy. The PL spectra are detected with a
Si-based charge-coupled-device camera attached to a 0.5 m
spectrometer.

III. EXPERIMENTAL RESULTS

A. ZnSe-based QWs

A photoluminescence spectrum of sample no. 1 is shown
in Fig. 1(a). The higher-energy line with the maximum at
2.815 eV corresponds to exciton recombination (X ), and the
low-energy line (2.808 eV) corresponds to recombination of
negatively and positively charged excitons-trions (T ). For the
pump-probe Kerr rotation experiments, we use resonant ex-
citation of the trion states at the central photon energy of
Eex = 2.809 eV. A characteristic KR signal with a damped,
periodically oscillating amplitude is observed in transverse
magnetic fields from 0.5 T up to 5 T [Fig. 1(b)]. Note that two
very different Larmor precession frequencies contribute to the
KR signal. This is a direct manifestation of the coherent spin
precession of both electrons (at small time delay) and holes.
The frequency of these oscillations increases with magnetic
field, evidencing an increasing Zeeman splitting of electrons
and holes.

Fitting of the experimental spin dynamics by the following
expression allows us to evaluate the spin dephasing time, T ∗

2 ,
of electrons and holes and their Larmor precession frequency
in an external magnetic field, ωL:

�KR =
∑

i

�0,i exp

(
− t

T ∗
2,i

)
cos(ωL,it ), (1)

FIG. 1. 8-nm-thick ZnSe/(Zn,Mg)(S,Se) QW (sample no. 1).
(a) Photoluminescence spectrum. (b) Pump-probe Kerr rotation sig-
nal reflecting the coherent spin dynamics at various magnetic fields,
measured at the trion resonance with the laser energy at Eex =
2.809 eV. Ppump = 1.4 W/cm2 and Pprobe = 0.4 W/cm2. (c) Magnetic
field dependence of the hole spin dephasing time (circles) and fit
with Eq. (3) (line), which gives �gh = 0.027. (d) Kerr rotation traces
at the transversal magnetic field of 2 T for different intensities of
above-barrier illumination (3.06 eV). All data are at T = 1.7 K.

where �0,i is the amplitude of the signal corresponding to the
electron and hole components, i = e, h. The effective g factor
is calculated using the following expression:

gi = h̄ωL,i

μBB
. (2)

Here h̄ is the Planck constant and μB is the Bohr magneton.
One can see in Fig. 1(b) that in low magnetic fields,

the small Larmor precession frequency signal is long-living
and can be detected for time delays exceeding 1 ns, which
is considerably longer than the trion recombination time of
about 100 ps. The Larmor precession frequency of this slow
precessing component at B = 0.5 T corresponds to a g-factor
value of 0.078, which is typical for the small values of the
in-plane g factor of heavy holes in QWs. Therefore, we assign
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FIG. 2. 8-nm-thick ZnSe/(Zn,Mg)(S,Se) QW (sample no. 1).
(a) Magnetic field dependence of the hole Larmor precession fre-
quency (circles) in comparison to linear dependence (black line)
assuming |gh| = 0.078. (b) Magnetic field dependence of in-plane
|gh| evaluated from the measured Larmor frequency (red circles)
and calculated |gh| (black line) (See Sec. IV B). Eex = 2.809 eV,
Ppump = 1.4 W/cm2, Pprobe = 0.4 W/cm2, and T = 1.7 K.

this component to the heavy holes. Note that in bulk ZnSe the
value of the hole g factor is 0.28 [43]. The hole spin dephasing
time at B = 0.5 T is as long as T ∗

2,h = 0.8 ns, but it shortens
strongly down to 80 ps at B = 5 T; see Fig. 1(c). This strong
dependence arises from the spread of the hole g factor, �gh.
The latter can be evaluated from the fit of the data with the
following expression [44,45]:

T ∗
2 = h̄/

√
(�gμBB)2 + (gμB�B)2, (3)

where �B is nuclear field fluctuations, h̄ is the Planck con-
stant, and μB is the Bohr magneton. The fit, which is shown by
a black line in Fig. 1(c), gives �gh = 0.027. At short delays
also a fast oscillation is seen, corresponding to electron spin
precession (see below), disappearing on a 100 ps timescale.

