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Elhpsometric studies of the dielectric function of Cdi „Mn„Te alloys
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We present ellipsometric measurements of the dielectric function of a series of Cdl „Mn„Te sam-
ples (0&x &0.7) in the (1.5—5.5)-eV photon-energy region at room temperature. The data display
structures which can be attributed to the Eo, Eo+50, El, El +5», and E2 critical points of zinc-
blende-type semiconductors: A fit of these structures with standard analytic expressions yields the
energies, widths, strengths, and excitonic phase angles of the critical points. While the energy of the
Eo critical points increases with x, those of El and El+El decrease slightly. This fact is probably
related to an increasing admixture of spin-up Mn 3d states into the. initial valence states of these
transitions.

I. INTRODUCTION

A number of 3d,transition-metal atoms can be built
substitutionally into cation sites of II-VI compound semi-
conductors with zinc-blende structure (ZnS, ZnSe, ZnTe,
CdTe, HgSe, and HgTe). The corresponding electronic
levels are expected to be strongly affected by intra-atomic
exchange and correlation effects (configuration interac-
tion) contrary to the situation for standard shallow donor
and acceptor impurities. ' Impurity levels located in the
forbidden gap usually arise. The ordering of these levels
is determined by the ligand field, exchange, and correla-
tion effects, whereby remnants of the atomic Hund's rule
often require the maximization of the total spin in the
ground state.

Among the 3d transition metals Mn plays a special
role. The free Mn atom has a 3d 4s configuration.
Hence if one considers the 3d electrons as part of the
core, Mn is chemically divalent and thus can be used to
replace a cation in a II-VI compound. Moreover, accord-
ing to Hund's rule the 3d electrons mould all be expected
to have their spins parallel (up). These levels should split
under the ligand field into a triplet (t2 or I &s) and a
doublet (e or I i2). The ligand-field splitting ( —1 eV) is
usually smaller than the energy it takes to flip a spin
against Hund's rule (-4 eV, spin splitting).

In ZnS and ZnSe, Mn ions substituting for Zn give lev-
els in the forbidden gap: Relatively sharp optical transi-
tions between occupied and empty levels (spin flip) are ob-
served. ' In the tellurides of Zn, Cd, and Hg, however,
the occupied one-electron d levels seem to lie within the
valence band, their center being about 2.S eV below the
top of the valence bands. Consequently the spin-up
3d levels of Mn must hybridize heavily mith the 5p lev-
els of Te. This hybridization probably contributes to the
chemical bonding and thus to the wide solubility range
of Mn in Cd& „Mn„Te, Hgl „Mn~ Te, and
Zn& ~Mn„Te. The situation is somewhat similar to that
which arises in the cuprous halides, except that in the
latter the 3d shell of copper is completely filled as op-
posed to the Mn-compounds where the 3d shell is only

half filled.
The empty 3d levels of the Mn —group-II tellurides cor-

respond to flipping one spin in the Hund ground state of
the Mn. The spin-flip energy, about 5 eV, ' is responsible
for the insulating character of these materials: Within the
framework of conventional one-electron band theory they
would be metallic. It is, however, possible to treat the
pure Mn compound (MnTe) within the framework of
band theory by assuming that it is antiferromagnetic in
the ground state, i.e., that the Mn atoms occupy two dif-
ferent sublattices, one with spin up and the other with
spin down. The calculated band structure of this material
in the hypothetical antiferromagnetic zinc-blende struc-
ture has been given in Ref. 4 (hypothetical in as far as
pure MnTe is found only in the NiAs structure).
Cd& „Mn„Te is found in the zinc-blende structure for
x (0.8. The band structure of MnTe in the naturally
occurring antiferromagnetic NiAs structure has been
presented in Ref. 10. This band structure is qualitatively
similar to that of the hypothetical zinc-blende modifica-
tion: it yields a spin-flip energy of about 5 eV and a
ligand-field splitting of the 3d levels of 1—2 eV.

