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Interband magnetoabsorption in strained epitaxially grown ZnTe and ZnSe
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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 evolutios of the 1
and X exciton states and of the rich structure arising from the formation of Landau levels in the continuum.
The observed spectral features are analyzed usingt & -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 oneq4.50163-182808)04316-1

[. INTRODUCTION cant structure in the absorption continuum also develop as a
In recent years, interest in wide-gap 11-VI semiconductorsConsequence of the format_lon of Land:_:lu_ levels. How-

S . L ver, magneto-optical experiments are difficult to perform on
has been steadily increasing because of the possibility gfq |1.yy'sin the region above the band gap due to very large
optlcgl _dewce applications in the short-wavglength range Ogbsorption coefficientéf the order of 18 cm™1).8 There-
the visible spectrum, where most I1l-V semiconductors argoe the observation of Landau subband transitions, from
opaque. This has raised the demand for detailed understanghich we can study the development of the band structure in
ing of the near-band-edge structure of these materials. Thg magnetic field, requires crystals which are very tisio as
absorption edge of wide band gap II-VI semiconductors iso reduce continuum absorptiprand of high quality(so as
dominated by the formation of excitons due to the electronto make transition lines as sharp as possibidis require-
hole correlation. Since excitonic effects are fundamental ifment can now be met due to the development of epitaxial
the interpretation of the spectra of wide-gap II-VI materials,growth techniques such as molecular beam epitaxy.
and since they play an important role in various optoelec- In this paper we will describe our magnetoabsorption ex-
tronic applications, it is important to determine the excitonperiments on high quality MBE-grown ZnTe and ZnSe epi-
binding energies in a direct and precise way. For bulkayers with photon energies below and above the fundamen-
samples of 1I-VI semiconductors many photolumi- tal gap. The characteristic spectral featiifebserved in the
nescencé;* reflectanc€;’ and magnetoreflectarfté!  continuum absorption in the presence of the magnetic Beld
experiments have already been performed on ZnTe and ZnSellow a fan chart that corresponds to transitions between
in the spectral region below the band gap for the purpose dfiole and electron Landau levels. By extrapolating the results
determining band parameters, such as the exciton bindingp B=0, it is possible to determine directly and accurately
energy and the effective mass. In two-photon absorptiorthe band edge and, consequently, also the exciton binding
experiments?~* due to their very small linewidths, it was energy. We support the interpretation and analysis of the
possible to resolve and analyze polariton features and theéata by calculations of the transition energies and dipole ma-
fine structure of excited exciton states. However, none ofrix elements using a 88 k-p model, including the effects
these experiments providbrect spectral information on the of strain (introduced during sample preparatioand mag-
continuum edge. Thus, in order to obtain values of excitometic field?>?! The procedure automatically establishes a
binding energies, theoretical models are employed that areomplete set of band parameters for ZnSe and ZnTe. The
not free of approximations and limitations. In contrast, mag-same set of parameters also describe the diamagnetic shifts
netoabsorption experiments performed in the energy regioof the 1s and X exciton states observed in our experiment.
below and above the fundamental gap offer the possibility oSystematic differences between the calculated and experi-
determining the energy gap with high precision, and consemental transition energies in the absorption continuum in the
quently also the exciton binding energy, in a very direct way presence of the magnetic field also enabled us to identify the

An externally applied magnetic field modifies the excitoneffects of Coulomb correlatidA?® and of electron-phonon
states by diamagnetic shift and Zeeman splitting; a significoupling®*
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Il. EXPERIMENT Ill. THEORY

The epilayer samples were grown by molecular beam ep- A. General concept
itaxy (MBEL.O? 500pm th'ka GaAsélOk?) s_ub_stratefs. Slnche A proper theoretical model for handling the full informa-
we expectd ItS (;(r:]anotns_ tod orrrt1 attht ? tt_eglnnl_ng Ot Ei]r%v"fwvtotion of the spectra presented in Sec. IV must simultaneously
accommodate the strain due to the 1atlice mismalch bEWEeR, ., i ¢4 the effect of electron-hole correlation, the com-
the epilayer and the GaAs substrate, we grow layers suffi-

. ; . . lexity of the valence band structure, and the polar coupling
ciently thick (approximately 1.5um, correspondingat2 h of P - . !
growtxrq time)(, !;porder to ):axciied the criﬁcal th%:)l:(ness re- between electrons and longitudinal opti¢aD) phonons in

quired for the formation of fully relaxed materials. In this the presence of strain and of external magnetic field. Such a
way we obtain high quality crystal material in the top region COMPlete theory does not yet ex{see reviews, Refs. 16,17

of the epitaxial layer. In order to perform optical transmis- NStéad, we analyze the experimental data within the follow-
sion experiments it is necessary to remove GaAs substratd theoretical guidelines. _

which is opaque in the band gap region of ZnTe and ZnSe. (1) We consider the splitting of the exciton states due to
For this purpose the samples were glued on glass plates, wiltiaxial strain using the Bir-Pikus-Hamiltoni&h(see Sec.
the epilayer in contact with the glass, and the GaAs substratél B).

