
PHYSICAL REVIE% B VOLUME 22, NUMBER 2 15 JU L Y 1980

Valence-band parameters and g factors of Zn Te from free-exciton magnetoreflectance
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Reflectance of the 1S free-exciton states is measured on ZnTe in magnetic fields up to 18 tesla on polished
(100) and cleaved (110) surfaces. Transverse eigenenergies are determined by a line-shape fit. The analysis of
the magnetic-field-induced shift and splitting of the exciton subcomponents is based on existing low-field
theories with a modification of diamagnetic terms. They are reduced according to a two-band model
variational calculation valid for polar materials up to y 1. We derive valence-band parameters y, and y3
from the anisotropy of the o- and m-polarized transitions observed for different orientation of the magnetic
field. We further evaluate the exciton reduced mass p.o from the exciton Rydberg energy and determine g
factors from the observed linear Zeeman splitting. Renormalized (polaron) parameters derived are:
po/mo =0.080+0.005, y, = 3.9+0.7, y, =0.83+0.08, and y, = 1.30+0.12, corresponding to bare
parameters p,o/mo = 0.074+0.005, y, = 4.4+0.7, y, = 0.95+0.09, and y3 = 1.48+0.14, respectively. We
further derive an electron g factor g, = —0.6+0.3, an effective-hole g factor v= —0.1+0.1, and an
anisotropic-hole g value q = —0.02. For 5~~[110], Voigt configuration, and 7r polarization we observe a
mixing between dipole-allowed and dipole-forbidden states, which results in the observability of a third
transition compared to two transitions observed for 5~~[100].

I. INTRODUCTION

Magneto-optical experiments on free-exciton
states in semiconductors are carried out for
various reasons. Examples are the derivation
of fundamental material parameters, the test of
theoretical models on the basis of parameters
already known, or the investigation of particular
effects such as the short-range electron-hole
spin-exchange interaction or k-linear term in-
duced mixing of different exciton subcompo-
nents. "

In the present paper we investigate the free
exciton of ZnTe by normal-incidence magneto-
reflectance measurements in magnetic fields
up to 18 T, and the main purpose is the deriva-
tion of g factors and valence-band parameters.

- The latter are of great interest for the theoreti-
cal description of acceptor states in Zn Te, which
are currently under investigation in consider-
able detail. "

Derivation of valence-band parameters y,. from
free-exciton magnetoreflectance data requires
the availability of an appropriate theory To be.
suited for an analysis of the present data such a
theory must be valid for (i) degenerate valence
bands, (ii) magnetic fields up to y ~ 1 [cf. Eq.
(3.1c)j, and (iii) polar materials. Unfortunately,
a theory which simultaneously meets require-
ments (i)-(iii) does not exist at present. The
perturbational theory of Cho et al. ' which is an
extension of earlier work by Altarelli and Lipari'
is valid for degenerate valence bands, but only
up to y ~0.4 and for nonpolar materials. The
variational calculation of Behnke et al. ' is valid
for y & 1 and polar materials, but does not take

into account a degenerate valence band. Ekardt's
theory of excitons in zinc-blende-structure semi-
conductors in intermediate magnetic fields' does
not take into account polaron effects, and it is
restricted to y 1 owing to numerical difficulties.

It turns out that Cho's theoretical treatment'
is the most appropriate basis for the analysis of
the present experiments. The linear Zeeman
splitting between the main 0'- and 0. -polarized
transitions is determined in the range 0 & y & 0.4,
and the results also represent the experimental
data up to y =1. We also do not observe any in-
dication for deviations from linear splitting be-
tween the (main) rr-polarized states; thus there
is no problem in applying Cho's theory up to y = 1

as far as the linear Zeeman splitting is concerned.
This is in contrast to similar experiments on InP
and GaAs, where such deviations are already
observed for y w 0.6

Problems arise with respect to quadratic
terms for y ~ 0.4. Compared to the low-field
formula the exciton diamagnetic shift is reduced
as y approaches 1 (Ref. 10), and the shift is
further reduced in polar materials. ' We deter-
mine this reduction in an exact variational calcu-
lation in a two-band model and assume that the
same relative reduction is appropriate for de-
generate valence bands. This extends the appli-
cability range of Ref. 5 to the present experi-
mental situation.

Justification of our approach is provided by
comparison between experiment and theory. Qur
procedure excludes the possibility of determining
the exciton reduced mass p, from the diamagnetic
shift, which depends essentially on p, Thus we
derive the exciton reduced mass p., from the ex-
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citon Bydberg energy R,. With respect to dia-
magnetic terms depending on y, and y, we assume
that they are reduced in the same way as the mean
diamagnetic shift rate.

Possible errors due to this assumption are
expected to be reduced by deriving y, and y,
from expressions which are independent of the
mean diamagnetic shift rate. Our theoretical
approach and the results obtained are supported
by the following: (1) We get a good representa-
tion of the overall exciton splitting pattern;
(2) the valence-band parameters derived here
give a good representation of shallow acceptor
states' observed by other experiments (cf.
Sec. V).

The paper is organized as follows: After a
brief summary of experimental details in Sec. II,
we compile in Sec. III the results of the low-field
theory of I',-I', exciton states, which are rele-
vant for the analysis of our data. Experimental
results are given in Sec. IV, starting with the
electron and hole g values, followed by the free-
exciton reduced mass and the valence-band
parameters y, The results obtained here are
discussed and compared to the results of other
authors in Sec. V.

II. EXPERIMENTAL

Zn Te crystals used in the present investigation
were grown by a modified Bridgman technique
in a carbon-lined quartz ampoule under Te-rich
conditions at 1100 C." The crystals were
either not intentionally doped or P doped with
acceptor concentrations in the 10"/cm' range.
Experiments were performed both on polished
(100) and cleaved (110) surfaces. The (100)
faces were mechanically polished and etched
with Br-methanol of increasing dilution.