Information about the electronic excitation spectrum is
most conveniently obtained by optical techniques. One
must distinguish between the absorption edge, giving the
threshold for excitations and corresponding to relatively
weak absorption coefficients, and transitions above this
edge which give the photon energies at which the strong-
est absorption processes occur (one or more orders of
magnitude stronger than the absorption edge). The ab-
sorption edge of CdTe takes place between the top of the
valence band (mainly Te 5p states) and the bottom of the
conduction band (mainly Cd 5s states), both at the I
point (k=0) of the Brillouin zone (BZ)." Upon substitu-
tion for Cd by Mn (i.e., increasing x in Cd& „Mn„Te)
this edge shifts linearly with x to higher energies. ' ' Of
particular interest is the fact that the absorption edge
changes shape with increasing x. ' ' In the high-
absorption region (a & 10 cm ') the edge shifts linearly
up to the Mn solubility limit (x 0.7). ' '" However, in
the low-absorption region (a & 103 cm '), the edge stops
shifting and becomes independent of x for x &0.5. '
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It is easy to interpret this fact as due to the existence of
two sets of transitions in the neighborhood of the edge,
one being the conventional transitions of CdTe and the
other involving the empty, spin-flipped Mn 3d states as
final states. The latter have been calculated to lie —1 eV
above the top of the valence band for x =1 using a local
density functional, a calculation which underestimates
gaps by about 1 eV. ' Hence we expect the excitation en-

ergy from the top of the valence band to the empty 3d
states of Mn to be -2 eV. The low-absorption part of the
gap saturates at -2. 1 eV. ' ' This interpretation of the
gap of Cd& „Mn„Te is corroborated by measurements of
the pressure dependence of the gap. The gaps for small x
and their high-absorption coefficient, for large x increase
with pressure at a rate close to that for CdTe (7X10
eV/GPa) while the low-absorption component for x &0.5
decreases with increasing pressure at about half that

te 17, 18

%'e note that in the Zn~ ~Mn„Te system the Te
5p —+Zn 4s gap at I is higher than for Cd& „Mn„Te and
thus the transitions to the spin-down Mn states can be
seen at normal pressure for all values of x within the solu-
bility range (x &0.7).'

Interband transitions in Cd~ Mn„Te above the ab-
sorption edge have been investigated by measuring the re-
flection spectra. In these data, structure is identified
which corresponds to the EQ EQ+AQ EI E]+A/ E2,
E'„and Ei +hi reflection peaks of CdTe. The Eo
peak corresponds to the Te 5@~Cd 5s absorption edge at
I, while Ep+Ap is its spin-orbit split component; E& and
Ei+hi represent transitions froin the top, spin-orbit-split
(b, i denotes splitting) valence bands along {111)(the A
direction) of the BZ and the lowest conduction band along
this direction; E~ and E&+h~ represent transitions be-
tween the same valence bands and the second-lowest con-
duction bands; Eq, the strongest peak in the reflection
spectrum, corresponds to a set of transitions poorly local-
ized in k space, which contain or are c1ose to the lowest

gap at the X point. According to Ref. 20 the ho spin-
orbit splitting decreases slightly with x, a fact which is
easy to attribute to the replacement of the weak Cd Sp
component of the valence functions by Mn 3p upon in-

creasing x. The splitting h~ also decreases slightly with
increasing x. The E& and Ei+b ~ energies increase very
weakly with doping, much less than EQ and EQ+AQ.
This behavior is somewhat anomalous when compared
with other alloy zinc-blende —type systems which do not
contain transition metals (see p. 483 in Ref. 24) and has
remained unexplained hitherto.

In this paper we present ellipsometric measurements of
the dielectric function of Cdi „Mn„Te in the 1.5—5.5 eV
range. The dependence on x of the Eo, Ei, Ei+b, &, and

E2 gaps is discussed. The critical energies corresponding
to these gaps are accurately determined by fitting the ob-
served spectra to theoretical expressions for the shape of
the critical points. The data found for Eo agree with pre-
vious results. We find, however, that the energies of Ei
and E~ +6 I decrease with increasing x: the anomaly sug-
gested above for the data of Ref. 20 becomes clearer. This
anomaly is explained as due to a repulsion of the upper
valence bands along A by the occupied spin-up Mn 3d

states which seem to be centered -2.5 eV below the top
of the valence band.