exposed. The exposed GaAs substrate was then mechanically (2) We describe the diamagnetic shift of the and
polished to a thickness of approximately »0n, and the excitons within the perturbation scheme of Refs. 27 and 28
remaining substrate material was etched off at room temperdsee Sec. IV ( i.e., we consider the terms quadratic in the
ture with a chemical solution of NFDH in H,0,, in 1:20  parameterdefined as the ratio of half the cyclotron energy
ratio. Since ultrathin epilayers of highest quality are requirecover the effective Rydberg constant

for our transmission experiments, we also removed the (3) We calculate free-particle hole and electron Landau
dislocation-rich interface region of aboutdm. For this pur-  |evels using a &8 k-p Hamiltoniarf! that, besides the bi-
pose, the same solution as above was used for etching thgial strain, includes all terms corresponding to bilinear ex-
ZnSe samples, while a solution consisting of {H and Br  pressions in the components of the wave vektowhich in
(50:1) was used for ZnTe. Since the observed excitonic tranthe presence of a magnetic field fulfills the commutator rela-

sitions show a small amount of splitting between the heavy;,,q according tkx k=eH/i%c (see Sec. IV €
and the light hole excitons, we conclude that a residual strain (4) Using the eigenstates of thisx@ Hamiltonian, we

must have been introduced into our samples. The strain wa@

probably introduced either during the sample growth and no een hole and electron Landau levels, so as to obtain the

pompletely remoyed by the_ above preparation prqcedure, Bscillator strengths for transitions in the continuum above the
it arose from a difference in the thermal expansion coeffi-

cients of the sample, the glue and the glass plate durinfundamental gaisee Secs. IV A and IV B

9 (5) We take into account the effect of resonant couplin
; ; g
Sv%?gngllggﬂ\:m to 1.5 Kthe temperature at which the spectra between the Landau levels and the LO phonons in order to

The absorption spectra showed strong Fabry-Perot intedetermme the energies at which level repulsion occurs due to

i . ; the resonant magnetopolaron effédsee Sec. IV ¢
ferences, which enabled us to determine the sample thickness The following parameters are involved in our analysis of

with high precisioR® (i.e., with less than 5% uncertainty the experimental data
T_he sample _thicknes$ can be detgrmined from the separa- (1) Elastic complian.ce constangs; ands;, and deforma-
tions of maxima or minima in the interference pattern using, potentials for calculating the change of the energy gap

mpute the dipole matrix elements for the transitions be-

the refation under hydrostatic deformation. Since various notations are
used in this context, we quote the relation between the two
| n(\) common notations in us€; —Dy=—(a,—a,).
==2d——-my, 1=0,1,2,..., (1) . : . -
2 A (2) Deformation potential for calculating the splitting of

the topmost valence band under tetragonal uniaxial or biaxial

wheren()) is the refractive index for wavelengthandm,  deformation D,=—3b,/2).
is the order number for the first extremum. The plotigf  (3) The fundamental energy gaf, which we treat as a
versusn(\)/\ has the slope @ and cuts they axis atm,. fitting parameter.
The experiments discussed in the next section were per- (4) Spin-orbit-splitting of the valence band] at the cen-
formed on samples withd~0.5 um for ZnSe andd ter of the Brillouin zone.
~0.6 um for ZnTe. (5) The effective mass; of the electrons, the Luttinger
The transmission experiments were carried out in an opinverse mass parameters,y,,ys, effective g values of
tical cryostat T=1.5 K) equipped with a 6-T superconduct- €lectronsg* and holesc,q, and Kane’s matrix elemefR. In
ing magnet. The light source consisted of a halogen lamp anhe 8xX8 k-p model, the parametd? weights the coupling
a 1-m SPEX monochromator. The slit width of the spectrom-between thd’s conduction band and thiés andI'; valence
eter was set to give an energy resolution of 0.3 meV. Théands. The Luttinger parameters defined in 244 k-p
monochromatic light was circularly polarized, so as to allowmodel for thel's states must therefore be reduced by the
the identification of transitions between different spin statescontribution of this coupling when used in thex8 model.
The signal was detected by a photomultiplier tube and wasikewise, the 2<2 block of thel's states contains the re-
sent to a lock-in amplifier and a computer-controlled ana-duced values ¥ 2F of the electron mass argh-4N; of the
lyzer for data processing and storage. g value derived from remote band contributidfis.



TABLE I. Strain parameters used in the calculations.

su(Mbar'!)  s(Mbar'')  C;—Dg4(eV) DyeV)
ZnTe 2.334 —0.85F —5.47 1.87%
ZnSe 2.259 —0.849 —4.9 1.72%

%Refs. 18, 29, and 31.
bRef. 14.
‘Ref. 32.