The crystals were mounted strain-free in a
helium flow exchange gas cryostat and cooled
down to -4 K. Reflectance was measured with a
quartz-iodine lamp and a conventional optical
system. The detection system consisted of a
—,'-m single grating monochromator, a photo-
multiplier tube, and a lock-in amplifier or a
photon-counting set-up. The magnetic field was
produced by a 12.8 T superconducting magnet
or alternatively by a 10-MW 20-T Bitter-type
magnet.

III. THEORY

A. Line-shape analysis

Analysis of the experimental data and compari-
son with theoretical calculations requires the
determination of transverse eigenenergies of the

B. General considerations and definitions

The magnetic-field-induced splitting and shift
of exciton subcomponents will be discussed on
the basis of the low-field theory as outlined in
Ref. 5. If not otherwise stated all definitions in
the present paper are as given in Ref. 5. How-
ever, differing from Ref. 5, we will use ~m~)o.',
~m&} P ba, sis functions, which appear more con-
venient than the J= 1, J= 2 basis, if the electron-
hole spin exchange can be neglected. In the
present case this assumption is justified, since
the analysis is based on experimental data,
where the Zeeman splitting is significantly larger
than the upper limit for the spin exchange

~

Z, ~.
n and P are the usual spin functions characteriz-
ing I', conduction-band levels. States of the I',
(J= —,) valence band are represented by

~
mj)

where m&
——+ —,', + —', .

For our analysis and discussion the following
definitions are relevant:

R, = p,e'/2h'g',

1/ p,,= 1/m, + y, /m, ,

y = ehH/2 p, cR, , .

17 = K —d —+d(7 —1)+ ef ~

q=q+-', d(7 —1)—-',f,
d = 1.798(p,,/m, )y', ,

(3.1a)

(3.1b)

(3.1c)

(3.1d)

(3.1f )

various exciton sublevels. In the present inves-
tigation these energies are derived from the ex-
perimentally observed spectra by means of a
line-shape fit. If tuo transitions are observed
for a given polarization, theoretical reflectance
curves are calculated from a dielectric function
with two resonances including spatial dispersion
as outlined in detail in Refs. 12 and 13. The
wave vectors corresponding to the three trans-
verse modes propagating in the crystal are
obtained from an equation cubic in k', where k
represents the wave vector. For the case of
three nearby transitions theoretical reflectance
curves are calculated from a dielectric function
with three resonances but zoitbout spatial disper-
sion. Taking into account spatial dispersion for
the case of three oscillators requires the solution
of an equation of fourth order in k' and would lead
to considerable numerical problems. Our sim-
plification is justified by the following fact: If
only two oscillators are observed we obtain within
experimental accuracy the same results concern-
ing energy separation and relative strength of the
two oscillators from a line-shape fit which
either includes or neglects spatial dispersion.
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C. Electron and hole effective g factors

v = 2.268(y.,y, /m, )'(2 + 3/T'),

6' = 1.767',y, /m, ,

o
' = 1.688( p,aQ, /5)',

c,= —,
'

y 'R, 2[5 '(1/ r —1) + a '],

K=KP~H; q=qP~H; g =g P, II.

(3.lh)

(3.1i )

(3.1k)

(3.11 )

(3.lm)

(3.1n)

The Zeeman splitting observed between various
exciton sublevels and for different orientations
of the magnetic field can be used to derive the
electron and hole g factors, g and K, respec-
tively, and also the parameter q, which charac-
terizes the nonspherical contributions to K.

The predominant transitions observed in Fara-
day configuration and 0'- and 0 -polarization are
the

~
&& P and

~

——,'& n states, respectively. The
energy separation between these two states for
B ll[hkl] is characterized by the g factor g, »„
which is defined by

e is the effective (static) dielectric constant,
which has to be distinguished from the back-
ground dielectric constant q~, used in the calcula-
tion of theoretical reflectance spectra. ap is the
exciton Bohr radius, A, the coefficient of the
k-linear term and f is a small correction depend-
ing on K', (cf. Ref. 5). All other symbols have
their usual meaning.

Henormalized (polaron) valence-band param-
eters are marked with an asterisk (*) in the
following, bare parameters are unlabeled. The
relation between bare and renormalized valence-
band parameters is given, for example, in Ref.
14. The asterisk is omitted in expressions which
hold equally for polar and nonpolar materials
and where no distinction is made between renor-
malized and bare parameters. The asterisk
also distinguishes the renormalized electron
mass from the bare conduction band electron
mass.

We extend the applicability range of Ref. 5 in
the following way: We determine the exciton dia-
magnetic shift AE~« in a two-band model varia-
tional calculation according to Bef. 7. By com-
parison with the low-field-limit hydrogenic dia-
magnetic shift we define a correction function
E*(y) according to

In Voigt configuration and m polarization the
predominant states are

~

—,'& P and
~

——,'& a. Analo-
gous to Eq. (3.3) we define g, », by

Explicit expressions for g,. hp7 can be taken
from Ref. 5. For our analysis the, following g
factors are relevant:

g ~pp
—6K +g + (3.5)

+r lpp 2K +g~+ 2 Q' (3.6)

=»&+R + —9' (3.7)

For i3 Ii[100] or for any orientation within the
spherical model two states are observable for cr'

polarization (viz. —',
& P and P& n) and also for o

polarization (viz. ——',
& n and ~-—', & p). The energy

separation between these two states is given for
B ii[100] by

E*(y)=«,*,.(y)/ ,' y'&. - (3.2)

and multiply all diamagnetic terms in Ref. 5,
which are valid for degenerate valence bands,
by E*(y).

Alternatively, we calculate the diamagnetic
shift rate according to Ref. 5 using xenoxmalized
input parameters to take into account polaron
effects. To get results valid for y~ 1 we further
correct the diamagnetic shift according to Bef.
10. The results obtained in this way are prac-
tically the same (less than 3% deviation) as cal-
culated from the baze parameters and correcting
with the function E*(y) [Eq. (3.2)].

