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A circularly polarized magneto-photoluminescence (magneto-PL) technique has been applied to

investigate the Zeeman effect in InAs/InGaAs/InAlAs quantum wells (QWs) in the Faraday

geometry. Structures with different thicknesses of the QW barriers have been studied in the mag-

netic field parallel and tilted with respect to the sample normal. The effective electron-hole g-fac-

tor has been found by measurement of splitting of polarized magneto-PL lines. Land�e factors of

electrons have been calculated using the 14-band k � p method, and the g-factor of holes was

determined by subtracting the calculated contribution of the electrons from the effective electron-

hole g-factor. Anisotropy of the hole g-factor has been studied applying the tilted magnetic field.

Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4975353]

I. INTRODUCTION

Heterostructures based on InAs possess a series of

unique properties caused by a narrow bandgap. These prop-

erties include high carrier mobility and a strong spin-orbit

interaction making the system a promising candidate for

high frequency electronics, optoelectronics, and spintronics

application. One of the most interesting objects in this area is

type-I quantum wells (QWs) based on InAs/InGaAs/InAlAs

two-step bandgap engineering, where the In content can be

varied from 30% to 80%.1 Such structures exhibiting bright

photoluminescence in the mid-infrared range2,3 demonstrate

high-mobility two-dimensional electron gas (2DEG),4–7 pro-

nounced spin-dependent optical,3,8,9 transport,10–13 and opto-

electronic14–16 phenomena. Determination of Land�e factors

of both types of the carriers is the cornerstone for the studies

of spin-related phenomena. As for InAs QWs, the electron g-

factor in this type of heterostructure is well-studied by differ-

ent techniques. To date, the reported values of the electron

g-factor obtained by magneto-transport and terahertz experi-

ments range from ge¼�3 to ge¼�9 depending on the In

content in the QW barrier.6,11,12 Moreover, experimentally

obtained Land�e factors are consistent with the values calcu-

lated in the framework of the k � p method.

In contrast to electrons, determination of the hole

g-factor gh is still a challenging task. There are no available

experimental data as well as reliable theoretical calcula-

tions. The picture becomes even more intriguing in light of

the previous magneto-optical experiments.3,8 They indicate

surprisingly small magnitude of the effective electron-hole

g-factor, which is the difference between gh and ge.

Here, we report on studies of InAs/In0:75Ga0:25As/In0:75

Al0:25As QW structures by polarization-resolved magneto-

photoluminescence (magneto-PL), which enables direct mea-

surement of the effective electron-hole g-factor. We have

determined the Land�e factor of holes combining obtained

experimental data with theoretical calculations of an electron

contribution. We have obtained the dependence of electron

and hole g-factors on the QW barrier width. We have investi-

gated anisotropy of the hole g-factor in the tilted magnetic

field and shown that the values of gh in the tilted magnetic

field are in agreement with prediction of close-to-zero hole

Zeeman splitting in the magnetic field lying in the QW plane.

II. SAMPLES AND EXPERIMENTAL TECHNIQUE

Experimental samples were fabricated by molecular

beam epitaxy onto a fully relaxed InxAl1�xAs/(001)GaAs

graded buffer3,17 with a stepwise increase of the In content

(x¼ 0.05 to x¼ 0.75) over 1 lm. The structure of the QW is

sketched in the inset of Fig. 1. An In0:75Ga0:25As quantum

size part embedded in between In0:75Al0:25As layers features

a symmetrically inserted and compressively strained InAs

QW of 4 nm. The samples were intentionally undoped and,

therefore, do not contain high-conductivity degenerated two-

dimensional electron gas (2DEG) in contrary to analogous

InAs/InGaAs/InGaAs structures fabricated for magnetotran-

sport measurements. The latter have an electron concentra-

tion of about 1012 cm�2, which was measured by the Hall

effect. For our InAs QWs, we found n-type of conductivity

with the concentration about 1011 cm�2. A set of samples

with the different thicknesses of In0:75Ga0:25As barrier

a were grown, where a is set to 7, 2.5, and 0 nm. The corre-

sponding structures are labeled A, B, and C.