We have also checked the influence of terms in the off
diagonal block between the valence and the conduction bang,:i\um. For biaxial strain in th

which are bilinear in the components &f These terms,
whose weighting factoB (Ref. 21 is determined from the
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3 gyxT C.p.

2
He=(C1—Dy) tr elgus— §Du[(‘]>2<_

4
- §Dl,1({‘]x-‘]y}8xy+c-p-)’ 2
where the angular momentudnand its component&.g., in
the basis of the eigenstatgh=3,M =+ 3,+ 7)), strain ten-
sor componentse;;, and deformation potentialsC,
—Dy, Dy, andD|, are all 4<4 matrices. With the choice
of the hydrostatic deformation potenti@, — Dy, the eigen-

values ofH, are given with respect to the conduction band
ex.y) plane €,,=0), one
obtains the eigenvalues for the strain-split topmost valence
band to bé

above parameters and the energy separation to the higher

p-antibonding conduction band, lead only to minor changes

in the calculated energies. The generat 8 Hamiltonian

also containk-linear terms caused by inversion asymmetry
and strain terms in the off-diagonal blocks. All these terms,

not mentioned under pointd)—(5), above, have been ne-

glected in our calculation. Finally, the cyclotron energy

fiwi =heBlugc and the effective Rydberg constaRf
= uoe*/2h%€? are defined in terms of the reduced mags
=(7y1/my+ 1/m%) ~* of the electron-hole pait is the static
dielectric constant.

S11+t2S1; 2 S;1— Sy
ap=|2(Ci—Dg 22, 2 Eiax:
=32~ | (C1—Dy) SitS | 30Ust sy S

(3

S11t2S;; 2 S;— Sy

E.1p=|2(Ci—Dg 2 2 Ebiaxs
12~ | (C1—Dy) SitS; 3 °Usyt sy T
(4)

wheres;; are the elastic compliance constants. The biaxial
strain g,y is defined as the relative deviation of the lattice
constanta) in the plane of the strained layer from the un-

The input parameters for ZnSe and ZnTe used in our calstrained bulk lattice constant of the samfile., of ZnSe or
culations are given in Tables | and Il. This set of parametergnTe)

has already proven very satisfactory in describing a number

of different experiments in earlier studit?®

B. Influence of strain

In semiconductors with the zinc-blende structure the to
of the valence band at tHeé point is the fourfold degenerate
I's state, which corresponds to eigenstates of the angul
momentumJ=3/2. It is well known that under uniaxial or

biaxial strain this degeneracy is lifted, as described by th?

4% 4 strain Hamiltoniart#2%

TABLE Il. Input parameters used in the calculations.

ZnTé ZnSé
A (eV) 0.970 0.403
P (meVA) 9.964 10.628
mg/mg 0.122 0.145
g* —-0.40 1.06
1+2F —1.64 —3.83
g—4N1 —1.69 —1.94
Y1 4.05 4.30
Y2 0.98 1.14
Y3 1.51 1.84
K 0.14 0.20
q 0.001 0.0
fiwf(B=10 T) 14.2 meV 13.0 meV
RS 14.7 meV 14.7 meV
€ 8.7 9.1

%Refs. 18, 29, and 31.

a||~ Asample
€ piax™ AL Foampte 5)
a-sample

As we mentioned earlier, the strain in our samples arises
most probably from the difference in the thermal expansion

Reoefficients of the epilayer, the glue, and/or the glass plate.

Since these quantities and their temperature dependence are

Hot known, e, is determined from the observed shift and

splitting of the exciton states, which are described by Egs.
3) and(4). In doing this, we exploit the fact that the shift of
the transition energy due to the hydrostatic part of the biaxial
strain and the splitting due to the uniaxial part add with the
same sign for the light hold_H) states {1 =+ 3), but have
opposite signs and thus tend to cancel for the heavy hole
(HH) states M==3). Thus the energy of the light-hole
transition is more sensitive to strain than that of the heavy
holes.

IV. RESULTS AND DISCUSSION
A. Spectra at zero magnetic field
1. ZnTe

Optical transitions observed in the band edge region of a
ZnTe epilayer at 1.5 K are presented in Figs. 1 and 2. In the
spectrum at zero magnetic field the strongest double faak
2.3789 and 2.3804 e\torresponds to theslexcitonic state,
and the next doublet transitidiat 2.3883 and 2.3900 e\is
the 2s exciton state from the two top valence bands, i.e., the
heavy-hole and the light-hole band. In this sample, it is clear
that the second set of doublets corresponds to thet&tes,
since the oscillator strengths of the excitons show?
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ZnTe Epilayer T=15K |&piad =0.28< 10" 3. The mean value of the observed @éx-
citon energies in our strained samples is redshifted by 1.25
meV with respect to the transverses Exciton energy of
2.3809 eV measured for unstrained bulk Z#&This shift,
described by the first term in Eq&3) and (4), leads to the
conclusion that the strain is tensile, i.esy,=+0.28
X 1073, which corresponds to a biaxial stress ©0.188
kbar. The calculated redshift of 1.3 meV is in accord with the
above observed value of 1.25 meV.

