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Spectroscopic ellipsometry study of the diluted magnetic semiconductor system Zn(Mn, Fe,Co)Se
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Single-crystal films of (001)Znl „A„Se( A =Mn, Fe, Co) (0 ~ x (0.14) grown by molecular-beam epi-

taxy on (001)GaAs have been studied by spectroscopic ellipsometry in the 3.5-5.5 eV photon-energy
range. Using fits of the El and El+5& peaks with a standard analytic expression, we find that the
linewidths increase with x for all samples, the energies increase with x for Znl „Fe„Seand Zn& „Co„Se,
and the energies decrease with x for Znl „Mn„Se. A model describing the e6ects of the sp-d exchange
interaction on the L point band-gap energy is developed and applied. We find that the strength of the

energy correction due to this interaction, which is proportional to the product of the square of the ex-

change integrals and the magnetic susceptibility of the material, is largest in Mn-doped and smallest in

Co-doped ZnSe. While the sp-d exchange interaction model is consistent with the composition depen-

dence of the El and E&+6& band-gap energies in Zn& Mn„Se, it does not describe the behavior ob-

served in Zn& „Fe„Seand Znl „Co„Se. We show that an sp-d hybridization model, which includes the
location of the energy levels of the magnetic impurity d levels, can account for the composition depen-

dence of E& and El +6& band-gap energies of all three materials.

I. INTRODUCTION

Diluted magnetic semiconductors' (DMS's) are a
class of semiconducting materials formed by randomly
replacing some fraction of the cation in a compound
semiconductor with a magnetic ion, e.g., Mn + in ZnSe
(Zn, „Mn„Se}. The presence of the magnetic ion leads
to a number of unusual electronic and optical properties,
including a magnetically tunable band gap, resulting from
the large sp-d exchange interaction between the magnetic
ions and the band electrons. This tunability has per-
mitted the realization of spin polarized hole separation
and a field tunable type-I/type-II band alignment, ' '" as
well as the formation of a true spin superlattice. '

These interactions are strongly infiuenccd by the ground
state of the particular substitutional magnetic ion used.
The Mn-based DMS family, in which the Mn + (3d ) ion
has a S5i2 free-ion ground level, has been extensively
studied, and their magnetic properties are fairly well un-

erstoo
More recently, attention has been focused on Fe-based

DMS materials, whose properties are very di6'erent
from their Mn-based counterparts. This is largely due to
the more complicated level splitting of the Fe + (3d )

ion, which involves a E ground state manifold that is
split by the spin-orbit interaction into five closely spaced
( -2.2 meV) levels. The ground state of this manifold is
a nondegenerate A, ground state having no permanent
magnetic moment. This configuration leads to Van Vleck
paramagnetic behavior and the absence of bound mag-
netic polarons seen in Fe-based DMS's.

Co-based DMS's have also been recently studied,

and the first successful growth of true alloys of such a
material, Zn, Co, Se, was achieved by molecular-beam
epitaxy, yielding single-crystal epilayers on GaAs(001}
substrate. ' The Co + in ZnSe has a level splitting
which is intermediate in complexity between its Mn- and
Fe-doped counterparts: the F9i2 free-ion ground level of
Co + (3d ) is split by the tetrahedral crystal field into an
upper T& orbital triplet, a T2 triplet, and a lower A2
orbital singlet ground state. Unlike Mn +, the Co +

ground state has a significant orbital angular momentum
component due to spin-orbit mixing with the low-lying

T2 triplet, producing a larger effective Lande g factor
(2.27 in Co vs. 2.00 Mn).

Many optical studies of these systems have been fo-
cused on the efFects of sp-d interaction on the fundamen-
tal band-gap energy at the I point of the Brillouin zone
(BZ). ' ' ' However, to our knowledge, no systematic
study has yet been reported about the optical response of
Zn(Mn, Fe,Co)Se at higher photon energies. For device
applications, knowledge of the optical response over a
wide energy is of great importance. Because higher inter-
band transitions usually occur in different places within
the Brillouin zone with di8'erent symmetry, studies of
higher band-gap energies can also produce new results
which are not obtainable at the I point. In this paper,
we present dielectric-function spectra of single crystal
Zn, „A„Se( A =Mn, Fe,Co} (0(x (0.14) films between
3.5 and 5.5 eV using spectroscopic ellipsometry measure-
ments. In particular we study the composition-
dependent interband transitions E, and E, +6& at the I.
point.