(3.8)
I

E(~ ——,'& ) —&(~--,'&P)=A., „P If-+'2, ( ).
(3.8)

For B )i[110] simple expressions similar to
Eqs. (3.$), (3.6), and (3.7) cannot be given, owing
to the mixing betwee~ the

I

—,
&

between the ~-2& and
j
—'& valence-band states.

In this case the analysis requires diagonalization
of the following matrix:
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-3K+—,g, + c2 —6q+ —,c3

-(v 3 /8)(6q+ c,}

—(vY/8)(6q+ c,)

K + 2~c C~+ zq 8C3

3K + 2gc + C2 + 6q + 8C3

(v 3 /8)(6q —c,)

0

(v 3 /8}(6q —c,)
1— 5 — 3—-K + 2g —C2 —2q —8C3

(3.10)

The upper (lower) signs in Eq. (3.10) correspond
to the upper (lower) set of basis functions, given
above the matrix. Owing to the nonzero off-
diagonal elements four states are in principle
observable for o', 0, and m polarization, re-
spectively. Whether more than two states are
actually observed at higher magnetic fields
depends on the relative magnitude of the off-
diagonal elements compared to the difference
between the corresponding diagonal elements.
In the present case we observe three states for
Voigt configuration and 7t polarization (cf. Sec.
IVB), but two states for v' and o polarization in

Faraday configuration.

D. Valence-band parameters y;

The valence-band parameter y, can be derived
from an analysis of free-exciton states in an in-
direct way only. The experiments yield the exci-
ton reduced mass p,„and y, can be calculated
from p, provided the electron effective mass m,
is known. The experimental error of y, derived
in this way is generally large in direct gap mater-
ials, where m, is small, and thus 1/m, is con-
siderably larger than y, .

The exeiton reduced mass p., may either be
derived from the free-exciton (FE) Hydberg
energy or from the mean diamagnetic shift rate
of the exciton sublevels. Since a rigorous theory
of diamagnetic shift rates in polar materials with
valence-band degeneracy is lacking we choose the
former alternative.

The valence-band parameters y, and y, can be
derived from experimentally determined quan-
tities which are independent of the mean diamag-
netic shift rate. The difference between the
diamagnetic shift observed for B ll [110]and that
observed for B tt[100] can be used to determine
the ratio y,/y, according to (cf. Hef. 6)

[bE „(110)—~ „(100)]/hE „(100)

'(y./y. 1+-o'/6')—, (3.11)

where ~~„(hhl) = hE~„- ~~„for B It[hh/], ~~„
is the average diamagnetic shift of the 0-polar-
ized

~

——,'& n and
~

-',) P states observed in Faraday

configuration and ~~„is the shift of the
~

--,.') o
and

~

—,') p states observable in Voigt configuration
for w polarization. Expression (3.11) is derived
neglecting the off-diagonal mixing between the

) and
I 2& and that between the

valence-band states.
The valence-band parameter y, measures the

difference between light- and heavy-hole masses
and a nonzero y, induces a difference between the
diamagnetic shift rates ~E«, and ~E«,. y, can
be derived from this difference according to
(cf. Hef. 6)

(bE', —~', )/(nE', + ~'„)=6'/(I —v). (3.12)

Inserting the numerical value for y, /y, deter-
mined previously transforms Eq. (3.12) into a
quadratic equation for the determination of (p,,y, ).
From (p,,y, ) the parameter y, is immediately
obtained, if p, was determined previously.

IV. RESUI.T3

A. Electron-hole spin-exchange interaction

Our spectra are analyzed assuming negligible
short-range electron-hole spin exchange &„
since within our experimental accuracy we did
not observe any clear indication for finite 4y.
In the spherical model and also for B tl [100]
orientation two transitions are. dipole allowed
for v', 'v, and m polarization, respectively.
Two transitions are also allowed for B tt[111]
and m polarization. Without electron-hole spin
exchange the relative intensities are 3:1 for the
o'- and 0 -polarized transitions and 1:1for the
m-polarized transitions. These intensity ratios
change if the electron-hole spin-exchange energy
becomes comparable to the Zeeman splitting of
the two transitions for a given polarization. "
The m-polarized spectra are always represented
best assuming 1:1 relative intensity for the two
oscillators, i.e., negligible spin-exchange ener-
gy. Kith respect to the 0-polarized spectra the
experiments are less conclusive. For a polar-
ization the two transitions are close together
and a single reflectance structure is observed .
even at 18 T. Two transitions are observed for
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B. Electron and hole g factors

Experimental results for Voigt configuration
and m polarization are shown in Fig. 1 for 8 =12
and 18 T. The spectra were taken for B )t[lll].
The broken curves are calculated including

spatial dispersion; the dotted curves are obtained

neglecting spatial dispersion. The parameters
used for the calculation are relative intensity for
the two oscillators 1:1, background dielectric
constant q, =9.9. This value is obtained from
Ref. 18 by extrapolating the data to the free-
exciton energy and assuming p„ to be smaller by

0.3 at 4 K as compared to room temperature ac-
cording to Ref. 19. We further use a zero
magnetic field oscillator strength 4zP (0 T)
=5&&10 ', corresponding to 0.6 meV longitudinal-

Z flTe kl B ll [111] 4.2K

~ 0.3

QJ 0.2

U

LLj~ 0.1

T] L) T2 L2
VI rr

II I I

12T

T) L) T2 L2
II I I

0 I

2.380 2.385 2.385
ENERGY {eY)

FIG. 1. Normal-incidence reflectance in Voigt con-
figuration and x polarization for 8 ll (111],8 = 12, 18 T.
Solid lines: experimental spectra. Broken lines:
theoretical calculation including spatial dispersion (SD).
Dotted lines: theoretical calculation neglecting SD.
7, L: energies of transverse and longitudinal exciton
states. Upper labels (7;, L;) refer to spectra including
SD, lower labels obtained without SD. Absolute reflec-
tance calculated, not measured. 1:1 relative oscilla-
tor strengths, other parameters see text.