Photoluminescence was excited by emission of a laser

diode operating in the cw mode at wavelength k¼ 809 nm

and detected with a Fourier transform infrared (FTIR) spec-

trometer. The laser beam was focused on a 1-mm diameter

spot on the sample. The excitation intensity Wexc was 100

mW. An external magnetic field up to 6 T was applied per-

pendicularly to the wafer or was inclined at an angle of 40�

to the direction of sample growth. Photoluminescence emis-

sion having a wave vector directed along the magnetic field

was detected (Faraday geometry). The sample temperature

was kept as low as 2 K. Right- and left-handed circular
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polarized emission spectra were recorded applying a quarter

wave ZnSe Fresnel rhomb.18,19

III. EXPERIMENTAL RESULTS

Bright PL was detected from all the samples. Its contour

is close to the Gaussian function and slightly asymmetric

being broadened at the low energy slope, see Fig. 1. The PL

peak energy takes the value of 582.6 meV, 616.5 meV, and

713.6 meV in structures A, B, and C, respectively. So the PL

peak energy increases with a decrease in the InGaAs barrier

width. Emission intensity also varies in samples with differ-

ent barrier widths and decays with its reduction. Both trends

correlate with an increase in the PL peak full width at half

maximum (FWHM) that takes the value of 18, 22, and

40 meV, in samples A, B, and C, respectively. Application of

external magnetic field B in the direction perpendicular to

the QW plane results in substantial changes in the PL spec-

trum. It experiences magnetic-field-induced splitting into cir-

cular polarized components, which is different in structures

A, B, and C, see Fig. 2. Similar to the PL peak energy and

FWHM, the splitting depends on the InGaAs barrier width. It

is extremely small in structure A with the largest InGaAs barrier

but is well-pronounced in sample C, where this layer is absent,

taking an intermediate value in structure B. Interestingly, the

splitting is a non-linear function of the magnetic field and its

dependence on the magnetic field is different in all three

samples; see Fig. 2. Note that minimal circular polarization

of PL emission was detected in structure C while it possesses

the largest splitting. The inclination of the magnetic field

used for the analysis of gh anisotropy critically diminishes

the splitting of a magneto-PL peak in samples B and C but

does not affect it in sample A, see Fig. 2.

Besides the splitting of the PL contour into circular-

polarized components, emission spectra experience blue

shift, which corresponds to the diamagnetic shift of electron

and hole energy levels in the magnetic field. The shift has a

quadratic dependence on the magnetic field, see Fig. 3.

IV. DISCUSSION

The observed PL peak closely matches the calculated

energy of direct optical transitions between the ground elec-

tron e1 and the heavy hole hh1 subbands. The measured PL

peak width in all the samples is �25 meV being larger than

the estimated exciton binding energy (about a few meV).20

Note that, in general, both mechanisms of radiative recombi-

nation are possible—exciton recombination and optical transi-

tions between free-carrier states. Due to a relatively small

value of exciton binding energy, identification of the dominant

FIG. 2. Zeeman splitting of the magneto-PL peak for structures A, B, and C

with different widths of InGaAs barriers measured at the magnetic field

perpendicular to the QW plane and tilted by h ¼ 40� with respect to the

sample normal. Curves present polynomial fit to the experimental points.

Straight lines show a linear fit at small magnetic fields, which gives effective

g-factors of free carriers.

FIG. 1. Photoluminescence spectra and circular-polarized magneto-PL spec-

tra of samples A, B, and C with different widths of InGaAs barriers, mea-

sured at magnetic field B¼ 6 T perpendicular to the QW plane. The inset

shows the band diagram of the sample active region.
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recombination mechanism is hardly possible. However, the

type of optical recombination mechanism does not affect

further logic and the main results of the study. Our analysis

is made in the framework of the free-carrier recombination

model. Observed in experiment quadratic magnetic field

dependence of the PL peak diamagnetic shift (Fig. 3) indicates

Coulomb localization of the photoexcited carriers21,22 and

greatly exceeds analogous dependence for an exciton in InAs.

In our structures, photo-carriers can be trapped to localization

centers, which emerge due to inhomogeneity of the InAs QW

or the presence of charged centers at the interfaces of the QW.

Detected splitting of PL lines in two circular polarizations

reflects spin splitting of conduction and valence bands and it

is described by effective electron-hole g-factor geff . Parameter

geff is equal to the difference of g-factors of the carriers that

take part in the optical recombination, geff ¼ gh � ge, which

corresponds to the splitting between rþ and r� PL lines.

In this formula and in the following, we assume that ge > 0

when the energy of þ1=2 electron is higher than that of

�1=2, and gh > 0 when the energy of þ3=2 electron is higher

than that of �3=2 in the electronic representation. The value

of geff can be obtained directly from the Zeeman splitting in

the linear region (see Fig. 2). The extracted values of geff as a

function of InGaAs barrier width are presented in Fig. 4 and

Table I. It is clearly seen that the absolute value of geff tends

to increase with the decreasing width of the InGaAs barrier.