In most optical experiments, transitions involving the two
valence bands have different absorption intensities due to

M different interband dipole matrix elemenit4,. Usingk=0
f B=00T Bloch states, the ratio dfl4(HH) to My(LH) is 3, which is

G

Transmission (arb. units)

25, the squared ratio of Clebsch-Gordan coefficients [fd
1s LO-phonon =3/2 and|M|=1/2 states. However, the observed intensity
236 238 240 242 244 of the HH exciton is not 3 times stronger than that of the LH
Energy (eV) exciton. At this point it is helpful to recall that exciton states

are superpositions of pairs of electron and hole Bloch states
FIG. 1. Transmission spectra for ZnTe, observed at 1.5 K fowith differentk around thel’ point. The range ok values

o* polarization in the band-edge region for several magnetic fieldsinvolved depends on the localization of the exciton wave
The spectra show the dependence of the exciton states on magnefignction describing the relative motion of the electron-hole
field, along with the emergence of Landau level transitions in thepair. Due to mixing at finitek of angular momentum states
above-band-gap continuum. with differentM, i.e., of HH and LH states, the classification

of a state as HH or LH is only correct in an approximate
dependencg The broad peak at 2.4048 gvharked by ar- sense, and the ratio of oscillator strengths can in practice
row) is the LO-phonon-assisted transition: it is 25.9 meVdeviate quite substantially from the value of 3 obtained for
above the § free exciton line. This value is in good agree- thek=0 states. However, as is clearly seen in Figs. 1 and 2,
ment with the energy of LO phonori26.1 meVj, obtained the higher energy peak in each doublet is always stronger
from other measurementsThe small splitting(1.5 meVj of  than the other. Since we identified the strain in this sample as
the exciton lines is equal to the valence band splitfisge  tensile this can serve as qualitative support for the argument

Egs.(3) and(4)] and can be expressed as that the stronger peak should correspond to the heavy hole
transition, and the weaker one should be related to the light
AE..—E..E =ED S11~ S12 . ©) holes.
1s *+3/2 *1/2 3 u Sll+ Sip biax*
Using the observed splitting of 1.5 meV and the parameters 2. ZnSe

in Table I, we obtain for the absolute value of the strain Figures 3 and 4 show the transmission Spectra observed
on a ZnSe epilayer at 1.5 K. F&=0 the exciton peaks are
ZnTe Epilayer T=15K similar to those in the ZnTe epilayer, except for the appear-
5 ance of the impurity-bound exciton at 2.7973 eV, and the
absence of a clear energy splitting between the heavy and the

@ light hole excitons in the 4 state. The peaks at 2.8173 and
’é 2.8182 eV are the 2states for the heavy and the light hole

= J‘ excitons, respectively. Since ZnSe has a larger exciton bind-
"c% | B=60T ing energy than ZnTe, it is easier to resolve higher exciton
= B=50T states from the onset of the continuum. For exampke, 3
= Bo40T states are observed in the ZnSe spect(2r8202 and 2.8213

é B_30T eV), while they are not resolved in ZnTe. Another peak at
z Bo20T 2.8334 eV is the LO-phonon-assisted transition, exactly 30.6
g Bo10T meV above the 4 free exciton line. Since the splitting of the

& B=00T 1s exciton line is not resolved, we took the splitting of the

2s exciton to calculate the value of strain in our sample.
Comparing the measured splittingE,;= 0.8 meV, with Eq.
236 238 240 242 244 (6), and using the parameters in Table I, we obtain the mag-
Energy (eV) nitude of the strain apey,,| =0.16<10 3. The sign of the
strain is determined by comparing the center of gravity of the
FIG. 2. Transmission spectra for ZnTe, observed at 1.5 K forlS exciton line with the transverseslexciton energy of un-
o~ polarization in the band-edge region for several magnetic fieldsstrained ZnSe of 2.8026 eV.Since the center of gravity of
The spectra show the dependence of the exciton states on magnetite strain-split excitons in our sample is blueshiftegi
field, along with the emergence of Landau level transitions in themnust be negativéin contrast to our ZnTe sampleThus we
above-band-gap continuum. find a compressive strain @f,,,= —0.16x 10" 3, which cor-

LO-bhonon
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B. Influence of magnetic field

ZnSe Epilayer T=15K Transmission spectra of the ZnTe and ZnSe epilayers be-

c come much more complex in the presence of a magnetic
field, due to the combined effects of Zeeman splitting, dia-
magnetic shifts of excitons, and the formation of Landau
levels. The progression of such exciton peaks and the emer-
gence of the Landau level transitions as the magnetic field
increases are shown for ZnTe and ZnSe in Figs. 1—4rfor
and o~ polarizations. In those figures, the low-energy parts
of the spectra are dominated by exciton absorptthamag-
netic shift of hydrogenic levelsand the high-energy regions
clearly show the gradual emergence of a periodic structure
arising from the formation of Landau levels. We will discuss
these two features below.