0' polarization, and in a considerable number of
spectra the lower-energy reflectance structure
was less pronounced than expected for 1:3 relative
intensity ratio. However, within our experi-
mental accuracy this does not really prove
nonzero 4, since the relative intensity is appar-
ently dependent on the sample surface conditions.
Thus we assume 4, =0, although our experiments
only suggest 2&, I~0.I meV. This is in agree-
ment with

I
2&,

I
& 0.01 meV reported in Ref. 16,

while our experiments do not support
I

2h,
I

=0.28
meV as given in Ref. 17.

(4.1)g, „,=2Fc+g, + —2'q= —1.1 ~0.1.
Reflectance spectra taken for B Ii [100], Voigt

configuration and m polarization are qualitatively
the same as for B ll[lll]. The g factor derived in
this case is

g Ipp = 2K+g + zq= 0.9 +0.1 (4.2)

The sign of g, is determined according to Eqs.
(3.8) and (3.9). In ZnTe the energy separation
between the

I

—,) P and
I

—,') o. states is larger than
that between the

I
-~) o and

I

——', ) P states (the
latter could not be observed even at 18 T). For
this reason g, & 0 taking into account that c, is
always positive.

The Zeeman splitting between the
I

—,') P and

I

——,) o levels yields the g factor g, [cf. Eqs.
(3.3), (3.5), and (3.6)]. We derived g, from the
simultaneously measured sum and difference of
the v+- and 0 -polarized reflectance for B ~7 T.
The quantity immediately obtained is the splitting

transverse (LT) splitting. This value is derived
from a best fit to the experimentally determined
reflectance curves for 0 &8 &18 T. The depend-
ence of P on the magnetic field strength is calcu-
lated according to Ref. 10. For B=18 T we
obtain 4mp (18 T) =6.7&&10 '. In the calculation
including spatial dispersion we further use a
translational exciton mass M», ——0.47m p calcu-
lated according to Ref. 20, an empirical damping
constant I'=0.25 meV, and an 80-A exciton-free
layer. For the calculation neglecting spatial
dispersion we use I"=0.6 meV and a 120-A exci-
ton-free layer. We do not attribute significance
to the difference between an 80 and a 120 A ex-
citon-free layer, since the assumption of a
sudden change from a surface layer without
excitons to the bulk is a first approximation
anyway. "

The overall agreement between experiment
and theory is slightly better if spatial dispersion
is taken into account. The energy separation
between the transverse eigenenergies deter-
mined in both cases is almost the same (cf. Figs.
1 and 3, below), and compared to the experimental
error the difference is insignificant. This re-
sult justifies the neglect of spatial dispersion in

the analysis of spectra which exhibit three
oscillators.

A reliable determination of the Zeeman split-
ting observed in Voigt configuration for m polar-
ization could be made for B ~ 10 T only. For
lower magnetic fields the second (low-energy)
reflectance structure is not sufficiently pro-
nounced. We observe a linear dependence of the
splitting on magnetic field strength which is
proportional to B up to 18 T and we derive
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~E' between the o - and o -polarized reflectance
minima, where AF'=g,'p~H. The experimentally
observed magnitude of g,

' becomes larger as B
increases and remains constant for B & 5 T. %e
observe

g goo 1 0 at 8 —1 T (4.3)

lop: 1e15 for B (4.4}

This change of g,
' is attributed to the fact that

the 0'- and 0 -polarized reflectance structures
are both due to two oscillators, although one
structure is observed only for a given polariza-

, tion in the range of magnetic fields under con-
sideration here. Figure 2 explains the effect
(cf. also Ref. 12). The curves labeled I.„L,
show the energy of the longitudinal eigenstates
of two nearby oscillators as a function of oscil-
lator separation. If the energy separation be-
tween the two oscillators is small compared to
the LT splitting h» (as in the case discussed
here), a single reflectance minimum correspond-
ing to I, is observed. (If spatial dispersion is
taken into account the energy qf the reflectance
minimum does not coincide exactly with L,; how-
ever, this does not affect our conclusions. ) The
energy separation determined experimentally is
that between L, for o' polarization and L, for o
polarization, L,(o') and L,(o ), and the curvature
of the L2 curves gives rise to the changes ob-
served for g', . The actually measured change
of g', depends on the relative ordering of the cr'-

and cr -polarized states and on the splitting be-

(4.5)&e iso=«+gc+ 2-q= —1.5+0.2
For B II [110]we observe an effective g factor

yyo representing the splitting between the main
o'- and cr -polarized reflectance minima, which
exhibits similar changes as g,',«.

We observe

-O.V at 1 T
~ ~ —0.9 for B)5 T (4.6)

and derive

g yyo 1 3 +0 2 (4.7)

Equations (4.1), (4.2), and (4.5) yield the g
values g„v, and q, and, in particular, yield
q = -0.03. If the experimental results obtained
for B It [110]are also taken into account, a some-
what smaller value for q is suggested. Best
overall agreement is obtained with the following
set of g values:

tween the two oscillators for a given polarization.
In the present ease the splitting between the o'-
polarized states is larger than that between the
a -polarized transitions, and L,(v ) is at higher
energy than L,(o ). Contributions of quadratic
terms to the splitting between 1', and T, for a
given polarization are negligible at small mag-
netic fields.

The g factor g, which represents the splitting
between the

~

—,) P and
~

-2) n states and which we
derive from the observed splitting between the
reflectance minima is

g, = -0.6 + 0.3,
Pc = -0.1 +0.1,

(4.8)

(4.9)
(p): p2)

LT ---------L (&.3)

---L, (3:&)

L) (3:1)

L, ():3)
T)

E NERGY

FIG. 2. Longitudinal exciton states (L&, L2) as a
function of energy separation between transverse ex-
citon states T& and T2 for 1.:3 and 3:1 relative oscilla-
tor strengths of the two oscillators.