The KR signal is strongly modified for above-barrier il-
lumination; see Fig. 1(d). We demonstrate this for B = 2 T,
where without illumination the signal is dominated by the
contribution of resident holes with |gh| = 0.082. With il-
lumination, an electron signal with fast Larmor precession
corresponding to |ge| = 1.18 appears, in good agreement with
the typical ge values in ZnSe QWs [35,39]. Note that in
bulk ZnSe and QWs, ge > 0. With increasing illumination
intensity, the amplitude of the hole contribution decreases
and vanishes for illumination powers exceeding 0.32 mW,
while the amplitude of the electron contribution increases.
This shows that the type of resident carriers in the QWs is
changed from holes to electrons, which is a well-established
effect for QWs [34] and in particular for ZnSe-based QWs
[35,39]. The responsible mechanism is the higher electron
mobility in the barrier layers compared to the hole mobil-
ity. As a result, the photoexcited electrons are collected in
the QW, while the holes tend to become localized in the
barriers.

The experimental data on the magnetic field dependence of
the hole Larmor precession frequency are shown in Fig. 2(a)
by the circles. The black line shows a linear dependence
assuming |gh| = 0.078, which corresponds to the value at
B = 0.5 T. At stronger fields, the measured values deviate
considerably from this linear dependence. This means that
the in-plane gh values change with magnetic field. This

FIG. 3. 10.5-nm-thick ZnSe/(Zn,Mg)(S,Se) QW (sample no.
2). (a) Photoluminescence spectrum. (b) Kerr rotation traces at
B = 5 T without (black line) and with above-barrier illumina-
tion (3.06 eV, Pill = 2 mW). Eex = 2.8145 eV, Ppump = 1.4 W/cm2,
Pprobe = 0.4 W/cm2, T = 1.7 K. (c) Magnetic field dependence of
the hole spin dephasing time (red circles) and fit to the data using
Eq. (3) (black line) with �gh = 0.045.

dependence is shown in Fig. 2(b). |gh| increases from 0.078
at B = 0.5 T up to 0.084 for B > 3 T.

The photoluminescence spectrum of sample no. 2 is shown
in Fig. 3(a). Similar to sample no. 1, the emission shows two
lines at 2.810 eV (trion) and 2.815 eV (exciton).

The spin dynamics for excitation of the exciton (Eex =
2.8145 eV) without (black line) and with (red line) above-
barrier illumination are shown in Fig. 3(b). The KR signal has
two components at B = 5 T: a rapidly oscillating one (electron
spin precession with |ge| = 1.13) and a slowly oscillating
one (hole spin precession with |gh| = 0.094). Both compo-
nents have about the same amplitude without illumination, but
the electron component has the shorter dephasing time. The
above-barrier illumination results in suppression of the hole
component, similar to the sample no. 1 properties shown in
Fig. 1(d).

The magnetic field dependence of T ∗
2,h is shown in Fig. 3(c).

The spin dephasing time reduces from 500 ps at B = 0.5 T
down to 45 ps at 5 T. The fit of the data with Eq. (3) gives
�gh = 0.045.

The magnetic field dependence of the hole Larmor pre-
cession frequency is shown in Fig. 4(a). The line is a linear
fit to the data with |gh| = 0.085, derived from the data at
B = 1 T. Similar to sample no. 1, in sample no. 2 the hole
g factor depends on the magnetic field, which is seen from the
deviation of the experimental data from the linear dependence
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FIG. 4. 10.5-nm-thick ZnSe/(Zn,Mg)(S,Se) QW (sample no.
2). (a) Magnetic field dependence of the hole Larmor preces-
sion frequency in comparison to a linear dependence (black line)
with |gh| = 0.085. (b) Magnetic field dependence of in-plane |gh|
extracted from measured Larmor frequencies: experimental data
(red circles) and calculated |gh| (black line); for details, see Sec.
IV B). Eex = 2.8145 eV, Ppump = 1.4 W/cm2, Pprobe = 0.4 W/cm2,
and T = 1.7 K.

in Fig. 4(a) and also in Fig. 4(b). |gh| increases up to 0.094 at
B = 5 T.