II. EXPERIMENT

Ellipsometric measurements were performed at room
temperature with an automatic ellipsorneter with rotating
analyzer, as developed by Aspnes and described else-
where. The ellipsometric data were processed with the
two-phase model of the interface so as to obtain the ap-
proximate real and imaginary parts of the dielectric func-
tion (sometimes called "pseudo-dielectric-function" to dis-
tinguish it from the exact bulk dielectric function). The
samples were grown by a modified Bridgman method
with manganese concentrations of x =0, x =0.10,
x =0.20, x =0.45, x =0.65, and x =0.70 without dop-
ing. The compositions have been checked by measuring
the lattice constant, which varies linearly with composi-
tion as 6.487 —0. 149x (A), using x-ray powder diffrac-
tion. The samples were mounted in a windowless cell in
flowing dry Nz, with the possibility to perform in situ
etching procedures in order to minimize residual over-
layers.

As shown by Aspnes ellipsometric measurements of
the dielectric function of zinc-blende —type semiconduct-
ors at the energy of the E2 peak in E2 provide a sensitive
indication of the dielectric discontinuity between sample
and ambient. The ellipsometric parameters versus photon
energy obtained with the largest value of c2 at the energy
of the E2 transitions are treated with the two-phase
model in order to obtain e&(co) and e2(co) of the semicon-
ductor under study. In this sense, the best spectra for the
samples with x =0 and 0.10 were obtained by cleaning
the cleaved surface of the samples with methanol. For the
samples with higher Mn concentration (x &0.2), the best
spectra (i.e., the largest values of sz in the ultraviolet re-
gion) were obtained from cleaved surfaces.

III. RESULTS

In Figs. 1 and 2 we show the real (si) and imaginary
part (ez) of the pseudo-dielectric-function for CdTe and
three compositions of Cd& „Mn„Te (x =0.20, 0.45, and
0.70). These spectra were obtained from the measured
complex reflectance ratios by using the two-phase model
in which the surface is treated as a plane boundary be-
tween two homogeneous media. The most important
facts of these figures are the following. The Eo peak in
s&, which is below our experimental energy region for
CdTe, shifts to higher energies with increasing composi-
tion x. A small shoulder corresponding to the EQ+hQ
critical point at -2.5 eV can be recognized for CdTe.
The structures due to the E& and E&+6& transitions do
not shift noticeably with increasing x but become much
broader and hard to distinguish to the naked eye. The E2
feature, well pronounced in CdTe, decreases and shifts to
higher energies with increasing x and finally moves out of
our spectral range.

To perform a line-shape analysis of the structures in
our spectra, and thus to obtain the parameters of the criti-
cal points (CP's), the strength of the CP (A), the energy
threshold (E), the broadening (I ), and the excitonic phase
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experimental data, whose origin has not been identified.
The E2 transitions fall within our spectral range only

for three of our samples (up to x &0.20). In these cases
they were fitted with a 2D maximum CP.

Figure 5 shows the energies of the Eo, Ei, Ei+ b, i, and
Ez CP's and hi (obtained by subtraction of the Ei energy
from that of Ei+b, i) as a function of x. The results
show in all cases a linear dependence of the gaps on con-
centration, the energy of Eo increasing strongly with x,
whereas the energies of E& and E&+b,~, as well as their
spin-orbit splitting 6&, slightly decrease with x. The solid
lines correspond to the best fit of our data to the expres-
sion

FK)'. 5. Dependence of critical-point energies and spin-orbit
splitting EI of Cd» „Mn„Te on composition x. Solid lines
represent the best fits of our data to a linear function
[E{x)=a +bx)

whereas those of Ei and Ei+6i increase strongly with
increasing x. The solid lines are again the best fits to the
linear equation I (x)=a+bx. The values of the coeffi-
cients can also be found in Table I.