Transmission (arb. units)

1. Diamagnetic shift of exciton transitions

| 1st 2st ?33 " LO-phonon

‘ In a magnetic field the degenerate exciton states are split
2.79 2.81 2.83 2.85 2.87

into Zeeman sublevels, each sublevel experiencing a diamag-
Energy (eV) netic shift. The latter can be seen in Figs. 1,2, and 3,4 for the
ZnTe and ZnSe epilayers, respectively. The diamagnetic
FIG. 3. Transmission spectra for ZnSe, observed at 1.5 K foshift is much more pronounced for thes 2han for the 5
o™ polarization in the band-edge region for several magnetic fieldsexcitons. This is depicted in Fig. 5, which shows the ob-

The spectra show the dependence of the exciton states on magnefigryed shifts of the mean value of the HH exciton energies,
field, along with the emergence of Landau level transitions in the

above-band-gap continuum.

1
AEg,==[AE(c")+AE(co7)], 7
responds to a biaxial stress ®f;,,=0.12 kbar. The calcu- dia 2[ (a7) (07)] 0

lated blueshift of 0.6 meV for this strain is a bit larger than

the measured value of 0.4 meV. However, the difference oplotted for Is (open circles and X (full circles) states. The
0.2 meV is within our experimental resolution. The sign of change in energAE is calculated with respect to tHg=0

the biaxial strain is also consistent with the observed intenvalues. The diamagnetic shift can be calculated using the
sities of the strain-split  exciton line: in contrast to ZnTe, expressions derived in second order perturbation theory for
the component with the higher intensiigentified as the HH  the low field regior?’?%i.e., when the corrections due to the
exciton is at lower energy than the weaker LH component.magnetic field are small compared with the binding energy
This asymmetry is not resolved in the &xciton line. of the exciton state. From Refs. 27 and 28 we h@neunits

of the effective RydberdRy)

ZnSe Epilayer T=15K 5 5
2 2
E 17 uo
- L ®
. 60 M2
5
= 61 122/3\2|po 349 w2
7 AE(ZS)diaz[7_[€_1_52(§> [ TR
@ M1 M1
g 349 2
a Mo
g - @(—) ]72, ©)
[ M2
E
where
1s4  2st f3s ‘ . LO-phonon ‘
2.79 2.81 2.83 2.85 2.87 mg mg mq mg
—=—+y, —=v, —=23v;. 10
Energy (eV) Lo m* Y1 1 Y2 i V373 (10

e

FIG. 4. Transmission spectra for ZnSe, observed at 1.5 K for, . . . ok . N
o~ polarization in the band-edge region for several magnetic fieldsI "€ v parameter is defined ag=7%w:/2R; , with fiwg
The spectra show the dependence of the exciton states on magnetich € B/ uoC and R = uoe?/27i? €2,
field, along with the emergence of Landau level transitions in the The diamagnetic shifts calculated from E@8) and (9),
above-band-gap continuum. and using the parameters of Table Il, are shown in Fig. 5. For
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Q=2ashed)
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>
Energy (meV)

Diamagnetic shift AE (meV)

g
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w
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. FIG. 6. Fan chart for Landau levels evolving from the strain-
split valence band edge in ZnTe, calculated from the88k-p
model. The levels are identified by the dominant contributing basis
state at 3 T, shown in parentheses.

—_
[=]
r

complete quantitative theoretical description of these transi-
1 tions, taking into account electron-hole correlations in a
magnetic field, is not yet available. However, if one neglects
the Coulomb interaction, the behavior of an uncorrelated
electron-hole pair can be described in the presence of a mag-
netic field by means of the developing Landau subbands.
Magnetic field (Tesla) Using the 8x8 k-p model?* we calculated Landau level
energies and dipole transition probabilities for #hé and

FIG. 5. Diamagnetic shifts of thesland the 2 excitons in ¢~ polarizations using the parameters listed in Tables | and
ZnTe (upper pangland in ZnSe(lower panel. Theoretical results ||,
shown by the solid lines are seen to describe rather well the 1
exciton data(open circley in both materials. For { exciton, the
theory agrees with experimefgolid circles only in the low field
region (smaller than 2 T, where the perturbation theory is valid.