0 02 +OHIO 1—0.02. (4;10)

Experimentally measured o'-polarized reflect-
ance spectra for Bll [110]at 8 =12 and 18 T are
shown in Fig. 3. Theoretical curves are also
included. These are calculated for 1:3 relative
oscillator strength of the two transitions. For
the broken curves (including spatial dispersion)
we use translational exciton masses M~ (2 ~io
=0.31m, and M, &, .„,——0.97m, for the light- and
heavy-hole bands, respectively, calculated ac-
cording to Ref. 20. For Bli [100] the lower-
energy reflectance structure is slightly broader
than for B ll [110]. This is attributed to inferior
quality of the polished (100) surfaces compared
to the cleaved (110) surfaces.

Reflectance spectra for B II [110], V'oigt con-
figuration, and g polarization are shown in Fig.
4 for B=12 and 18 T. The interesting feature
of these spectra is the occurrence of a third
transition in addition to the

~

—,') P and
~

——,') n
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ZAT8 kII B 11 [IIO] 4. 2K

hl

~ 0.3

C3~ 0.2

U
LU~ 0.)

T) L) T2 L2

ll II
II

T) L) T2 L2

1l I I

states. As already mentioned in Sec. IIIA the
reflectance curves with three oscillators are
calculated without spatial dispersion. Param-
eters for the calculation are: background dielec-
tric constant g, =9.9, 150-A exciton-free layer,
damping constant I"=0.5 meV, and P, :P,:P,
=0.45:0.45:0.09 relative oscillator strength for
the transitions.

~ I ~ ~

I I I
~ ~ I ~

I
~

ZnTe k 1 B 11 [IIO]

LLI~ 0.3

UJ 0.2
0
LU~ 0.)

12T

T) T2 T3

18T

I I I0
2.380 2.385 2.385

ENERGY (eV)
FIG. 4. Normal-incidence reflectance in Voigt con-

figuration and ~ polarization for B II [110], B =12, 18 T.
Solid lines: experimental spectra. Dotted lines: theor-
etical calculation neglectj~g spatial dispersion. T~, 7"2,

T3. energies of transverse exciton states. Absolute
reflectance calculated. 0.45: 0.45: 0.09 relative oscilla-
tor s trengths.

0 I. . . , I. . . , I

2 380 2385 - 2385
ENERGY (eV)

FIG. 3. Normal-incidence reflectance in Faraday
configuration and o

' polarization for B]I [110], B
= 12, 18 T. Solid lines: experimental spectra. Broken
lines: theoretical calculation including spatial dis-
pers ion {SD). Dotted lines: theoretic al calculation
neglecting SD. T, L: energies of transverse and longi-
tudinal exciton states. Upper labels (T, , L;) obtained
considering SD, lower labels without SD. Absolute
reflectance calculated. 1:3 relative oscillator strengths,
other parameters see text.

A comparison between the experimentally
determined energy positions of the exciton sub-
levels and those calculated theoretically will be
postponed to Sec. IVE. In addition to the g values
the calculation requires as input parameters the
exciton reduced mass. p,, and the valence-band
parameters y,*and y, , which are derived in the
following sections.

C. Exciton reduced mass

The exciton reduced mass p, , will be deduced
in the following from the exciton Rydberg energy
Ro. Reflectance measurements reveal a struc-
ture -8 meV above the free-exciton ground state.
This structure was already reported in Ref. 21
and attributed to the FE 2S state. The experi-
mental observation is confirmed in the present
investigation. However, the conclusion
AE(lS —2S) = 8 meV, where AZ(1S —2S) is the
energy separation between the free exciton 1S
and 2S states, is revised, since absorption data
clearly demonstrate AE(1S —2S) & 8 meV. ' The
structure observed -8 meV above the FE ground
state is most likely related to the FE 2S state;
however, we cannot give an explanation for the
apparent energy shift compared to absorption.
We take

R,*= 12.8 + 0.3 me V (4.11)

from Ref. 22, which was derived from AE(lS —2S)
= 9.8 meV according to Bef. 23 and taking into
account the valence-band parameters derived
below.

According to Eq. (3.1a) the result obtained for
p.,* from R,* depends critically on &. Values
reported in the literature for &, vary consider-
ably as the compilation in Bef. 24 shows. We
use

g =9.3. (4.12)

p,,* (EM)/nz, = 0.081 +0.004, (4.13)

where (EM) indicates that the result is obtained

This value for & characterizes the shallow
(effective-mass) donor 1S-2S state energy sepa-
ration as well as the 2S-3S state energy separa-
tion, which were measured on the samples under
investigation here by excitation spectroscopy on
donor acceptor pair transitions. The FE binding
energy is in between the donor 1S and 2S state
binding energies, which are 18.3 and 4.6 meV,
respectively. Thus we consider the result de-
rived from the effective-mass donor levels appro-
priate for the FE ground state also.

Equations (3.1a), (4.11), and (4.12) directly
yield
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p,, (Kans)/m, =0.073+ 0.004, (4.14)

where (Kane) indicates that the result is derived
on the basis of Kane's calculation. Equation
(4.14) represents the bare exciton reduced mass,
and for comparison with Eq. (4.13}the corre-
sponding polaron mass has to be evaluated. We
derive p.,* from p, by transforming m, and y,
separately into the corresponding polaron values,

the electron and hole polaron radii, respectively,
and r„, is the free-exciton Bohr radius.

