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Interband magnetoabsorption in strained epitaxially grown ZnTe and ZnSe

S. Lee
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556

F. Michl and U. Ro¨ssler
Institut für Theoretische Physik, Universita¨t Regensburg, D-93040 Regensburg, Germany

M. Dobrowolska and J. K. Furdyna
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556

~Received 24 November 1997!

Interband absorption in ultrathin epilayers of ZnTe and ZnSe has been measured in magnetic fields up to 6
T with photon energies below and above the fundamental gap. The spectra clearly show the evolution of the 1s
and 2s exciton states and of the rich structure arising from the formation of Landau levels in the continuum.
The observed spectral features are analyzed using the 838 k–p model, which takes into account the residual
strain introduced during sample preparation. From this analysis we extract highly accurate values for the
energy gaps and the exciton binding energies. Effects of electron-hole correlation and resonant magnetopolaron
coupling are also clearly detected in the continuum absorption. We discuss the dependence of these effects on
Landau quantum number and the magnetic field by comparing the experimental transition energies with
calculated ones.@S0163-1829~98!04316-1#
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I. INTRODUCTION

In recent years, interest in wide-gap II-VI semiconducto
has been steadily increasing because of the possibility
optical device applications in the short-wavelength range
the visible spectrum, where most III-V semiconductors
opaque. This has raised the demand for detailed underst
ing of the near-band-edge structure of these materials.
absorption edge of wide band gap II-VI semiconductors
dominated by the formation of excitons due to the electr
hole correlation. Since excitonic effects are fundamenta
the interpretation of the spectra of wide-gap II-VI materia
and since they play an important role in various optoel
tronic applications, it is important to determine the excit
binding energies in a direct and precise way. For b
samples of II-VI semiconductors many photolum
nescence,1–4 reflectance,5–7 and magnetoreflectance8–11

experiments have already been performed on ZnTe and Z
in the spectral region below the band gap for the purpos
determining band parameters, such as the exciton bin
energy and the effective mass. In two-photon absorp
experiments,12–15 due to their very small linewidths, it wa
possible to resolve and analyze polariton features and
fine structure of excited exciton states. However, none
these experiments providedirect spectral information on the
continuum edge. Thus, in order to obtain values of exci
binding energies, theoretical models are employed that
not free of approximations and limitations. In contrast, ma
netoabsorption experiments performed in the energy reg
below and above the fundamental gap offer the possibility
determining the energy gap with high precision, and con
quently also the exciton binding energy, in a very direct w

An externally applied magnetic field modifies the excit
states by diamagnetic shift and Zeeman splitting; a sign
570163-1829/98/57~16!/9695~10!/$15.00
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cant structure in the absorption continuum also develop a
consequence of the formation of Landau levels.16,17 How-
ever, magneto-optical experiments are difficult to perform
the II-VI’s in the region above the band gap due to very lar
absorption coefficients~of the order of 105 cm21!.18 There-
fore the observation of Landau subband transitions, fr
which we can study the development of the band structur
a magnetic field, requires crystals which are very thin~so as
to reduce continuum absorption!, and of high quality~so as
to make transition lines as sharp as possible!. This require-
ment can now be met due to the development of epita
growth techniques such as molecular beam epitaxy.

In this paper we will describe our magnetoabsorption
periments on high quality MBE-grown ZnTe and ZnSe e
layers with photon energies below and above the fundam
tal gap. The characteristic spectral features19 observed in the
continuum absorption in the presence of the magnetic fielB
follow a fan chart that corresponds to transitions betwe
hole and electron Landau levels. By extrapolating the res
to B50, it is possible to determine directly and accurate
the band edge and, consequently, also the exciton bin
energy. We support the interpretation and analysis of
data by calculations of the transition energies and dipole
trix elements using a 838 k–p model, including the effects
of strain ~introduced during sample preparation! and mag-
netic field.20,21 The procedure automatically establishes
complete set of band parameters for ZnSe and ZnTe.
same set of parameters also describe the diamagnetic s
of the 1s and 2s exciton states observed in our experime
Systematic differences between the calculated and exp
mental transition energies in the absorption continuum in
presence of the magnetic field also enabled us to identify
effects of Coulomb correlation22,23 and of electron-phonon
coupling.24
9695 © 1998 The American Physical Society
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II. EXPERIMENT