Diamagnetic shift AE (meV)

: L L

=y
o

1.0 2.0 3.0 4.0 5.0 6.0 7.0

e
=}

The eigenstates of theX88 Hamiltonian are linear com-
binations of products of band edge Bloch functigokarac-
terized by a band index=v,c, and thez component of the
spinor angular momentui ) and oscillator functiongchar-

. ) ) . acterized by the Landau level quantum numiberin short

the 1s excitons we find close agreement ywth the experimeny, qiation 0,M).,. Such eigenstates can be identified by the
tal data over the whole range of magnetic fiefdp to 6 ), gominant contributing basis state. Landau levels for the con-
while for the Z states the calculated shifts become too largey,ction band calculated from the<@ Hamiltonian follow a

for B>2 T. This is a consequence of the breakdown of th§eqgyar fan chart, with a linear dependence of the Landau
perturbation theory when the magnetic field correction is nQg,g| energies oB, and separations between the levels de-
longer _sma_ll compareq to the binding energy, which for thetermined by the electron effective mas§ and theg factor

2s exciton is about 4 times smaller than for the éxciton. (Table 1)). This means that the nonparabolicity of the con-
duction band does not become visible in the relevant energy
region up to about 50 meV above the band minimum. The

The application of a magnetic field results in a remarkablesigenstates are stronglfo more than 95%dominated by a
enrichment of spectroscopic details above the band(se® single basis staten(M)..

Figs. 1 to 4. The new features begin to appear already at In contrast, the valence band Landau levels show signifi-
moderate magnetic fields, about 2 T, and show an oscillatorgant deviations from this simple behavior, and a strong mix-
behavior with increasing intensity as the field increasesing of basis states due to the complexity of the valence band.
These spectral features bear the signature of Fano res®he valence band Landau levels for ZnTe and ZnSe are plot-
nances, which result from coupling a discrete state to théed in Figs. 6 and 7. The levels are classified according to the
continuum. In our case the discrete state is the exciton stafeurfold symmetry corresponding to the present cése,
attached to a pair of electron and hole Landau levels, whilevhen magnetic field is applied along tfE00] growth direc-

the continuum belongs to electron-hole pairs with a smalletion). The quantum numbe® is explained in Ref. 21. A
Landau quantum number.’® As we mentioned before, a nonlinear dependence of the Landau levels on the magnetic

2. Landau level transitions
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FIG. 7. Fan chart for Landau levels evolving from the strain- shown as points connected with dotted lines, and calculated results
split valence band edge in ZnSe, calculated from the88k-p  are given by the solid curves. The Landau quantum numbers in-
model. The levels are identified by the dominant contributing basi,olved in the transitions are indicated for each line. The polaron
state at 3 T, shown in parentheses. anticrossing is depicted as a thick solid line at the top of the fan

field and level anticrossing are clearly seen, together with thghart

convergence foB— 0 to the strain-split valence band edges.
In ZnSe (Fig. 7) this splitting is reversed relative to that in
ZnTe (Fig. 6), in correspondence with the compressive an
tensile strain, respectively. Thus, e.g., the topmost hole Larﬁ
dau levels are dominated by thMe= +3/2 components in the
former, but by theM = +1/2 components in the latter. Due
to Landau level mixing, this dominance changes more rap
idly for some levels with increasing magnetic field, e.g., for
the fourth level in ZnTe and for the third and fourth levels in
ZnSe at 3 T. Since this complex evolution of the hole Lan-
dau levels involves very small changes of energy, it cann
be resolved in the experimental spectra without a line sh
analysis.

Dipole transitions from the valence to the conduction
band Landau levels elicited by circularly polarized ()
photons obey the selection ruleN=*1, whereN=n+M
+2 is a good quantum number under axial symméjmjer.e Both E, andE,, are in close agreement with values reported
n andM are the quantum numbers of the Landau oscnlatorin the Igiterature as can be seen in Table IIL.
and of thez component of angular momentum, respectively. '

Among the transitions allowed foAN=+1, those corre-
sponding to §,—3),— (n,— 3). have oscillator strengths al-
most a factor of 2 larger than transitionsn, € 3),

direct and accurate measure of this parameter. The calculated
dfan chart, together with experimental points, is shown in Fig.
for ZnTe. The best fit was obtained for the heavy-hole
and edge energy of 2.3928.0005 eV for our strained
ZnTe sample. We then found the exciton binding energy
from the difference between the strain-split values of the
heavy hole band edge and the HiH éxciton to be

Eex=12.4£0.5 meV.
Oﬁ'aking into account corrections for the strain-induced shift

aP&nd splitting of the lines, we determine the low-temperature
energy gap for unstrained ZnTe to be

E,=2.3934:0.0005 eV.

TABLE lll. Values of fundamental energy gdf, and of exci-
ton binding energy at liquid helium temperature.