According to Ref. 14 we calculate

y, /y,
*= i.12 (4.16)

and using also the bare and renormalized elec-
tron masses as given in Ref. 26 (see above)
we derive

within the simple effective-mass theory.
Alternatively we derive the bare exciton re-

duced mass p,o from +o using the results o
Kane's variational calculation of exciton polar-
ons. 2' Input parameters are the bare electron
mass m„and the static and high-frequency
dielectric constants, &o and &„, respectively.
A rapidly converging iteration procedure based
on the functions tabulated in Ref. 25 yieMs the
bare exciton reduced mass and a hole mass,
which is equivalent to 1/y, for degenerate valence
bands. We did the iteration using m, =0.111m,
(equivalent to the polaron mass m,*=0.116m,
given in Ref. 26), &, =9.3, and e„=6.9. The
latter value e„=6.9 is calculated from g, by the
Lyddane-Sachs- Teller relation and he@(TO}= 22.6
meV and @co(LO)=26.1 meV. '27 The exciton re-
duced mass obtained is

ZnTe

/

/

/

determined by the parameters p.,* and B, . We
use the results for p.D

and Ao* for a comparison
between experimental results and theoretical.
curves calculated on the basis of different models.
This is shown in Fig. 5. Crosses represent ex-
perimental data. Curve 1 is the excitonic dia-
magnetic shift in the low-field limit according to
Ref. 5 and calculated with base parameters.
Curve 2 is obtained by multiplication of curve 1
with a correction function F(y}= AE~„(y)/ , y Jt-„
where &ATE~„(y) is the diamagnetic shift of an
exciton determined in a two-band model varia-
tional calculation valid for y ~ 1 svitkout polaron
correction. This calculation is equivalent to
that performed by Cabib et al." If the variation-
al calculation is performed including polaron
effects as outlined in detail in Ref. 7, we get the
correction function J'*(y) [cf. Eq. (3.2)] and
multiplication of curve 1 with E*(y) yields curve
3. Finally, curve 1*is calculated according to
the low-field three-band formula of Ref. 5 using
renormalized parameters (instead of the base
parameters giving curve 1). Correction of
curve 1~ according to Ref. 10 yields results
which are not included in Fig. 5, since they
differ less than 3% from curve 3.

Curve 1*was calculated using A, =12.8 meV
and p,,*/rn0=0. 081. The corresponding reduced
bare exciton mass p,,/m, =0.076 and R, =11.9

p,,* (Kans)/m, =0.079+ 0.004. (4.16)

This result is in good agreement with Eq.
(4.13). Taking the average of Eqs. (4.13) and
(4.16) we get

p,,*/mo =0.080 +0.005

y.,/m, =0.074 +0.005.
The values of the exciton reduced mass given

in Eq. (4.17) are equivalent to

y~ = 3.9 + 0.7

and

y, =4.4 +0.7,
(4.18)

The relatively large error for y, is mainly due
to the fact that 1/m, is considerably larger than
yl'

The exciton diamagnetic shift is essentially

l i

5 10
FLU X DENSITY (T )

FIG. 5. Mean free-exciton diamagnetic shift {DS)
rate. +: experimental results. Curve 1 (dash-dotted):
DS according to low-field theory, calculated with bare
parameters. Curve 2 (dashed): as curve 1, but cor-
rected for finite y, neglecting polaron effects. Curve
3 {solid): as curve 1, but corrected for finite y in-
cluding polaron effects. Curve 1~ (dotted): DS accor-
ding to low-field theory, calculated with renormalized
parameters. Input parameters: e 0= 9.3, e „=6.9,
kw (LQ)=26.1 meV, m~ =0.116mo,. for curves 1, 2, 3:
Ro-—11.9 meV, po ——0.076m&, corresponding renor-
malized parameters for curve 1*: R 0 = 12.8 meV, po
= 0.08lm0. For references see text.
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meV were taken as input parameters to calculate
curves 1, 2, and 3.

The difference between curve 3 and the experi-
mental results represents the discrepancy be-
tween experiment and the most adequate theory
available at present (i.e., low-field theory for
degenerate valence bands modified for y(1 and
for polaron effects). Agreement between experi-
ment and theory can be obtained assuming a hole
mass m„=0.29m, (cf. Fig. 2 of Ref. 28). The
hole mass m„=0.29mp corresponds to y, =3.44
and p,p=0.080mp. The difference between these
values and those given in Eqs. (4.17) and (4.18)
is nearly within the error limits, taking into
account the error of the experimentally deter-
mined diamagnetic shift rate and also the error
of the input parameters for the variational calcu-
lation. Thus we conclude that our theoretical
approach to the diamagnetic shift is reasonable,
although it is expected that the existing difference
of -10% between theory and experiment could be
reduced by a more rigorous theoretical treatment.

=0.42 + 0.03,

and we derive

y,*/y,*=0.64 + 0.04,

(4.19}

(4.20)

D. Valence-band parameters y2 and y3

The ratio y,*/y,* is determined from the differ-
ence between the mean diamagnetic shift rate ob-
served for B II [100] and B II [110]according to Eq.
(3.11). The experiments yield

[d Ed „(110)—EEs„(100)]/AEs„(100)

y,*=1.30 + 0.12, y, = 1.48 + 0.14. (4.23)

The renormalized parameters y,.
* are those

deduced from experiment; the bare parameters
y,. are calculated from y,*. according to Ref. 14.