Although the observed nonlinear character of Zeeman

splitting in the magnetic field B � 2 is out of scope of the pre-

sent paper, it is worth mentioning that highly nonlinear

Zeeman splitting of excitons was also detected in AlGaAs/

GaAs and InGaAs/GaAs systems and the model was sug-

gested that is based on a spin-dependent field-induced admix-

ture between the light- and heavy-hole valence bands.23

The large FWHM of the PL peak and its decay detected

in sample C are explained in terms of effective scattering by

charged centers at QW interfaces. In this structure, QW

interfaces are formed by InAs and InAlAs layers having a

large lattice mismatch and therefore are characterized by

large defect density. Apparently scattering on these defects

is responsible for the strong decay of optical recombination

efficiency, increase of FWHM, as well as depolarization of

the emission in the case of the magnetic field applied.

Now, we turn to separate determination of electron and

hole g-factors. It was found that the g-factor of the hole is

FIG. 3. Circular polarized PL peaks energies as a function of magnetic field.

Curves present parabolic fitting E ¼ adiaB2 of the diamagnetic shift of PL

lines, which is determined as a half-sum of the rþ and r� components. The

values of adia are listed in Table I.

FIG. 4. g-factors in samples under study: squares represent the experimen-

tally measured effective electron-hole g-factor geff , the solid line stands for

the theoretically calculated electron g-factor, and circles show the heavy-

hole g-factor derived using formula gh ¼ geff þ ge.

TABLE I. The values of electron and hole g-factors (geff , ge, gh) and dia-

magnetic shifts (adia) extracted from the analysis of experiment. The values

g�e and g�h are derived using Eq. (3) from the analysis of Zeeman splitting in

the tilted magnetic field.

Sample A Sample B Sample C

geff �1.4 �2.6 �6.3

ge �11 �10.7 �8.4

gh �12.4 �13.3 �14.7

g�e … �9 �13.2

g�h … �9.4 �15.8

adia (meV/T2) 0.095 0.11 0.08
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extremely sensitive to the separation between heavy-hole

and light-hole quantization levels, which in turn depends on

the unknown strength of strain fields and localization poten-

tial. Hence, we only calculate ge, which is less affected by

the localization potential and strain, and therefore can be

evaluated with much higher accuracy. Then, we estimate the

value of gh using experimentally determined geff and

geff ¼ gh � ge: (1)

The computation method is based on the numerical diagonali-

zation of the 14-band k � p Hamiltonian in the presence of the

magnetic field.24,25 We use the 14-band k � p-model, devel-

oped in Ref. 24, for the calculation of electron and hole states

at a zero magnetic field and use the obtained wave functions

to calculate the Zeeman splitting at small magnetic fields in

the framework of perturbation theory (the approach is analo-

gous to the one used to calculate heavy-hole and light-hole

g-factors in the framework of Luttinger Hamiltonian, see Eqs.

(9a) and (9b) of Ref. 25). The band parameters of InAs and its

alloys were taken from Refs. 26 and 27, and confining poten-

tials for electron and holes were calculated using the model of

Ref. 27 taking into account elastic strain present in the struc-

ture. The interband matrix elements of the momentum opera-

tor were taken from Ref. 28.

The evaluated band diagram, wave function of heavy

hole at zero in-plane momentum kk ¼ 0, and optical transi-

tions energies are presented in Fig. 5. The theoretical model

gives close-to-experiment values of optical transitions ener-

gies and the in-plane electron mass me (me ¼ 0:038 m0 as

determined from transport measurements in similar struc-

tures4,6,10). It also provides a good agreement between theo-

retical and experimentally measured values of ge.
6,10,29 The

discrepancy between theoretically calculated and experimen-

tal values of optical transitions energies is possibly attributed

to the presence of in-plane localization potentials, which

leads to the increase in the PL peak energy.

Evaluated values of hole Land�e factors gh as well as the-

oretical values of ge and experimentally measured geff are

presented in Fig. 4 and Table I. As mentioned above, theoret-

ical calculations do not allow us to obtain gh with sufficient

precision. Its values obtained in the framework of the

14-band k � p-model, used for evaluation of ge, lie in the

range of gh ¼ �2 to � 8 for the studied structures29 and

differ significantly from those given in Table I.

In order to study anisotropy of the hole g-factor, we

have carried out experiments in a tilted magnetic field. The

spin splitting of a heavy hole bound to the QW potential

must be sensitive to a normal component of magnetic field

only, because the in-plane heavy-hole g-factor is close to

zero in III–V quantum wells.30 Moreover, the electron

Zeeman splitting in quantum wells is also anisotropic.31–33

However, whereas the anisotropy of the electron g-factor

tensor is controlled by the confinement and electron den-

sity,34,35 the close-to-zero value of the heavy-hole in-plane

g-factor is an intrinsic property of III–V quantum wells,

which follows from the symmetry considerations that the

mixing of þ3=2 and �3=2 states by the in-plane magnetic

field is reduced.30,36 Therefore, in our simple model, we will

neglect the anisotropy of the electron g-factor tensor keeping

in mind that it is small compared to the anisotropy of the

heavy-hole one. Note that the anisotropy would result in a

slight decrease of the estimated value of the effective

electron-hole g-factor in the tilted magnetic field.