B. CdTe-based QWs

A photoluminescence spectrum of the 20-nm-thick
CdTe/Cd0.78Mg0.22Te QW (sample no. 3) is shown in
Fig. 5(a). The strongest line at 1.594 eV corresponds to the
emission of neutral excitons, and the weaker line at 1.590 eV
corresponds to charged excitons, both of negative and positive
sign.

Note that p-type doping of a QW through surface states
is not a very controllable approach. It results in the coex-
istence of regions with resident holes and resident electrons
within the same QW, which are separated in space laterally
in the QW plane. As a result, in the TRKR experiments the
spin dynamics is contributed by both holes and electrons. A
typical signal detected at 1.597 eV is presented in Fig. 5(b)
by the black line. It has a complicated shape, and its fitting
with Eq. (1) reveals one hole component with |gh| = 0.058
(red line) and three electron components with |ge1| = 1.604
(blue line), |ge2| = 1.483 (magenta line), and |ge3| = 1.610
(green line). The associated spin dephasing times are given
in Fig. 5(c). In this sample, the spin dephasing time for the
holes (T ∗

2,h) is considerably shorter than that for the electrons.
T ∗

2,h decreases with growing magnetic field strength from
T ∗

2,h = 0.34 ns at B = 0.4 T down to 0.1 ns at 1.23 T. A fit of
T ∗

2,h(B) dependence using Eq. (3) [red line in Fig. 5(c)] gives
�gh = 0.076.

The magnetic field dependence of in-plane |gh| is shown
in Fig. 6. With increasing magnetic field, |gh| increases from
0.059 at B = 0.4 T up to 0.087 at 1.23 T.

IV. MODEL CALCULATIONS OF HOLE g FACTORS

A. Effective Hamiltonian

Our theoretical approach for modeling the modification
of the measured Landé factors of the holes is based on
the envelope-function theory [46]. It takes into account

FIG. 5. 20-nm-thick CdTe/Cd0.78Mg0.22Te QW (sample no. 3).
(a) Photoluminescence spectrum excited at 1.670 eV. The red arrow
marks the energy of the TRKR measurements. (b) Kerr rotation
signal measured at B = 0.5 T (black line) and its components ob-
tained from decomposition (vertically shifted for clarity): hole (red
lines) and electron (blue, magenta and green lines) components.
(c) Magnetic field dependence of the spin dephasing time for elec-
trons (blue, magenta and green symbols) and holes (red symbols)
and fit to the hole data using Eq. (3) (red line). Ppump = 4.2 W/cm2,
Pprobe = 0.7 W/cm2, Eex = 1.597 eV, and T = 1.7 K.

both interface [29] and magnetic-field-induced mixing of the
heavy-hole and light-hole states in ZnSe- or CdTe-based
QWs. The interface mixing of heavy-hole and light-hole states
causes a modification of the Landé factors of holes in com-
parison with the situation when only a magnetic-field-induced
mixing is considered.

The energy spectrum of the valence-band states in bulk
semiconductors in the absence of a magnetic field can be
approximately described by the four-band Luttinger Hamil-
tonian [3]:

ĤL =

⎛
⎜⎝

F H I 0
H∗ G 0 I
I∗ 0 G −H
0 I∗ −H∗ F

⎞
⎟⎠ (4)

with the matrix elements F , G, H , and I equal to

F = ε − h̄2

2m0
(γ1 − 2γ2)k2

z − h̄2

2m0
(γ1 + γ2)

(
k2

x + k2
y

)
,

G = ε − h̄2

2m0
(γ1 + 2γ2)k2

z − h̄2

2m0
(γ1 − γ2)

(
k2

x + k2
y

)
,
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H = h̄2

m0

√
3γ3kz(kx − iky),

I = h̄2

2m0

√
3
[
γ2

(
k2

x − k2
y

) − 2iγ3kxky
]
. (5)

The Hamiltonian is written in the basis of the total angular
momentum eigenstates |J, mJ〉 of the holes with J = 3/2 and
mJ = {3/2, 1/2,−1/2,−3/2}. The heavy-hole bands corre-
spond to mJ = ±3/2 and the light-hole bands to mJ = ±1/2.
ε is the energy of the top of the valence band, located at the
�-point in the studied materials. kα are components of the
wave vector k of the holes, m0 is the free-electron mass, and
γi (i = 1, 2, 3) are the Luttinger parameters, whose values for
ZnSe and CdTe can be found in Refs. [43,47].