Automatic spectroscopic ellipsometry is an excellent
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technique for investigating the optical response of semi-

conductors and has been used to study Si, ' Ge,
as well as III-V (Refs. 45 and 48—55) and II-VI (Refs.
56—62) compound semiconductors and their alloys. An
accurate determination of the energy threshold (E),
linewidth (I ), and phase (P) of the critical points is ob-
tained through the analysis of numerical second deriva-
tive spectra of the complex dielectric constant with
respect to the photon energy, d e/dw . In our study, we
find that the linewidths increase with x for all alloys,
while the energies decrease with x for Zn& „Mn„Se and
increase with x for Zn, „Fe„Seand Zn, „Co„Se. The
sp-d exchange interaction model is calculated to second
order in perturbation theory at the L point to try to ex-
plain the Zn& „Mn„Se system. However, the work done
by Kim, Chang and Klein has demonstrated that the
effects of sp-d hybridization' ' ~ need to be considered
to fully explain the behavior in all the systems.

Section II describes the sample preparation and the ex-
perimental technique. In Sec. III the dielectric functions
of Zn& „(Mn,Fe,Co)„Se are presented. Section IV
assesses the influence of the s-d and p-d exchange interac-
tions on the dependence of the band gaps of
Zn, „(Mn, Fe, Co)„Se on x, and finally the sp-d hybridi-

zation effect is introduced.

II. EXPERIMENT

The Zn, „(Mn, Fe,Co), Se layers were grown by
molecular-beam epitaxy on GaAs(001) substrates. All the
samples show the zinc-blende crystal structure and are
paramagnetic. The thickness of the layers ranged from
0.2 to 2 pm. The maximum alloy compositions (x) in-

cluded in this study were 0.144, 0.122, and 0.094 for
Zn& „Mn„Se, Zn& „Fe„Se,and Zn, „Co„Se,respective-
ly. Details about the growth conditions and the charac-
terizations are found in Refs. 25-27 and 29-31.

Dielectric function spectra e(t0)=e&(co}+iez(co} were

measured at room temperature between 3.5 and 5.0 eV
using an automatic spectroscopic rotating analyzer ellip-
someter of the type developed by Aspnes. ' After be-
ing dispersed by a Cary 14R monochromator, the light
from a 75-W xenon lamp is linearly polarized with a
Rochon-quartz prism. Upon reflection from the sample
the linear-polarized light becomes elliptically polarized.
The reflected light is modulated by means of a rotating
analyzer (Rochon prism) and detected by a photomulti-
plier. The output of the photomultiplier is digitized and
the signal is analyzed with the aid of a personal comput-
er. The measurements were generally performed at an in-
cident angle of 68.4'.

The sample was mounted and optically aligned with an
He-Ne laser in a windowless cell in flowing purified N2 to
minimize surface contamination. It is well known that
the existence of overlayers on the surface complicates
efforts to obtain the intrinsic dielectric response of the
sample using ellipsometry. " Therefore, the samples have
to be etched in situ immediately before the measurement.
We followed the wet chemical etching procedure de-
scribed in Ref. 62, where the successful removal of the
oxide overlayer on ZnSe was reported. The chemical

treatment was repeated until real-time ellipsometric spec-
tra showed no more changes and the highest values of a2

at the E, +6, band-gap energy region were obtained.