The epilayer samples were grown by molecular beam
itaxy ~MBE! on 500mm thick GaAs~100! substrates. Since
we expect dislocations to form at the beginning of growth
accommodate the strain due to the lattice mismatch betw
the epilayer and the GaAs substrate, we grow layers s
ciently thick~approximately 1.5mm, corresponding to 2 h of
growth time!, in order to exceed the critical thickness r
quired for the formation of fully relaxed materials. In th
way we obtain high quality crystal material in the top regi
of the epitaxial layer. In order to perform optical transm
sion experiments it is necessary to remove GaAs subst
which is opaque in the band gap region of ZnTe and Zn
For this purpose the samples were glued on glass plates,
the epilayer in contact with the glass, and the GaAs subst
exposed. The exposed GaAs substrate was then mechan
polished to a thickness of approximately 50mm, and the
remaining substrate material was etched off at room temp
ture with a chemical solution of NH4OH in H2O2, in 1:20
ratio. Since ultrathin epilayers of highest quality are requi
for our transmission experiments, we also removed
dislocation-rich interface region of about 1mm. For this pur-
pose, the same solution as above was used for etching
ZnSe samples, while a solution consisting of CH3OH and Br
~50:1! was used for ZnTe. Since the observed excitonic tr
sitions show a small amount of splitting between the he
and the light hole excitons, we conclude that a residual st
must have been introduced into our samples. The strain
probably introduced either during the sample growth and
completely removed by the above preparation procedure
it arose from a difference in the thermal expansion coe
cients of the sample, the glue and the glass plate du
cooling down to 1.5 K~the temperature at which the spect
were taken!.

The absorption spectra showed strong Fabry-Perot in
ferences, which enabled us to determine the sample thick
with high precision25 ~i.e., with less than 5% uncertainty!.
The sample thicknessd can be determined from the separ
tions of maxima or minima in the interference pattern us
the relation

l

2
52d

n~l!

l
2m1 , l 50,1,2,. . . , ~1!

wheren(l) is the refractive index for wavelengthl andm1
is the order number for the first extremum. The plot ofl /2
versusn(l)/l has the slope 2d, and cuts they axis atm1.
The experiments discussed in the next section were
formed on samples withd'0.5 mm for ZnSe andd
'0.6 mm for ZnTe.

The transmission experiments were carried out in an
tical cryostat (T>1.5 K! equipped with a 6-T superconduc
ing magnet. The light source consisted of a halogen lamp
a 1-m SPEX monochromator. The slit width of the spectro
eter was set to give an energy resolution of 0.3 meV. T
monochromatic light was circularly polarized, so as to allo
the identification of transitions between different spin stat
The signal was detected by a photomultiplier tube and w
sent to a lock-in amplifier and a computer-controlled a
lyzer for data processing and storage.
p-

en
fi-

-
te,
e.
ith
te
ally

a-

d
e

the

-
y
in
as
t

or
-
g

r-
ss

g

r-

-

nd
-
e

s.
s
-

III. THEORY

A. General concept

A proper theoretical model for handling the full informa
tion of the spectra presented in Sec. IV must simultaneou
account for the effect of electron-hole correlation, the co
plexity of the valence band structure, and the polar coupl
between electrons and longitudinal optical~LO! phonons in
the presence of strain and of external magnetic field. Suc
complete theory does not yet exist~see reviews, Refs. 16,17!.
Instead, we analyze the experimental data within the follo
ing theoretical guidelines.

~1! We consider the splitting of the exciton states due
biaxial strain using the Bir-Pikus-Hamiltonian26 ~see Sec.
III B !.

~2! We describe the diamagnetic shift of the 1s and 2s
excitons within the perturbation scheme of Refs. 27 and
~see Sec. IV C!; i.e., we consider the terms quadratic in theg
parameter~defined as the ratio of half the cyclotron ener
over the effective Rydberg constant!.

~3! We calculate free-particle hole and electron Land
levels using a 838 k•p Hamiltonian21 that, besides the bi-
axial strain, includes all terms corresponding to bilinear e
pressions in the components of the wave vectork, which in
the presence of a magnetic field fulfills the commutator re
tions according tok3k5eH/ i\c ~see Sec. IV C!.

~4! Using the eigenstates of this 838 Hamiltonian, we
compute the dipole matrix elements for the transitions
tween hole and electron Landau levels, so as to obtain
oscillator strengths for transitions in the continuum above
fundamental gap~see Secs. IV A and IV B!.

~5! We take into account the effect of resonant coupli
between the Landau levels and the LO phonons in orde
determine the energies at which level repulsion occurs du
the resonant magnetopolaron effect24 ~see Sec. IV C!.

The following parameters are involved in our analysis
the experimental data.

~1! Elastic compliance constantss11 ands12 and deforma-
tion potentials for calculating the change of the energy g
under hydrostatic deformation. Since various notations
used in this context, we quote the relation between the
common notations in use:C12Dd52(ac2av).

~2! Deformation potential for calculating the splitting o
the topmost valence band under tetragonal uniaxial or bia
deformation (Du523bv/2).

~3! The fundamental energy gapEg , which we treat as a
fitting parameter.

~4! Spin-orbit-splitting of the valence band (D) at the cen-
ter of the Brillouin zone.