For the envelope-function calculations, we place the origin
of the coordinate system at the center of the QW and let
the z-axis point along the growth direction [001]. One has to
replace kz with its operator form −i ∂

∂z to derive the effective
Hamiltonian of the envelope-function theory from Eq. (4).
The Luttinger parameters are assumed to be the same across
all heterostructure layers, while the band-edge energy changes
in a steplike manner (abrupt interface approximation),

ε(z) =
{
εin, |z| � L/2,

εout otherwise, (6)

where L is the QW width, and εin and εout are the energies of
the top of the valence band inside and outside the QW, respec-
tively. The edge energies satisfy |εout| > |εin|, as is necessary
for the existence of discrete hole levels localized in the QW.

Accounting for the external magnetic field has two effects
on the effective Hamiltonian. First, it results in the appearance
of an extra term describing the action of the field on the Bloch
functions—the Zeeman Hamiltonian [48],

ĤZ = −2μBκB · J

= −κμB

⎛
⎜⎜⎝

3Bz

√
3B− 0 0√

3B+ Bz 2B− 0
0 2B+ −Bz

√
3B−

0 0
√

3B+ −3Bz

⎞
⎟⎟⎠. (7)

Here, μB is the Bohr magneton, B is the magnetic field vector,
B± = Bx ± iBy, and κ is the magnetic Luttinger parameter
[49]. The parameter κ can be either measured in a bulk
semiconductor or estimated as (2γ2 + 3γ3 − γ1 − 2)/3 [50].
We neglect the small cubic contributions to the J terms that
are responsible for the anisotropic Zeeman splitting. For our
specific choice of B = (B, 0, 0)—the magnetic field is applied
in the Voigt geometry—the Zeeman term reads

ĤZ = −κμB

⎛
⎜⎜⎝

0
√

3B 0 0√
3B 0 2B 0
0 2B 0

√
3B

0 0
√

3B 0

⎞
⎟⎟⎠. (8)

Second, in addition to the Zeeman Hamiltonian, extra
terms arise from ĤL. These terms come from redefining the
canonical momentum operator, k �→ k − (|e|/ch̄)A, where
B = ∇ × A [19]. We choose the Landau gauge for the vec-
tor potential, A = (0,−Bz, 0). Since A depends only on z,
we can formulate the envelope-function theory in the usual

way, with the envelopes χ (z) varying only along the growth
axis. Assuming normal incidence of the holes with respect
to heterostructure interfaces (kx = ky = 0) and disregarding
the small “diamagnetic terms” proportional to A2, we get the
following “shifted” matrix elements of the Luttinger Hamilto-
nian:

F = ε(z) + h̄2

2mhh

∂2

∂z2
,

G = ε(z) + h̄2

2mlh

∂2

∂z2
,

(9)

H = −i
√

3γ3h̄ωc

{
z,−i

∂

∂z

}
s

,

I = 0,

where mhh = m0/(γ1 − 2γ2) and mlh = m0/(γ1 + 2γ2) are ef-
fective masses of the heavy and light holes along the z
direction, respectively, and ωc = eB/(m0c) is the cyclotron
frequency. H is proportional to the product of the noncom-
muting operators z and −i ∂

∂z that has to be symmetrized in
order to ensure hermiticity of the Hamiltonian. Note that we
use the common symmetrization rule {Â, B̂}s = 1

2 (ÂB̂ + B̂Â).
An important effect contributing to the renormalization of

the hole g factor is the so called interface light-hole–heavy-
hole mixing, i.e., the mixing of the X and Y orbital states due
to the Cv2 symmetry of a (001) interface [19,29,51]. When the
consideration is restricted to four valence bands, the interface
mixing Hamiltonian of a single QW takes the following form
[29]:

Ĥl−h = tl−h(h̄2/
√

3m0a0){Jx, Jy}sδ(z + L/2)

− tl−h(h̄2/
√

3m0a0){Jx, Jy}sδ(z − L/2). (10)

Here tl−h is the real dimensionless mixing parameter, and a0

is the lattice constant. For the symmetric QW that we are
concerned with in this study, the sign of tl−h is irrelevant.
Ĥl−h describes scattering processes where light holes turn into
heavy holes (and vice versa) as they cross the interface plane.
The explicit matrix form of {Jx, Jy}s is

{Jx, Jy}s = 1

2
(JxJy + JyJx ) =

√
3

2

⎛
⎜⎝

0 0 −i 0
0 0 0 −i
i 0 0 0
0 i 0 0

⎞
⎟⎠.