—(n,+3)c or (n,+3),—(n+2,~3)c. This permits us to Ey (V)  Exciton binding energymeV) Ref.
assign the prominent peaks in thé spectra unambiguously

to (n,—3),—(n,— ). transitions. 2.394 29

After making the identification, we calculated the fan ZnTe 13.2:0.3 1

chart for the 0,—3),—(n,—3), transition energies, fitting 2.391 39
them to the prominent features of thé spectra for large 2.394 12.40.5 this paper
(n> 5, where we believe Coulomb correlations to be negli- 2.818 21 40
gible). In the calculation we used parameters listed in TablegnSe 2.8201 1740.4 41

I and Il, and we treated the heavy-hole energy gap as the 20.0 32
only fitting parameter. At this point we wish to mention that 20.8 42
the observed transition energies are very sensitive to the 2.8246 22.60.5 this paper

value of the energy gap, and therefore they provide a very
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/ 3. Coulomb interaction and magnetopolaron effect
LO-phonon 6

Resonant Deviations of the calculated transition energies from the
288 1 observed ones make it obvious that the electron-hole corre-
5 lation and electron-LO phonon coupling play important roles
in magneto-optical properties observed near the band gap.
4 We start this section with a discussion of the magnetopolaron
effect.

In the last few decades, a number of magneto-optical ex-
periments have shown that the electronic energy levels in
polar materials—such as CdTe, ZnTe, and ZnSe—can be
significantly perturbed by the electron-LO phonon interac-
tion. This perturbation, called the “polaron effect,” has been
1 most frequently observed in cyclotron resonance experi-
ments at low temperatures, in the form of a characteristic
=0 increase of the cyclotron mass with magnetic fielc’ Po-
laron effects can, however, also be observed in the interband
‘ ‘ ‘ , o ‘ magneto-optical spectra. Consider, for example, the Landau
00 10 20 30 40 50 60 70 level energies in a simplified band structure:

Magnetic field (Tesla)

ZnSe Epilayer

Energy (eV)

1
H . _ - e e
FIG. 9. Magnetic field dependence of Landau level transition conduction band:Eq= Eq T 2ﬁw0+nhwc’ (11)

energies in ZnSe for the* polarization. Experimental data are

shown as points connected with dotted lines, and calculated results 1

are given by the solid curves. The Landau quantum numbers in- valence band:Evn=§ﬁw2+ nfiol. (12

volved in the transitions are indicated for each line. The polaron

anticrossing is depicted as a thick solid line at the top of the fanElectron-LO phonon interaction becomes relevant whenever

chart. the optical phonon energy is equal to an integral number of

Landau level spacings, that isfiwi=%w o. Thus inter-

We apply the same procedure to the analysis ofdfle  band transition energies allowed by the electron-LO phonon

spectra observed for ZnSe. The best fit to experimental dat&teraction(“phonon-assisted” transitionsare

yields the HH band edge energy as 2.82800005 eV(see

Fig. 9). After correcting for the strain-induced shift and split-

ting, we find the band gap energy for unstrained ZnSe to be

h
We
e

1 h
AE=E¢—Ey=Eg+ E(hw§+ﬁw2)+ﬁw,_o< 1+ﬁ

wC
(13
Ey=2.8246+0.0005 eV. with
h
We then obtain the exciton binding energy from the differ- @e _ m_: (14)
ence between this value and that of treekciton energy of wg m} '

the unstrained materi&2.8026 eV (Ref. 15 as ] ] ] »
Thus we obtain, for single-particle transitions, a resonance

with the 1-LO phonon level at
Ee=22.0£0.5 meV.

*

Mg m
1+ —1.
My

Mo
This value is somewhat bigger than the values reported in the Me i mp,
Iit_era_\ture, as seen i_n Table IlI, but_we believe that the excitonrhe thick solid line near the top of Figs. 8 and 9 indicates the
binding energy derived from the difference between the bangesonance with the 1-LO phonon level for transitions origi-
edge and the 4 exciton energy is more accurate than thatating from the £, = 2) heavy hole states. In the calculations
determined from the - 2s exciton separation by assuming e ysed the Luttinger parameters from Table Il to express

a Rydberg series. The latter assumption is not strictly corregi,q cyclotron masses for hea¢y) and light (—) holes:
when one considers band structure and polaron effects. Simi-

lar results as those described for thé polarization can also mﬁ
be obtained by analyzing the™ spectra of Figs. 2 and 4 o
which, however, have less pronounced structures than the 0
o' spectra. (Note that, due to the anisotropic dispersion of the valence
One can clearly see systematic deviations of the calcuband, the heavy hole statéd]|= 2, have asmallercyclotron

lated fan charts from the observed spectral positions in Figsnass than the light holesThe anticrossing of the observed

8 and 9. These deviations reflect the fact that we have ndransition energies with the 1-LO phonon level line due to
glected electron-hole correlation and polar electron-phonomnesonant LO-phonon coupling is clearly seen for ZnTe in
coupling in our calculations. We will discuss these two ef-Fig. 8. The phenomenon strongly depends on the Landau
fects in the next section. level quantum numbaen. In ZnTe, about 47 meV above the

1
AE=Eg+§ﬁw2 +holo (15)

-1

3 1/2
2 2
Y2t Z()fﬁ v3) ) (16)

71
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FIG. 10. Energy difference between the calculated and the ex-

perimental transition energies Bt=3 T, as a function of Landau  yansition energies for Landau quantum number5, as a function
quantum numben. The filled and open circles represent ZnTe and of magnetic fields. The filled and open circles represent ZnTe and
ZnSe, respectively. ZnSe, respectively.