~5! The effective massme* of the electrons, the Luttinge
inverse mass parametersg1 ,g2 ,g3, effective g values of
electronsg* and holesk,q, and Kane’s matrix elementP. In
the 838 k–p model, the parameterP weights the coupling
between theG6 conduction band and theG8 andG7 valence
bands. The Luttinger parameters defined in a 434 k–p
model for theG8 states must therefore be reduced by t
contribution of this coupling when used in the 838 model.
Likewise, the 232 block of theG6 states contains the re
duced values 112F of the electron mass andg24N1 of the
g value derived from remote band contributions.20
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57 9697INTERBAND MAGNETOABSORPTION IN STRAINED . . .
We have also checked the influence of terms in the
diagonal block between the valence and the conduction b
which are bilinear in the components ofk. These terms,
whose weighting factorB ~Ref. 21! is determined from the
above parameters and the energy separation to the h
p-antibonding conduction band, lead only to minor chang
in the calculated energies. The general 838 Hamiltonian
also containsk-linear terms caused by inversion asymme
and strain terms in the off-diagonal blocks. All these term
not mentioned under points~1!–~5!, above, have been ne
glected in our calculation. Finally, the cyclotron ener
\vc* 5\eB/m0c and the effective Rydberg constantR0*
5m0e4/2\2e2 are defined in terms of the reduced massm0

5(g1 /m011/me* )21 of the electron-hole pair;e is the static
dielectric constant.

The input parameters for ZnSe and ZnTe used in our
culations are given in Tables I and II. This set of paramet
has already proven very satisfactory in describing a num
of different experiments in earlier studies.18,29

B. Influence of strain

In semiconductors with the zinc-blende structure the
of the valence band at theG point is the fourfold degenerat
G8 state, which corresponds to eigenstates of the ang
momentumJ53/2. It is well known that under uniaxial o
biaxial strain this degeneracy is lifted, as described by
434 strain Hamiltonian:14,26

TABLE I. Strain parameters used in the calculations.

s11(Mbar21) s12(Mbar21) C12Dd~eV! Du~eV!

ZnTe 2.334a 20.851a 25.47b 1.875b

ZnSe 2.257a 20.849a 24.9c 1.725c

aRefs. 18, 29, and 31.
bRef. 14.
cRef. 32.

TABLE II. Input parameters used in the calculations.

ZnTea ZnSea

D ~eV! 0.970 0.403
P ~meV Å! 9.964 10.628
me* /m0 0.122 0.145
g* 20.40 1.06
112F 21.64 23.83
g24N1 21.69 21.94
g1 4.05 4.30
g2 0.98 1.14
g3 1.51 1.84
k 0.14 0.20
q 0.001 0.0
\vc* (B510 T) 14.2 meV 13.0 meV
R0* 14.7 meV 14.7 meV
e 8.7 9.1

aRefs. 18, 29, and 31.
f-
d,

her
s

,

l-
rs
er

p

lar

e

H«5~C12Dd! tr «14342
2

3
DuF S Jx

22
1

3
J2D «xx1c.p.G

2
4

3
Du8~$Jx ,Jy%«xy1c.p.!, ~2!

where the angular momentumJ and its components~e.g., in
the basis of the eigenstatesuJ5 3

2 ,M56 3
2 ,6 1

2 &), strain ten-
sor components e i j , and deformation potentialsC1

2Dd , Du , andDu8 are all 434 matrices. With the choice
of the hydrostatic deformation potentialC12Dd , the eigen-
values ofH« are given with respect to the conduction ba
minimum. For biaxial strain in the (x,y) plane («xy50), one
obtains the eigenvalues for the strain-split topmost vale
band to be3

E63/25F2~C12Dd!
s1112s12

s111s12
1

2

3
Du

s112s12

s111s12
G«biax,

~3!

E61/25F2~C12Dd!
s1112s12

s111s12
2

2

3
Du

s112s12

s111s12
G«biax,

~4!

wheresi j are the elastic compliance constants. The biax
strain «biax is defined as the relative deviation of the latti
constantauu in the plane of the strained layer from the u
strained bulk lattice constant of the sample~i.e., of ZnSe or
ZnTe!

«biax5
auu2asample

asample
. ~5!

As we mentioned earlier, the strain in our samples ari
most probably from the difference in the thermal expans
coefficients of the epilayer, the glue, and/or the glass pl
Since these quantities and their temperature dependenc
not known,«biax is determined from the observed shift an
splitting of the exciton states, which are described by E
~3! and~4!. In doing this, we exploit the fact that the shift o
the transition energy due to the hydrostatic part of the bia
strain and the splitting due to the uniaxial part add with t
same sign for the light hole~LH! states (M56 1

2 ), but have
opposite signs and thus tend to cancel for the heavy h
~HH! states (M56 3

2 ). Thus the energy of the light-hole
transition is more sensitive to strain than that of the hea
holes.