(11)

As Ĥl−h is proportional to Dirac δ-functions localized at
the interfaces, the first derivative of the eigenfunctions χ (z)
will experience a jump at z = ±L/2. This would not be the
case for tl−h = 0, because mhh and mlh are assumed to be
constant throughout the entire structure. We would like to
mention that the appearance of the strong δ-perturbations at
the interfaces is caused by the existence of a linear defect,
which is a result of mismatching atomic bonds in the materials
on the two sides of the interface plane. These δ-contributions
lead to the interface mixing of the heavy-hole and light-hole
states. The particular form of Ĥl−h used in our work was
previously derived from the mixing between the X - and Y -
atomic orbitals that is possible due to the C2v symmetry of
a (001) interface, which was proposed by Ivchenko et al. in
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Ref. [29] and is widely used for the analysis of the interface
light-hole–heavy-hole mixing. Since the interfaces reduce the
translational and point symmetries of the system, they can
lead not only to mixing between electronic states from the
same band but also to intervalley and interband or inter-
subband mixing. In zinc-blende-based heterostructures grown
along the [001] crystallographic axis, the lack of microscopic
translational symmetry can result in remarkable coupling be-
tween � and Xz valley states as well as between the indirect
Xx and Xy valley states.

B. Finite-difference method

We employ the finite-difference method to find a few of
the highest eigenvalues of the effective envelope function

Hamiltonian Ĥ = ĤL(z) + ĤZ + Ĥl−h. As we consider heavy-
hole–light-hole interface mixing, we solve an eigenproblem
for the envelope function χ (z), which is a z-dependent column
vector with four elements. Two of these elements corre-
spond to the heavy-hole states (mJ = ±3/2) and the other
two describe the light holes (mJ = ±1/2). Since these states
get mixed at the interfaces, the resulting eigenvectors may
contain heavy-hole and light-hole elements with comparable
magnitudes. The four-component envelope function χ (z) is
discretized on a uniform z-grid z j = −W

2 + j�z. The width of
the grid W = 5L and the grid step �z = L/500 are chosen to
adequately represent details of the envelope inside the QW, as
well as its evanescent tails outside. The z-dependent operators
entering Ĥ are replaced with their discrete versions according
to the following symmetric rules:

∂2χ

∂z2

∣∣∣∣
z j

�→ 1

(�z)2
[χ (z j+1) − 2χ (z j ) + χ (z j−1)], (12)

{
z,−i

∂

∂z

}
s

χ

∣∣∣∣
z j

�→ 1

4i�z
[(z j + z j+1)χ (z j+1) − (z j − z j+1)χ (z j−1)], (13)

δ(z − a) �→

⎧⎪⎨
⎪⎩

1
2�z , z = a,

1
4�z , z = a ± �z,

0 otherwise.

(14)

With these discretization rules, Ĥ becomes a matrix of size
4N , where N is the total number of grid points. Thanks to the
local nature of the first and second derivative operators, this
matrix has a block tridiagonal structure with each 4 × 4 block
acting in mJ space.

We perform partial diagonalization of the resulting sparse
matrix to find a few extremal eigenvalues using the implicitly
restarted Lanczos method. The diagonalization procedure is
implemented in C++ using the Eigen 3 matrix algebra li-
brary [52], the Arnoldi package (ARPACK) FORTRAN 77 library
[53,54], and the EZARPACK C++ wrapper around it [55]. The
hole Landé factors are computed from the difference of the
two highest energy levels, |gh| = |Eh

0 − Eh
1 |/(μBB). Eh

0 and
Eh

1 are the two spin-split levels of the hole ground state.