The tilted magnetic field results in modification of geff .

Indeed, the heavy-hole g-factor in a magnetic field tilted by

an angle h with respect to QW normal is

~ghðhÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2

h cos2 hþ g2
h;k sin2 h

q
; (2)

where gh and gh;k are the components of the g-factor tensor

for B parallel to the growth axis z k ½001� and B oriented in

the plane of QW. Since gh;k is close to zero, ~gh � gh cos h
and its absolute value must be reduced at h 6¼ 0.

For example, the 40� tilt of the field is expected to result

in reduction of gh from �13.3 and �14.7 to �10.2 and

�11.3 for samples B and C, respectively. In turn, assuming

that ge is independent of h, the value of geff is predicted to

change to 0.5 and �2.9 for these samples. Comparison with

Fig. 2 shows that these estimated values are close to the val-

ues observed in the experiment.

Anomalous behaviour of the Zeeman splitting was

observed in structure A only. As seen from Fig. 2, the effec-

tive Zeeman splitting is almost unaffected by the tilt of B in

this sample. It may indicate that the heavy hole in this sample

is localized by rather a three dimensional potential than the

potential of the QW. This suggestion is consistent with the

value of the in-plane localization length of hole lh � 10 nm

(see below for details), which in the case of sample A is less

than the effective localization in the z-direction (see Fig. 5).

The possible source for such a three-dimensional confinement

is a Coulomb potential of charged centers in quantum well

layers.

FIG. 5. Band diagram of the quantum well with a¼ 7 nm. The heavy-hole

wave function is shown by the dashed line. The inset demonstrates the calcu-

lated optical transition energy (dashed line) and the experimental points for

three samples under study.
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With the use of Eqs. (1) and (2), it is possible to evaluate

gh and ge independently without theoretical calculations by

measuring geff at two different angles h

gh ¼
geff h1ð Þ � geff h2ð Þ

cos h1 � cos h2

;

ge ¼
geff h1ð Þcos h2 � geff h2ð Þcos h1

cos h1 � cos h2

:

(3)

The calculated values are presented in Table I.37,38

Let us finally analyze the diamagnetic shift of PL lines,

see Fig. 3. The value of diamagnetic shift is given by a half-

sum of the rþ and r�-polarized components and is well fit-

ted by the quadratic function Edia ¼ adiaB2. The extracted

values of adia are listed in Table I. To derive the theoretical

expression for adia, we will use a simple model of the carriers

bound by a parabolic in-plane potential in the form22,39

V rnð Þ ¼
�h2

2mnl2
n

r2
n

l2
n

; (4)

where rn is the in-plane coordinate, mn is the effective in-

plane mass, ln is the in-plane localization length of an elec-

tron (n¼ e) and heavy-hole (n¼ h), and �h is the Planck con-

stant. Making the Peirels substitution for the carrier wave

vector in the magnetic field and solving the Schr€odinger

equation with potential (4), we find for the diamagnetic coef-

ficient adia;n

adia; n ¼
e2l2n

8mnc2
; (5)

where e is the electron charge and c is the speed of light.

Since in QWs under study the electron-hole reduced mass

l ¼ memh=ðme þ mhÞ � me,3 we have me 	 mh, and we

conclude that the main contribution to the diamagnetic shift

results from a confined electron. Taking experimentally mea-

sured values of adia and electron mass me ¼ 0:038 m0,4,6,10

we find that the in-plane localization length for an electron is

le � 13 nm in all studied samples. The localization length

for a hole is lh ¼ ðme=mhÞ1=4le and is even smaller than le.

V. CONCLUSIONS

To summarize, a series of magneto-optical experiments

have been carried out on narrow gap InAlAs/InGaAs/InAs

QWs with different widths of the InGaAs barrier in both per-

pendicular and tilted magnetic fields. The effective electron-

hole g-factor is measured directly from the splitting of

magneto-PL line into circularly polarized terms. The values

of electron g-factor ge are calculated theoretically while the

g-factor of holes is estimated by extracting ge from the total

splitting. Experiments in the tilted magnetic field were used

to investigate anisotropy of the heavy hole g-factor.
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