IV. RESULTS AND DISCUSSION

A. Spectra at zero magnetic field

1. ZnTe

Optical transitions observed in the band edge region o
ZnTe epilayer at 1.5 K are presented in Figs. 1 and 2. In
spectrum at zero magnetic field the strongest double pea~at
2.3789 and 2.3804 eV! corresponds to the 1s excitonic state,
and the next doublet transition~at 2.3883 and 2.3900 eV! is
the 2s exciton state from the two top valence bands, i.e.,
heavy-hole and the light-hole band. In this sample, it is cl
that the second set of doublets corresponds to the 2s states,
since the oscillator strengths of the excitons shown23
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9698 57LEE, MICHL, RÖSSLER, DOBROWOLSKA, AND FURDYNA
dependence.30 The broad peak at 2.4048 eV~marked by ar-
row! is the LO-phonon-assisted transition: it is 25.9 me
above the 1s free exciton line. This value is in good agre
ment with the energy of LO phonons~26.1 meV!, obtained
from other measurements.9 The small splitting~1.5 meV! of
the exciton lines is equal to the valence band splitting@see
Eqs.~3! and ~4!# and can be expressed as

DE1s5E63/22E61/25
4

3
DuS s112s12

s111s12
D «biax. ~6!

Using the observed splitting of 1.5 meV and the parame
in Table I, we obtain for the absolute value of the stra

FIG. 1. Transmission spectra for ZnTe, observed at 1.5 K
s1 polarization in the band-edge region for several magnetic fie
The spectra show the dependence of the exciton states on mag
field, along with the emergence of Landau level transitions in
above-band-gap continuum.

FIG. 2. Transmission spectra for ZnTe, observed at 1.5 K
s2 polarization in the band-edge region for several magnetic fie
The spectra show the dependence of the exciton states on mag
field, along with the emergence of Landau level transitions in
above-band-gap continuum.
rs

u«biaxu50.2831023. The mean value of the observed 1s ex-
citon energies in our strained samples is redshifted by 1
meV with respect to the transverse 1s exciton energy of
2.3809 eV measured for unstrained bulk ZnTe.5,14 This shift,
described by the first term in Eqs.~3! and ~4!, leads to the
conclusion that the strain is tensile, i.e.,«biax510.28
31023, which corresponds to a biaxial stress of20.188
kbar. The calculated redshift of 1.3 meV is in accord with t
above observed value of 1.25 meV.

In most optical experiments, transitions involving the tw
valence bands have different absorption intensities due
different interband dipole matrix elementsM0. Using k50
Bloch states, the ratio ofM0~HH! to M0~LH! is 3, which is
the squared ratio of Clebsch-Gordan coefficients foruM u
53/2 anduM u51/2 states. However, the observed intens
of the HH exciton is not 3 times stronger than that of the L
exciton. At this point it is helpful to recall that exciton state
are superpositions of pairs of electron and hole Bloch sta
with different k around theG point. The range ofk values
involved depends on the localization of the exciton wa
function describing the relative motion of the electron-ho
pair. Due to mixing at finitek of angular momentum state
with differentM , i.e., of HH and LH states, the classificatio
of a state as HH or LH is only correct in an approxima
sense, and the ratio of oscillator strengths can in prac
deviate quite substantially from the value of 3 obtained
thek50 states. However, as is clearly seen in Figs. 1 an
the higher energy peak in each doublet is always stron
than the other. Since we identified the strain in this sample
tensile this can serve as qualitative support for the argum
that the stronger peak should correspond to the heavy
transition, and the weaker one should be related to the l
holes.

2. ZnSe

Figures 3 and 4 show the transmission spectra obse
on a ZnSe epilayer at 1.5 K. ForB50 the exciton peaks are
similar to those in the ZnTe epilayer, except for the appe
ance of the impurity-bound exciton at 2.7973 eV, and
absence of a clear energy splitting between the heavy and
light hole excitons in the 1s state. The peaks at 2.8173 an
2.8182 eV are the 2s states for the heavy and the light ho
excitons, respectively. Since ZnSe has a larger exciton b
ing energy than ZnTe, it is easier to resolve higher exci
states from the onset of the continuum. For example,s
states are observed in the ZnSe spectrum~2.8202 and 2.8213
eV!, while they are not resolved in ZnTe. Another peak
2.8334 eV is the LO-phonon-assisted transition, exactly 3
meV above the 1s free exciton line. Since the splitting of th
1s exciton line is not resolved, we took the splitting of th
2s exciton to calculate the value of strain in our samp
Comparing the measured splitting,DE2s50.8 meV, with Eq.
~6!, and using the parameters in Table I, we obtain the m
nitude of the strain asu«biaxu50.1631023. The sign of the
strain is determined by comparing the center of gravity of
1s exciton line with the transverse 1s exciton energy of un-
strained ZnSe of 2.8026 eV.15 Since the center of gravity o
the strain-split excitons in our sample is blueshifted,«biax
must be negative~in contrast to our ZnTe sample!. Thus we
find a compressive strain of«biax520.1631023, which cor-
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57 9699INTERBAND MAGNETOABSORPTION IN STRAINED . . .
responds to a biaxial stress ofTbiax50.12 kbar. The calcu-
lated blueshift of 0.6 meV for this strain is a bit larger th
the measured value of 0.4 meV. However, the difference
0.2 meV is within our experimental resolution. The sign
the biaxial strain is also consistent with the observed int
sities of the strain-split 2s exciton line: in contrast to ZnTe
the component with the higher intensity~identified as the HH
exciton! is at lower energy than the weaker LH compone
This asymmetry is not resolved in the 1s exciton line.