E. Fan charts of exciton states

The magnetic-field-induced splitting and shift
of the exciton substates depends on the param-
ete rs y ' pp Rp p ' K and Q' Using the
numerical results of the present investigation
we calculated the energy positions of the various
exciton subcomponents. As already pointed out
in Sec. IVC and shown in Fig. 5 we obtained the
theoretical mean diamagnetic shift rate -10%
larger than measured experimentally. Qwing to
this difference comparison between experiment
and theory with respect to relative shifts and
splittings of the various subcomponents is more
significant if the mean diamagnetic shift rate is
subtracted. This has been done in Figs. 6 and 7,
where theoretical and experimental results are
shown for B tl [100] and B It [110] and for v', tT,
and m polarization. The original experimental
results are easily obtained adding the measured
mean diamagnetic shift rate as shown in Fig. 5

to the experimental data points in Figs. 6 and 7.
Experimental results and theoretical curves

for B II [100] are shown in Fig. 6. The upper part
(a) corresponds to Faraday configuration and the
lower part (b) to Voigt configuration and s polar-
ization. The theoretical curves are calculated
according to Ref. 5 using renormalized param-
eters. Diamagnetic terms contributing to the

neglecting the correction due to the k linear con-
tribution [cf. Eq. (3.11)]. An exact value for the
k:linear coefficient K, of ZnTe is not available at
present. However, K, has been determined ex-
perimentally for CdS (KK, = 0.5 x 10 ' e V cm, Ref.
29) and for ZnO(AK, =0.2 x 10 ' eV cm, Ref. 30).
There is no reason to assume a significantly
larger value for ZnTe. Taking AK, =0.5&&10 '
eV cm would increase the result for y~*/y,* by
less than 0.01, and therefore we have omitted
k-linear-dependent corrections.

The valence-band parameter y,* is derived
from the difference between the diamagnetic shift
rates AEa&, and AEd, , according to Eq. (3.12),
valid for B II [100]. We measure

(~s„-~s„)/(hE~;, + AEs„)=0.128 +0.006,

ZnTe Btt [100] 4.2K

1.0-
E

0.5-

QJ
0

K
LLJ -0.5-

+++ ~+ +
~H+

~

Q W+~ S ~ +H+

~+
g I, g~ +OWN

KIIB

y-y--0 ~ ~ ~ ~ ~ ~ + ~ ~

15

0.5-

6 0.
c9 05
QJz -10- Kj.BIIE

0 5 10

FLUX DENSITY (T)

(b)

y,*=0.83 + 0.08, y, = 0.95 + 0.09, (4.22)

(4.21}

calculate (it,,*y,*) as indicated in Sec. IIID, and
using Eqs. (4.17) and (4.20) we finally obtain

FIG. 6. Splitting of free-exciton subcomponents for
8 ~] [&0O], mean diamagnetic shift subtracted. Solid and
dashed lines: theory. Experimental: +, ~, ~. Identi-
fication of states in order of decreasing energy at high
magnetic fields: (a):

~ a) P, ~

—a) P, ~

—a) n, ( a) c.;



VALENCE-BAND PARAMETERS AND g' FACTORS OF Zn Te. . . 941

ZnTe B II (110] 4.2K

15- — . g+
4)
E 1.0-

+

05- ~+0+~a- -,-a ax a-a-I ~ a&a ~ a-aq-
Ui %a ~++„y' (&)

K]] B + +~~
I I

1.0-
+ 05-
E ~ ~

0 & A a a ~ a ~ ~ ~-a~
c9

0.5-

I I

0 5 10 15

FLUX DENSITY {TESLA)

~~y+

FIG. 7. Splitting of free-exciton subcomponents for
B II{110],mean diamagnetic shift subtracted. Solid and

dashed lines: theory. Experimental: +, ~, ~. Pre;
dominant components of states in order of decreasing
energy at high magnetic fields: (a): I s) P, I

—z)n,
I
——,'&~, I-,'&~; (b) I

—-', &Ii, I-.'&P, I-a&~. Level
crossing at 7-8 T indicated by dotted lines.

splitting are reduced by the ratio E/C, where E
is the experimental. l.y determined mean diamag-
netic shift and C is the calculated diamagnetic
shift as given by curve 1* in Fig. 5. This reduc-
tion is -10/o larger than according to the varia-
tional calculation, where the diamagnetic correc-
tion is given by the ratio (curve 3)/(curve 1*) of
Fig. 5.

The various states in Fig. 6 are (going on the
high-field side from high to low energies)

~

—,) P,
--,') P, ~-a) n, ~-,') n for the v states and

~

—',) P,
--,') n for the s states. '

The general agreement between experiment
and theory is good. With respect to the low-
energy v'-polarized ~-,') n state there is a dis-
crepancy beyond experimental error between
experiment and theory. A similar result was
already found in the case of ZnSe." In that case
the splitting between the two 0 -polarized states

~

——,) o. and
~

——,') p observed for B II [100] was -30 /o

smaller than that calculated from a set of param-
eters which otherwise gave a very good represent-
ation of all exciton subcomponents reported in
Ref. 13, and also of excited exciton states de-
rived by two-photon absorption. " The mentioned
discrepancy is expected to become smaller in a
rigorous theoretical treatment, which is beyond
the scope of the present paper.

A comparison between experiment and theory
for B II [110]is made in Fig. 7. The various
states shown are ~-',)P, ~--,') n, ~--,')P,

(
—,') n

for v polarization and
~

—-',) IS,
~

—,') p, ~-—,') n

V. DISCUSSION

A consistency check for a set of valence-band
parameters and the hole g value ~ is provided by
the expression" ~"

2 1 2= 4+»2 —»X (5.1)

which holds for the bare (Luttinger) valence-band
parameters. Using the results given in Eqs.
(4.18), (4.22), and (4.23) we calculate v=0.0,
from Eq. (5.1). On the other hand we derive
~ =-0.0, from R= —0.1 according to Eq. (3.1d).
Both results are apparently in close agreement.

The electron g factor g, =-0.6 derived here is
in agreement with g, =-0.5, derived in a previous
analysis of similar but less detailed magneto-
reflectance data. " From the magnetic-field-
indueed splitting of the Cu-acceptor bound exci-
ton Dean and co-workers'4 determined g, = -0.38
+0.05, Toms et al." derived an almost identical
result ~g,

~

=0.39 from spin-flip scattering of
photoexcited conduction-band electrons, and
very recent spin-flip measurements by Qka"
yield ~g, ~=0.41. A somewhat smaller, however,
less accurate result, g, = -0.15+0.15, was
derived from the spin splitting of the free-elec-

for 71 polarization. For o and m polarization a
level crossing occurs at -7-8 T where the states
involved are strongly mixed. The curves repre-
senting the respective states are dotted.