V. DISCUSSION

Using the theoretical approach presented in Sec. IV,
we calculate the dependence of the modified in-plane |gh|
on the magnetic field strength for ZnSe- and CdTe-based
QWs. The results for the ZnSe-based QWs are shown in
Figs. 2(b) and 4(b). We use the following set of parameters
for ZnSe: γ1 = 2.45, γ2 = 0.61, γ3 = 1.11, and εin − εout =
0.1 eV [43]. Confinement energies of the light and heavy holes
in the square-well potential without the interface mixing are
estimated to be 12.7 meV/5.3 meV in sample no. 1, and
8.3 meV/3.3 meV in sample no. 2. The mixing parameter
tl−h = 1.5 is taken the same for samples no. 1 and no. 2, and
the value of the mixing parameter was selected in such a way
as to reproduce the experimentally measured behavior of |gh|
in the best way. The calculations reproduce well the experi-
mental data and reveal the same tendency for the increase of
|gh| in stronger magnetic fields.

Calculations for the CdTe-based QW are performed
for γ1 = 4.72, γ2 = 1.29, γ3 = 1.85 [47], and εin − εout =
0.106 eV. The square-well confinement energies are 11.7 meV
for the light holes and 4.2 meV for the heavy holes. The
optimal correspondence between experimental data and the-
oretical calculations is achieved for the mixing parameter
tl−h = 2.0. The results are shown in Fig. 6.

To analyze the efficiency of the interface mixing of the
heavy and light holes, we also calculate the dependence of the
heavy-hole and light-hole probability densities [|χ±3/2(z)|2
and |χ±1/2(z)|2, respectively] on the coordinate z along the

FIG. 6. 20-nm-thick CdTe/Cd0.78Mg0.22Te QW (sample no. 3).
Magnetic field dependence of in-plane |gh|: experimental data (red
symbols) and calculated values (black line); for details, see
Sec. IV B). Eex = 1.597 eV, Ppump = 4.2 W/cm2, Pprobe =
0.7 W/cm2, and T = 1.7 K.
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FIG. 7. Dependence of the heavy-hole and light-hole probabil-
ity density in the ZnSe-based QWs corresponding to the highest
valence-band energy level on the coordinate z along the QW growth
axis (the coordinate of the QW center is the zero on the horizontal
axis) for different values of the magnetic field. The solid lines cor-
respond to B = 0.5 T and the dashed lines demonstrate the results
calculated for B = 5 T. Panel (a) shows the calculations performed
for sample no. 1 (QW width 8 nm) and panel (b) shows the results
for sample no. 2 (QW width 10.5 nm). The solid black and dashed red
lines depict the heavy-hole probability density |χ±3/2(z)|2; the solid
blue and dashed green lines depict that of the light hole |χ±1/2(z)|2.
The dashed vertical lines show the interfaces of the QWs.

QW growth axis for the energies corresponding to the highest
valence-band energy level at different magnetic fields; see
Fig. 7 for the ZnSe-based QW and Fig. 8 for the CdTe-based
QW. One can see that the increase of the magnetic field only
slightly modifies the densities of both heavy and light holes.
It is worth noting that for the ZnSe-based QW, the δ-function
mixing term confines heavy holes strongly at each heteroint-
erface with the chosen values of tl−h. The probability density
for both light and heavy holes shows cusplike maxima at both
interfaces and minima at the well centers (zero for the heavy
holes and shallow minima for the light holes). For the ZnSe-
based QW, the density of the heavy hole slightly increases and
the density of the light hole decreases with increasing mag-
netic field. The opposite situation occurs in the CdTe-based
QW. The most notable fact here is that in the ZnSe-based

FIG. 8. Dependence of the heavy-hole and light-hole probability
density in the 20-nm-thick CdTe-based QW corresponding to the
highest valence-band energy level on the coordinate z along the QW
growth axis (the coordinate of the QW center is the zero on the
horizontal axis) for different values of the magnetic field. The solid
lines correspond to a magnetic field of B = 0.5 T and the dashed lines
demonstrate the results calculated for a magnetic field of B = 5 T.
The solid black and dashed red lines depict the heavy-hole probabil-
ity density |χ±3/2(z)|2; the solid blue and dashed green lines depict
that of the light holes |χ±1/2(z)|2. The dashed vertical lines show the
interfaces of the QWs.