FIG. 3. Transmission spectra for ZnSe, observed at 1.5 K
s1 polarization in the band-edge region for several magnetic fie
The spectra show the dependence of the exciton states on mag
field, along with the emergence of Landau level transitions in
above-band-gap continuum.

FIG. 4. Transmission spectra for ZnSe, observed at 1.5 K
s2 polarization in the band-edge region for several magnetic fie
The spectra show the dependence of the exciton states on mag
field, along with the emergence of Landau level transitions in
above-band-gap continuum.
f
f
-

.

B. Influence of magnetic field

Transmission spectra of the ZnTe and ZnSe epilayers
come much more complex in the presence of a magn
field, due to the combined effects of Zeeman splitting, d
magnetic shifts of excitons, and the formation of Land
levels. The progression of such exciton peaks and the em
gence of the Landau level transitions as the magnetic fi
increases are shown for ZnTe and ZnSe in Figs. 1–4 fors1

ands2 polarizations. In those figures, the low-energy pa
of the spectra are dominated by exciton absorption~diamag-
netic shift of hydrogenic levels!, and the high-energy region
clearly show the gradual emergence of a periodic struc
arising from the formation of Landau levels. We will discu
these two features below.

1. Diamagnetic shift of exciton transitions

In a magnetic field the degenerate exciton states are
into Zeeman sublevels, each sublevel experiencing a diam
netic shift. The latter can be seen in Figs. 1,2, and 3,4 for
ZnTe and ZnSe epilayers, respectively. The diamagn
shift is much more pronounced for the 2s than for the 1s
excitons. This is depicted in Fig. 5, which shows the o
served shifts of the mean value of the HH exciton energ

DEdia5
1

2
@DE~s1!1DE~s2!#, ~7!

plotted for 1s ~open circles! and 2s ~full circles! states. The
change in energyDE is calculated with respect to theB50
values. The diamagnetic shift can be calculated using
expressions derived in second order perturbation theory
the low field region,27,28 i.e., when the corrections due to th
magnetic field are small compared with the binding ene
of the exciton state. From Refs. 27 and 28 we have~in units
of the effective RydbergR0* )

DE~1s!dia5H 1

2
2F53

48
2

53

60S 3

2D 2Gm0

m1
2

34

15S m0

m1
D 2

2
17

60S m0

m2
D 2J g2, ~8!

DE~2s!dia5H 72F61

6
2

122

15 S 3

2D 2Gm0

m1
2

349

15 S m0

m1
D 2

2
349

120S m0

m2
D 2J g2, ~9!

where

m0

m0
5

m0

me*
1g1 ,

m0

m1
5g2 ,

m0

m2
52A3g3 . ~10!

The g parameter is defined asg5\vc* /2R0* , with \vc*
5\eB/m0c andR0* 5m0e4/2\2e2.

The diamagnetic shifts calculated from Eqs.~8! and ~9!,
and using the parameters of Table II, are shown in Fig. 5.
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9700 57LEE, MICHL, RÖSSLER, DOBROWOLSKA, AND FURDYNA
the 1s excitons we find close agreement with the experim
tal data over the whole range of magnetic fields~up to 6 T!,
while for the 2s states the calculated shifts become too la
for B.2 T. This is a consequence of the breakdown of
perturbation theory when the magnetic field correction is
longer small compared to the binding energy, which for
2s exciton is about 4 times smaller than for the 1s exciton.

2. Landau level transitions

The application of a magnetic field results in a remarka
enrichment of spectroscopic details above the band gap~see
Figs. 1 to 4!. The new features begin to appear already
moderate magnetic fields, about 2 T, and show an oscilla
behavior with increasing intensity as the field increas
These spectral features bear the signature of Fano r
nances, which result from coupling a discrete state to
continuum. In our case the discrete state is the exciton s
attached to a pair of electron and hole Landau levels, w
the continuum belongs to electron-hole pairs with a sma
Landau quantum numbern.19 As we mentioned before, a

FIG. 5. Diamagnetic shifts of the 1s and the 2s excitons in
ZnTe ~upper panel! and in ZnSe~lower panel!. Theoretical results
shown by the solid lines are seen to describe rather well thes
exciton data~open circles! in both materials. For 2s exciton, the
theory agrees with experiment~solid circles! only in the low field
region ~smaller than 2 T!, where the perturbation theory is valid.
-
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complete quantitative theoretical description of these tra
tions, taking into account electron-hole correlations in
magnetic field, is not yet available. However, if one negle
the Coulomb interaction, the behavior of an uncorrela
electron-hole pair can be described in the presence of a m
netic field by means of the developing Landau subban
Using the 838 k•p model,21 we calculated Landau leve
energies and dipole transition probabilities for thes1 and
s2 polarizations using the parameters listed in Tables I a
II.