FIG. 11. Energy difference between calculated and experimental

band gap the coupling of electrons and LO phonadie (o )

= 25.9 me\f becomes pronounced, causing a broadening angerrelation effects are much more pronounced for ZnSe than
damping of the absorption peaks. Thus no Landau level trarfor ZnTe. This should be expected, since the exciton binding
sitions are observed above the electron-phonon anticrossirff'€rgy in ZnSe is substantially larger than in ZnTe.

energy. For the detected Landau level quantum numbers  Figure 11 shows the energy difference between the cal-
<10 this so-called “magnetopolaron effect” is less pro- culated and the experimental transition energies as a function
nounced for ZnSe than for ZnTe, because the LO-phonoRf magnetic fieldB, for the transition involving Landau
energy is larger in ZnS€0.6 meVj, and the resonance con- guantum numben=5 in both ZnTe and ZnSe. This figure

dition is thus not fulfilled in the observed spectral raiig. iIIustrate_:s that the low-field region is domi_nated by Coulomb
9). Such anticrossing, or magnetopolaron effect, has alreadgPrrelation effects, where the energy difference decreases
been observed in GaAs and CdTe in earlier stuthés. with magnetic field and the high-field region, where the en-

In order to estimate the role of electron-hole correlation€rdy difference increases, is dominated by electron-phonon
and electron-polaron coupling on interband transitions, Wé:ouph.ng. Th|s behavior is characteristic for all transitions
will compare the experimental results with calculated onesinVolving higher Landau quantum numbers, as can be seen
In Fig. 10 we show the energy difference between the calcuf-ro_m Figs. 8 and 9. The magnetic field at which _expenmentf'il
lated and observed transition energies as a function of theoints are the clo_sest to the calculated transition energies
Landau quantum numberinvolved in the transitions at 3 T between free particle hole and electron Landau levels de-
for theo™ polarization, for both ZnTe and ZnSe. In the casePeNds on Landau quantum number: the lower thethe
of ZnTe, there are two regions of behavior: for lower hlgh_er is the f_|eld. Th(_a reader will notice in Fig. 11 that the_
where the energy difference between theoretical and experf!™ing point in the difference between theory and experi-
mental data shows a monotonic decrease and for higher MeNt occurs at higher magnetic field in ZnSe than in ZnTe.
where it starts to increase again. For small Landau quanturh S iS because the excitonic effects are stronger in ZnSe, as
numbers(up to 4 and for low magnetic field range, the mentioned before, while the polaron effects are weaker.
effect of the electron-phonon coupling is negligible, and the
difference between the calculated and observed transition en-
ergies is only due to the Coulomb interaction, which was not
taken into account in our calculations. This Coulomb corre- In this paper we have presented magnetoabsorption data
lation energy(which tends to reduce the experimental tran-from thin MBE-grown ZnTe and ZnSe epilayers, with pho-
sition energy decreases with increasing Landau quanturmon energies below and above the fundamental gap. The
numbers’® so that the effect of the Coulomb interaction be- spectra show a rich structure due to the formation of excitons
tween the electrons and the holes on the Landau level traand Landau levels. We analyze these spectra in terms of
sitions is stronger at lower Landau quantum numbers.nFor available theoretical concepts, in order to determine quanti-
larger than 5, we begin to observe increasing effect of theatively the fundamental energy gaps and the exciton binding
electron-phonon coupling. energies. As these are magnetoabsorption data performed for

In ZnSe, however, we observe only a monotonic behavZnSe and ZnTe with photon energies aldwovethe funda-
ior. The energy difference between theoretical and experimental gap, our results are complementary to those already
mental data decreases continuously due to the reduction afvailable in the literature. The present results confirm the
the electron-hole correlation effect, while the magnetopo+eported values for gap and exciton binding energies. Fur-
laron effect is still negligible up to Landau quantum numberthermore, by comparing experimental results to theoretical
6. One can observe in Fig. 10 that the discrepancies are sysnes, we extracted Coulomb correlation effects, which ap-
tematically bigger in ZnSe. This indicates that electron-holepear to be stronger when the transitions involve lower Lan-

V. SUMMARY
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dau levels. Another observed phenomenon which we conthe absence of appropriate theoretical concepts required for
sider to be important is the effect on the Landau levelinterpreting the observed line shapes.

transitions of electron-phonon coupling, resulting from anti-
crossing between transitions and the electron-LO-phonon
resonance line. Such polaron effects were observed to be
stronger for the higher Landau levels and higher fields. How-
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