The interesting difference between the results
obtained for B II [100] and B II [110]is the pro-
nounced appearance of a third structure in Voigt
configuration and m polarization. According to
the matrix (3.10) there is a mixing between the
~-2) P and

~

--,) P states and also between the ~-—,') n
and

~

—,) o states, induced by the off-diagonal ele-
ments in the matrix (3.10). The mixing between
the dipole-allowed

~

—,') P and the dipole-forbidden

~

——',) P states is sufficiently strong for the
~

——,') P
state to become observable.

Concerning the energy position of the states the
agreement between theory and experiment is good.
However, for the

~

——',) P state we calculate only
-2% of the total v-polarized oscillator strength
at 18 T, while the analysis of the measured
reflectance curves yields almost 10%. The in-
put parameters for the calculation cannot be
varied in such a way that we get agreement
with respect to relative oscillator strengths and
simultaneously preserve reasonable relative
energy separations. Consideration of 0 linear
effects according to Ref. 2 did also fail to give
an oscillator strength for the ——,)P state in
agreement with experiment. Thus this dis-
crepancy cannot be explained at present.
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tron-to-acceptor (FB) transition. "
Taking into accout the experimental error of

the various experimental results the agreement
between the present g value and thai obtained by
other methods is considered satisfactory.

Lawaetz" calculated g, =+0.44 in a five-band
k ~ p analysis. The discrepancy between this
value and the experimental results is fairly large.
It is attributed to the influence of higher bands,
which appears to be larger than assumed before.
A similar conclusion was suggested by the dif-
ference between the calculated electron effective
mass (m, =0.18mo, Ref. 37) and the experimental
results (m,*=0.116m„Ref. 26 and m,*=0.122m„
Ref. 38).

Valence-band parameters of ZnTe have been
determined earlier by Lawaetz" (theoretical
calculation) and by Stradling" (cyclotron reso-
nance) and only recently from a theoretical fit
to excited acceptor states by Herbert and co-
workers' and also by Nakashima and co-workers. "
Nakashima et al. ' analyzed the 2S and 2PS&,
states of the As, P, and I i acceptors along the

lines of the effective-mass treatment outlined
in Hef. 23, while Herbert et al.' did a similar
analysis of S-state series, 2P, &, and 2P, &, (I',)
states of the Cu, Li, and P acceptor (labeled a,
b, and e acceptor in Ref. 3). The results of the
different authors are compiled in Table I.
Lawaetz states that his parameters are bare
relative to the long-range interaction that couples
the carriers to the polarization associated with
long-wavelength optical vibrations in ionic crys-
tals. However, Lawaetz uses input parameters
taken from experiment which are, in general,
polaron values. Consequently we do not consider
the results as really "bare" and compare
I awaetz's data in Table I with renormalized
parame ters.

The agreement between the present results and
those of Hef. 3 is excellent, and it is also good
with respect to the results of Nakashima et al.
Stradling's results differ from the present data
and also from those found by all other authors
by a relatively large value of y, compared to y,*.
Hecent resonance Haman scattering data of exci-

TABLE I. Fundamental parameters of ZnTe.

Parameters Hesujts of other authors

(free exciton)

Ro

13.2+ 0.3 meVa

12.8+0.3 meV'

0.080 ~ 0.005

3.9+ 0.7

0.83 + 0.08

1.30+ 0.12

0.074 ~ 0.005

4.4+ 0.7

0.95+ 0.09

1.48+ 0.14

-0.6 + 0.3

-0.1 + 0.1
—0.02 {+0J&l

—0.04 + 0.1

3.74

1.07

1.64

0.44

0.42

0.05

4.00

1.15

1.29

—0.38

3 8 cl

0.83

1.28

2 c

0.91'

1.54

-0.15 h

' Reference
Reference
Reference
Reference
Reference
Reference

g Reference
Reference

22.
37.
39.
3.
40.
34.
35 sign of g, not given.
26.
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tonic polaritons by LO and acoustic phonons
(Ref. 41) has been analyzed on the basis of Strad-
ling's valence-band parameters. Agreement
be4veen experiment and theory was found in
Ref. 41; however, the results are not very sensi-
tive to y,*. Accordingly, these experiments do
not favor one result for y, compared to another.
On the other hand, Lawaetz calculated a consid-
erably smaller value of y, than found in the pres-
ent investigation, but all other authors derived
a value for yy close to that obtained here.

Finally, we calculate effective g factors for
light and heavy holes according to Ref. 42, using
the valence-band parameters and the hole g
factor given above. In the spherical approxima-
tion we obtain gih=1 and ghh= .5, where both
g values correspond to the lowest respective
Landau levels. The result for ggh is in good
agreement with 0.9 &g» & 1.1 found experimentally
by spin-flip measurements. ' The heavy-hole g
value g» has not yet been measured.

VI. CONCLUSION

We have investigated the ground-state subcom-
ponents of the free exciton in ZnTe in magnetic
fields up to 18 T. Existing low-field theories for
degenerate valence bands provide an adequate
description of the experiments, if diamagnetic
terms are reduced. The correction is determined
in a two-band model variational calculation valid

for polar materials and up to y= 1. Almost iden-
tical results (less than 3/~ deviation) are obtained
if the analysis is performed with renormalized
(polaron) parameters and diamagnetic terms are
further corrected according to the variational
calculation of Cabib et a/. " A discrepancy of
-10% between theoretically and experimentally
determined diamagnetic shift rates is attributed
partly to experimental error and partly to short-
comings of our theoretical model.

We derive the electron and hole g factors, the
exciton reduced mass, and a set of valence-band
parameters y, Our data provide a good overall
representation of all exciton subcomponents
observed.
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