The eigenstates of the 838 Hamiltonian are linear com
binations of products of band edge Bloch functions~charac-
terized by a band indexa5v,c, and thez component of the
spinor angular momentumM ) and oscillator functions~char-
acterized by the Landau level quantum numbern)—in short
notation (n,M )a . Such eigenstates can be identified by t
dominant contributing basis state. Landau levels for the c
duction band calculated from the 838 Hamiltonian follow a
regular fan chart, with a linear dependence of the Land
level energies onB, and separations between the levels d
termined by the electron effective massme* and theg factor
~Table II!. This means that the nonparabolicity of the co
duction band does not become visible in the relevant ene
region up to about 50 meV above the band minimum. T
eigenstates are strongly~to more than 95%! dominated by a
single basis state (n,M )c .

In contrast, the valence band Landau levels show sign
cant deviations from this simple behavior, and a strong m
ing of basis states due to the complexity of the valence ba
The valence band Landau levels for ZnTe and ZnSe are p
ted in Figs. 6 and 7. The levels are classified according to
fourfold symmetry corresponding to the present case~i.e.,
when magnetic field is applied along the@100# growth direc-
tion!. The quantum numberQ is explained in Ref. 21. A
nonlinear dependence of the Landau levels on the magn

FIG. 6. Fan chart for Landau levels evolving from the stra
split valence band edge in ZnTe, calculated from the 838 k–p
model. The levels are identified by the dominant contributing ba
state at 3 T, shown in parentheses.
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field and level anticrossing are clearly seen, together with
convergence forB→0 to the strain-split valence band edge
In ZnSe~Fig. 7! this splitting is reversed relative to that i
ZnTe ~Fig. 6!, in correspondence with the compressive a
tensile strain, respectively. Thus, e.g., the topmost hole L
dau levels are dominated by theM563/2 components in the
former, but by theM561/2 components in the latter. Du
to Landau level mixing, this dominance changes more r
idly for some levels with increasing magnetic field, e.g.,
the fourth level in ZnTe and for the third and fourth levels
ZnSe at 3 T. Since this complex evolution of the hole La
dau levels involves very small changes of energy, it can
be resolved in the experimental spectra without a line sh
analysis.

Dipole transitions from the valence to the conducti
band Landau levels elicited by circularly polarized (s6)
photons obey the selection ruleDN561, whereN5n1M
1 3

2 is a good quantum number under axial symmetry.21 Here
n andM are the quantum numbers of the Landau oscilla
and of thez component of angular momentum, respective
Among the transitions allowed forDN511, those corre-
sponding to (n,2 3

2 )v→(n,2 1
2 )c have oscillator strengths a

most a factor of 2 larger than transitions (n,2 1
2 )v

→(n,1 1
2 )c or (n,1 1

2 )v→(n12,2 1
2 )c . This permits us to

assign the prominent peaks in thes1 spectra unambiguousl
to (n,2 3

2 )v→(n,2 1
2 )c transitions.

After making the identification, we calculated the fa
chart for the (n,2 3

2 )v→(n,2 1
2 )c transition energies, fitting

them to the prominent features of thes1 spectra for largen
(n. 5, where we believe Coulomb correlations to be neg
gible!. In the calculation we used parameters listed in Tab
I and II, and we treated the heavy-hole energy gap as
only fitting parameter. At this point we wish to mention th
the observed transition energies are very sensitive to
value of the energy gap, and therefore they provide a v

FIG. 7. Fan chart for Landau levels evolving from the stra
split valence band edge in ZnSe, calculated from the 838 k–p
model. The levels are identified by the dominant contributing ba
state at 3 T, shown in parentheses.
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direct and accurate measure of this parameter. The calcu
fan chart, together with experimental points, is shown in F
8 for ZnTe. The best fit was obtained for the heavy-ho
band edge energy of 2.392860.0005 eV for our strained
ZnTe sample. We then found the exciton binding ene
from the difference between the strain-split values of
heavy hole band edge and the HH 1s exciton to be

Eex512.460.5 meV.

Taking into account corrections for the strain-induced sh
and splitting of the lines, we determine the low-temperat
energy gap for unstrained ZnTe to be

Eg52.393460.0005 eV.

Both Eg andEex are in close agreement with values report
in the literature, as can be seen in Table III.