In Fig. 7 we present the values of the excitonic phase
angle P versus composition obtained from our fits for Ei
(open circles) and the Ei +5 i (closed circles). For
180'& P& 90' (x &0.2) the best fits correspond to a mix-
ture of a 2D maximum and a saddle point. For
90'& P & 0 (x & 0.2) the mixture is between a 2D
minimum and a saddle point. The solid lines are the best

Eo
Ej
E) +'6)

1.53
3.36
3.95

1.26
—0.088
—0.33

TABLE I. Values of the parameters a and b obtained by fit-
ting the critical-point energy (E), the spin-orbit splitting 6&, and
the Lorentzian broadening (I ) vs composition (x) to the linear
equations E =a +bx, A=a +bx, and E'=a +bx, respectively.

b {eV)

E(x)=a+bx . , (3)
1

—0.24
The values of a and b for the Eo, Ei, and Ei+hi struc-
tures, and for 6& are listed in Table I.

The Lorentzian broadening parameters I for the Eo,
E~, and E~+6& CP's are displayed in Fig. 6. The
broadening of the Eo transition remains nearly constant,

IE
r,
I"g,+g

0.054

0.056

0.115

—0.002

0.36

0.42
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fits to a quadratic equation

P(x) =a+Px+yx

the corresponding coefficients being listed in Table II.

ported while in Fig. 5 our results show a decrease of both
energies with x. Also, in Ref. 20 hi decreases only very
slightly with x, being nearly constant within the experi-
mental scatter while our Fig. 5 shows a clear decrease of
6& (from 600 to 400 meV in our range of x). We believe
that these differences are due to the fact that in Ref. 20
the critical-point energies were taken to be those of the re-
flectivity maxima (which became shoulders for large x)
while we have defined them through careful critical-point
analysis of the second-derivative spectra. In order to
check this hypothesis we have calculated the normal-
incidence reflectivity spectra of our samples from the
dielectric functions of Figs. I and 2 using Fresnel s rela-
tion: The results are displayed in Fig. 8. The position of
the reflectivity maxima agree with the direct reflectivity
measurements of Refs. 20 and 22 as indicated in Fig. 9.

We should point out that the increase in Eo with x
shown in Fig. 9 is in line with that expected from the sys-
tematics of other zinc-blende —type semiconductor al-

IV. DISCUSSION

Our critical-point energies agree generally with those of
Ref. 20 except for the dependence of E, and Ei ~b,

&
on

x. In Ref. 20 an increase of these energies with x was re-
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E~+Al (closed circles} critical points. Solid lines are fits to a
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FIG. 8. Normal-incidence reflectivity spectra calculated from
our measured dielectric function. Arrows indicate the peak po-
sition for the Eo, EI,, and E~+5& CP's.
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loys. ' For instance, in Cd~ Zn Te, the nonmagnetic

system which is closest to the one discussed here, the Eo
gap increases from 1.5 to 2.2 eV when x goes from 0 to
1. ' Likewise, the E~ gap increases from 3.3 to 3.6 eV.
Hence the anomalous behavior of the Cd~ „Mn„Te sys-
tem becomes evident. For the sharper Eo structure this
problem does not arise (Fig. 9).

It is reasonable to seek a qualitative explanation of this
behavior in the presence of the Mn 3d electrons. A
schematic diagram of the position of these d electrons,
prior to hybridization with the electronic states of Cd and
Te, with respect to the energy bands of CdTe is shown
in Fig. 10. This position is derived from the calculations
of Ref. 4 and the recent photoemission work of Ref. 37.
We notice in Fig. 10 that the d g and d ~ states are symme-
trically split with respect to the I 8 top of the valence
bands of CdTe (mostly Te 4p-like), hence the admixture
of Mn 3d to the I 8 states should not appreciably shift the
I 8 energy. Also, the mainly s-like wave functions of the
lowest conduction-band minimum (I 6) should not mix
with the Mn 3d states. Hence the admixture of Mn 3d
states should not affect strongly the Eo gap. The gap
should thus increase with increasing x, as a result, at least
in part, of the decrease in lattice constant. The situation
is different for the E& and E&+6& gaps. The correspond-
ing interband critical points, indicated by arrows in Fig.
10, take place along the (111)directions of k space. The
3dg levels are now below and rather close to the corre-