QWs, the interface mixing between heavy and light holes is
much stronger than in the CdTe-based QW. For the ZnSe-
based QWs, the probability densities of heavy and light holes
have comparable amplitudes, while for the CdTe-based QW
the density of the light holes is much smaller than the density
of the heavy holes, despite the fact that in our modeling
the mixing parameter for the CdTe-based QW is larger than
that for the ZnSe-based QWs. In the wider CdTe-based QW,
the square well confining potential for the heavy-hole states
dominates the δ-function confinement leading to a heavy-hole
probability density with a maximum corresponding to the
center of the QW. The probability density associated with
the light holes is still dominated by the δ functions at the
interfaces. The peculiarities of the holes’ spatial localization
can be described by a combination of effective mass, depth,
and width of the QW. It occurs that for heavy holes it is
much more favorable to be localized in the wide QW, while
for light holes localization at the interfaces is more effective.
So heavy holes are not so strongly influenced by the interface
mixing in the wide QW, while light holes reveal the behavior
dominated by the confinement at the interfaces. The analysis
of the interplay between QW confinement determined by the
well parameters and the interface mixing will be given below
(see Fig. 9).

The calculation results reveal different behaviors for the
heavy-hole probability densities in the ZnSe-based QWs and
the CdTe-based QW. This difference demonstrates a more
pronounced role of the interface mixing in the ZnSe-based
QWs in comparison with the CdTe-based QW. This is the
direct consequence of two net effects. First, the CdTe-based
QW is more than two times wider than the ZnSe-based QWs.
So, the interface mixing of the heavy and light holes does not
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FIG. 9. Dependence of the heavy-hole probability density
|χ±3/2(z)|2 in the ZnSe-based QWs corresponding to the highest
valence-band energy level on the coordinate z along the QW growth
axis (the coordinate of the center of the QW is the zero on the
horizontal axis). Panel (a) shows the calculations for the 10.5 nm
width QW for different values of the mixing parameter tl−h. Panel
(b) shows the results for different widths of the QW using the fixed
value of the mixing parameter tl−h = 1.5. All the curves are obtained
for the external magnetic field B = 0.5 T. The dashed vertical lines
show the interfaces of the QWs.

effect so much the density of states in the center of the QW,
as is the case for the narrow ZnSe-based QWs. Second, the
mixing parameters tl−h are quite different for the ZnSe-based
and CdTe-based QWs. The values of the mixing parameters
are taken such that a good fit of the measured dependencies of
|gh| on the magnetic field is obtained. In spite of the mixing
parameter for CdTe-based QW being larger than for the ZnSe-
based QWs, the interface mixing is weaker for the CdTe-based
structure as the density of light-hole states is much smaller
than the density of heavy-hole states, and the probability den-
sity for both heavy and light holes is not so strongly modified
in the CdTe-based QW as it is in the ZnSe-based QW. A

similar behavior of the heavy-hole probability density in both
types of QWs can be achieved either by decreasing the width
of the CdTe-based QW or by increasing the width of the ZnSe-
based QWs. Numerically calculated results of the heavy-hole
probability density in the QW for either changing the mixing
parameter tl−h value for fixed QW width or changing the QW
width for fixed value of the mixing parameter tl−h are shown
in Fig. 9. Calculation results demonstrate directly the interplay
between the QW confining potential and the interface mixing.
It occurs that a critical value of both the QW width and the
interface mixing is present in the system. For a fixed value of
interface mixing, the hole probability distribution can be tuned
by the QW width changing and vice versa. We would also like
to mention that the presence of competition between the rect-
angular QW potential and the localizing complex “potential”
at the interfaces makes the physical picture rather compli-
cated. These two contributions have “incompatible” matrix
structures. The interface mixing term localizes a mixture of
the heavy and light holes as it has only off-diagonal matrix el-
ements. By contrast, the quantum-well potential localizes the
heavy and light holes independently and at different energies
due to the different effective masses.

VI. CONCLUSIONS

We have measured experimentally and analyzed theoret-
ically the magnetic field dependence of the in-plane hole
g-factor value, |gh|, in ZnSe- and CdTe-based QWs. The Zee-
man effect and the interface mixing of heavy and light holes
have been considered, and the interplay between these two
effects has been analyzed. By comparing the experimental
measurements with the calculation results, we found that the
interface mixing is more pronounced for the narrow ZnSe-
based QWs. The interface mixing only slightly modifies the
heavy-hole probability density in the wide CdTe-based QW,
where the Zeeman effect plays the main role in the modifica-
tion of the hole g factor.
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