-

is

FIG. 8. Magnetic field dependence of Landau level transit
energies in ZnTe for thes1 polarization. Experimental data ar
shown as points connected with dotted lines, and calculated re
are given by the solid curves. The Landau quantum numbers
volved in the transitions are indicated for each line. The pola
anticrossing is depicted as a thick solid line at the top of the
chart.

TABLE III. Values of fundamental energy gapEg and of exci-
ton binding energy at liquid helium temperature.

Eg ~eV! Exciton binding energy~meV! Ref.

2.394 29
ZnTe 13.260.3 1

2.391 39
2.394 12.460.5 this paper
2.818 21 40

ZnSe 2.8201 17.460.4 41
20.0 32
20.8 42

2.8246 22.060.5 this paper
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9702 57LEE, MICHL, RÖSSLER, DOBROWOLSKA, AND FURDYNA
We apply the same procedure to the analysis of thes1

spectra observed for ZnSe. The best fit to experimental
yields the HH band edge energy as 2.825060.0005 eV~see
Fig. 9!. After correcting for the strain-induced shift and spl
ting, we find the band gap energy for unstrained ZnSe to

Eg52.824660.0005 eV.

We then obtain the exciton binding energy from the diffe
ence between this value and that of the 1s exciton energy of
the unstrained material~2.8026 eV! ~Ref. 15! as

Eex522.060.5 meV.

This value is somewhat bigger than the values reported in
literature, as seen in Table III, but we believe that the exci
binding energy derived from the difference between the b
edge and the 1s exciton energy is more accurate than th
determined from the 1s22s exciton separation by assumin
a Rydberg series. The latter assumption is not strictly cor
when one considers band structure and polaron effects. S
lar results as those described for thes1 polarization can also
be obtained by analyzing thes2 spectra of Figs. 2 and 4
which, however, have less pronounced structures than
s1 spectra.

One can clearly see systematic deviations of the ca
lated fan charts from the observed spectral positions in F
8 and 9. These deviations reflect the fact that we have
glected electron-hole correlation and polar electron-pho
coupling in our calculations. We will discuss these two
fects in the next section.

FIG. 9. Magnetic field dependence of Landau level transit
energies in ZnSe for thes1 polarization. Experimental data ar
shown as points connected with dotted lines, and calculated re
are given by the solid curves. The Landau quantum numbers
volved in the transitions are indicated for each line. The pola
anticrossing is depicted as a thick solid line at the top of the
chart.
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3. Coulomb interaction and magnetopolaron effect

Deviations of the calculated transition energies from
observed ones make it obvious that the electron-hole co
lation and electron-LO phonon coupling play important ro
in magneto-optical properties observed near the band
We start this section with a discussion of the magnetopola
effect.

In the last few decades, a number of magneto-optical
periments have shown that the electronic energy levels
polar materials—such as CdTe, ZnTe, and ZnSe—can
significantly perturbed by the electron-LO phonon intera
tion. This perturbation, called the ‘‘polaron effect,’’ has be
most frequently observed in cyclotron resonance exp
ments at low temperatures, in the form of a characteri
increase of the cyclotron mass with magnetic field.33–37 Po-
laron effects can, however, also be observed in the interb
magneto-optical spectra. Consider, for example, the Lan
level energies in a simplified band structure:

conduction band:Ecn5Eg1
1

2
\vc

e1n\vc
e , ~11!

valence band:Evn5
1

2
\vc

h1n\vc
h . ~12!

Electron-LO phonon interaction becomes relevant whene
the optical phonon energy is equal to an integral numbe
Landau level spacings, that is,n\vc

e5\vLO . Thus inter-
band transition energies allowed by the electron-LO phon
interaction~‘‘phonon-assisted’’ transitions! are

DE5Ecn2Evn5Eg1
1

2
~\vc

e1\vc
h!1\vLOS 11

\vc
h

\vc
eD ,

~13!

with

vc
h

vc
e

5
me*

mh*
. ~14!

Thus we obtain, for single-particle transitions, a resona
with the 1-LO phonon level at

DE5Eg1
1

2
\vc

0S m0

me
1

m0

mh
D1\vLOS 11

mc*

mh
D . ~15!

The thick solid line near the top of Figs. 8 and 9 indicates
resonance with the 1-LO phonon level for transitions ori
nating from the (n,6 3

2 ) heavy hole states. In the calculation
we used the Luttinger parameters from Table II to expr
the cyclotron masses for heavy~1! and light (2) holes:

mh
6

m0
5Fg16S g2

21
3

4
~g21g3!2D 1/2G21

. ~16!