sponding valence bands. Hence it is expected that the
valence bands which participate in the E~ and E~+h~
transitions will be repelled to higher energies by the in-
teraction with the Mn 3d levels as x is increased. This
should lead to a decrease of these gaps, larger for E&+h~
than for E&, with increasing x provided the final conduc-
tion states (mainly cation s-like) do not mix much with
the 3d states. This reasoning qualitatively explains the
findings of Figs. 5 and 9. This mechanism will thus ac-
count, at least in part, for the decrease of the spin-orbit
splitting A, with increasing x (Fig. 10). The decrease of
60 (Ref. 20) can also be partly accounted for by a similar
mechanism since the I 7 valence-band maximum should
be repelled to higher energies while the I 8 maximum
should remain nearly stationary. Another possible contri-
bution to the decrease in 60 and 6& is the negative contri-
bution of the spin-orbit splittings of the Mn 3d states to
50 and b, ~, a fact which has found clear confirmation in
the cuprous halides.

The Lorentzian broadenings found with the two-
dimensional critical-point fit to the spectra of Fig. 4 are
plotted versus x in Fig. 6. It is somewhat surprising that
these broadenings vary linearly with x. In principle, if
one attributes the increase in I to the disorder, one would
expect it to have a maximum for x=0.5, the concentra-
tion at which the disorder should be a maximum.
Nevertheless, the variation of the I at the E~ and E&+6&
critical points measured for Cd& „Mn„Te with
0& x &0.70 is similar to that found for Cd„Hg& „Te.
In the latter case, however, the I"s exhibit maxima for
x =0.8. Unfortunately, because of the solubility limit, we
cannot find out for Cd& „Mn„Te whether maxima also
exist. In this case the total increase in I' from x =0 to
x =0.70 is =300 meV, while for Cd„Hg~ „Te it is, in the
same x range, less than 100 meV.

'

Thus the possibility ex-
ists that the increase in the I 's found for Cd~ „Mn„Te is
due to the repulsion of the I.45-I.6 valence by the 3d
states (Fig. 10) which should be larger at l. than inside the
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Brillouin zone. This should initomogeneously broaden the
Ei and Et+ hi structures, the latter more than the forin-
er, in agreement with the results of Fig. 6. Such broaden-
ing would not be expected for Eo.

The phase angles P (Fig. 7) were obtained from the fits
of the second-derivative spectra of the Ei and E, +5,
critical points with Eq. (2). A phase angle P has been
used in the literaturez6' ' as a phenomenological mea-
sure of excitonic effects in the line shapes. Such correla-
tion can only be theoretically justified, on the basis of the
Slater-Koster exciton potential, if P turns out to be
small. 3'39 This is not the case for the data of Fig. 7, espe-
cially for small x. Nevertheless, Eq. (2) seems to give a
good representation of the critical points and the depen-
dence of P on x shown in Fig. 7 is reasonable if P is a
measure of the excitonic effects: they should become
smaller with increasing disorder and thus reach a
minimum for x=0.5. A similar behavior has been found
for the Cd„Hgi „Te system. The parameters A of Eq.
(2) represent the strength of the critical points. We have
found them to be nearly independent of x. They are
2.85+0.27 for Ei and 2.30+0.40 for Ei+b, i.

V. CONCLUSIONS

We have measured with ellipsometry the (pseudo-)
dielectric function of several Cd& „Mn„Te alloys in the

visible, near infrared (ir), and near ultraviolet (uv). From
a fit to the second-derivative spectra with Eq. (2) we have
obtained the energies, strengths, Lorentzian broadenings,
and excitonic phase angles of the Ei and E, +6& critical
points. Similar fits have also yielded information for the
E&& and E2 critical points. The analysis of the dependence
of the Ei, Ei+bi, and Eo critical-point energies on x
has given evidence for a hybridization of the top valence
bands with the 3d states of Mn.

Note added in proof. Photoemission measurements with
synchrotron radiation have recently shown that the unhy-
bridized one-electron 3dt levels of Mn in Cdi „Mn„Te
lie 3.5 eV below the top of the valence band [M. Tanigu-
chi, L. Ley, R. L. Johnson, J. Ghijsen, and M. Cardona
(unpublished)].
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