~Note that, due to the anisotropic dispersion of the vale
band, the heavy hole states,uM u5 3

2, have asmallercyclotron
mass than the light holes.! The anticrossing of the observe
transition energies with the 1-LO phonon level line due
resonant LO-phonon coupling is clearly seen for ZnTe
Fig. 8. The phenomenon strongly depends on the Lan
level quantum numbern. In ZnTe, about 47 meV above th

n

lts
n-
n
n
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band gap the coupling of electrons and LO phonons (\vLO
525.9 meV! becomes pronounced, causing a broadening
damping of the absorption peaks. Thus no Landau level t
sitions are observed above the electron-phonon anticros
energy. For the detected Landau level quantum numben
,10 this so-called ‘‘magnetopolaron effect’’ is less pr
nounced for ZnSe than for ZnTe, because the LO-pho
energy is larger in ZnSe~30.6 meV!, and the resonance con
dition is thus not fulfilled in the observed spectral range~Fig.
9!. Such anticrossing, or magnetopolaron effect, has alre
been observed in GaAs and CdTe in earlier studies.23,24

In order to estimate the role of electron-hole correlat
and electron-polaron coupling on interband transitions,
will compare the experimental results with calculated on
In Fig. 10 we show the energy difference between the ca
lated and observed transition energies as a function of
Landau quantum numbern involved in the transitions at 3 T
for thes1 polarization, for both ZnTe and ZnSe. In the ca
of ZnTe, there are two regions of behavior: for lowern,
where the energy difference between theoretical and exp
mental data shows a monotonic decrease and for highen,
where it starts to increase again. For small Landau quan
numbers~up to 4! and for low magnetic field range, th
effect of the electron-phonon coupling is negligible, and
difference between the calculated and observed transition
ergies is only due to the Coulomb interaction, which was
taken into account in our calculations. This Coulomb cor
lation energy~which tends to reduce the experimental tra
sition energy! decreases with increasing Landau quant
numbers,38 so that the effect of the Coulomb interaction b
tween the electrons and the holes on the Landau level t
sitions is stronger at lower Landau quantum numbers. Fon
larger than 5, we begin to observe increasing effect of
electron-phonon coupling.

In ZnSe, however, we observe only a monotonic beh
ior. The energy difference between theoretical and exp
mental data decreases continuously due to the reductio
the electron-hole correlation effect, while the magneto
laron effect is still negligible up to Landau quantum numb
6. One can observe in Fig. 10 that the discrepancies are
tematically bigger in ZnSe. This indicates that electron-h

FIG. 10. Energy difference between the calculated and the
perimental transition energies atB53 T, as a function of Landau
quantum numbern. The filled and open circles represent ZnTe a
ZnSe, respectively.
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correlation effects are much more pronounced for ZnSe t
for ZnTe. This should be expected, since the exciton bind
energy in ZnSe is substantially larger than in ZnTe.

Figure 11 shows the energy difference between the
culated and the experimental transition energies as a func
of magnetic fieldB, for the transition involving Landau
quantum numbern55 in both ZnTe and ZnSe. This figur
illustrates that the low-field region is dominated by Coulom
correlation effects, where the energy difference decrea
with magnetic field and the high-field region, where the e
ergy difference increases, is dominated by electron-pho
coupling. This behavior is characteristic for all transitio
involving higher Landau quantum numbers, as can be s
from Figs. 8 and 9. The magnetic field at which experimen
points are the closest to the calculated transition ener
between free particle hole and electron Landau levels
pends on Landau quantum number: the lower then, the
higher is the field. The reader will notice in Fig. 11 that t
turning point in the difference between theory and expe
ment occurs at higher magnetic field in ZnSe than in Zn
This is because the excitonic effects are stronger in ZnSe
mentioned before, while the polaron effects are weaker.

V. SUMMARY

In this paper we have presented magnetoabsorption
from thin MBE-grown ZnTe and ZnSe epilayers, with ph
ton energies below and above the fundamental gap.
spectra show a rich structure due to the formation of excit
and Landau levels. We analyze these spectra in term
available theoretical concepts, in order to determine qua
tatively the fundamental energy gaps and the exciton bind
energies. As these are magnetoabsorption data performe
ZnSe and ZnTe with photon energies alsoabovethe funda-
mental gap, our results are complementary to those alre
available in the literature. The present results confirm
reported values for gap and exciton binding energies. F
thermore, by comparing experimental results to theoret
ones, we extracted Coulomb correlation effects, which
pear to be stronger when the transitions involve lower L

x- FIG. 11. Energy difference between calculated and experime
transition energies for Landau quantum numbern55, as a function
of magnetic fieldB. The filled and open circles represent ZnTe a
ZnSe, respectively.
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dau levels. Another observed phenomenon which we c
sider to be important is the effect on the Landau le
transitions of electron-phonon coupling, resulting from an
crossing between transitions and the electron-LO-pho
resonance line. Such polaron effects were observed to
stronger for the higher Landau levels and higher fields. Ho
ever, the rich spectral information of the continuum abso
tion at finite magnetic fields cannot be fully exploited due
an

i
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r,

er

mu

.

s

te

-

ys
n-
l
-
n
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the absence of appropriate theoretical concepts required
interpreting the observed line shapes.
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