Figure 1 shows the imaginary part of the pseudodielectric
function after chemical treatment of one of the samples

(Znc 947Mnc O53Se). The pseudodielectric function ( a') is

defined as the measured or apparent dielectric function
obtained by reducing the ellipsometric data with the
two-phase (ambient-substrate) model, ignoring the pres-
ence of possible surface overlayers and microscopic
roughness. Each spectrum represents the final spectrum
taken after various stages of our chemical etching pro-
cedure, starting with the bottom spectrum to the top.
The spectra have been offset. The change in the spec-
trum after each chemical treatment is similar to that
found for ZnSe. The results of the methanol and
acetone treatment were a simple decrease of the dielectric
constant below the E& band gap and an increase above
the band gap, demonstrating that overlayers were being
successfully removed. Upon using a 1:3 mixture of
NH4OH (29%):methanol, the E& peak shifted to higher

energy and E, +b
&

peak was significantly enhanced. To
determine whether we removed the natural oxide over-

layer using the above chemical etching procedure, Auger
electron spectroscopy (AES) experiment was used to ex-
amine the surface. The disappearance of an oxygen peak
after our chemical etching procedure demonstrated that
the 1:3 mixture of NH4OH (29%):methanol removed the
oxide overlayer on these samples.

III. RESULTS

The real and imaginary parts of the pseudodielectric
function (e) for Zn, „Mn„Se in the 3.5—5.5 eV range
are shown in Fig. 2. The spectra have been offset as indi-

cated. The structures corresponding to the E& and

E, +5, transitions shift slightly to lower energies and

broaden to merge into a single peak as the Mn content in-
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FIG. l. Imaginary part of the pseudodielectric function (e)
0

of the Znp 947Mnp p53Se Slm (5859 A) with consecutive chemical
etchings described as in Ref. 62. Spectra are shifted by units of
3 to the central spectrum of acetone treatment.
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creases. Extra structures below 4 eV in the 2.2%%uo and
14.4% samples arise from interference effects due to the
small thickness of the thin film. However, even though
all the spectra we report in this paper are measured from
the films, since the films thicknesses are substantially
larger than the critical thickness for strain relaxation,
those measured are expected to reflect the dielectric
response of the bulk. Several studies of the effects of
strain in ZnSe films grown on GaAs (Refs. 68—70)
confirm that most of our thin films are in the "bulk" re-
gion, and we do not see a shift of the energy gap expected
for strain even in relatively thin samples.

To perform a line-shape analysis of the structures in
our spectra, and thus to obtain values of the CP parame-
ters, the second derivatives of the dielectric spectra were
numerically calculated. ' An appropriate level of smooth-
ing was also allowed in order to suppress the noise in the
derivative spectra without distorting the line shape. Due
to the small size of the samples and the reduced intensity
of our light source for photon energies above the E, +5,
band gap, we found that the best compromise between
the signal-to-noise ratio and resolution was obtained by
using the second derivative. The resulting spectra were
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dielectric function ( e) = ( e, ) + i ( ez ) of Zn, Mn„Se for
several compositions. Spectra have been offset by increments of
2 relative to the center spectrum of the 5.3% sample.

fitted to the standard analytic critical point (interband
transition) line shape:

n(n —1)Ae'~(co E—+i I )", n%0
Ae'~(ro E—+i I ), n =0

where a critical point is described by the amplitude A,
threshold energy E, broadening I, and excitonic phase
angle P. The exponent n has the values —

—,', 0, and —,
' for

one-, two-, (logarithmic), and three-dimensional critical
points, respectively. Discrete excitons are represented by
n = —1. For the excitonic line shape, a phase angle $/0
corresponds to a line shape resulting from the interaction
of a discrete excitation with a continuous background.
A least-square procedure was used for the fit, with both
the real and the imaginary parts of d e/dry fitted simul-

taneously. We found that the derivatives of the dielectric
function associated with all the CP peaks could be best fit
with excitonic line shapes, as was reported in Refs. 46,
61, and 62. All spectra of E, and E, +5& were fit simul-

taneously with the same phase angle P for both
CP's. ' ' For fits with I'(E, ) and I'(E, +5, ) as free
parameters, we found I'(E, +6, ) to be larger than I'(E, )

at low composition x, but smaller for larger x values.
Similar behavior was also observed in Al, „Ga„As (Ref.
53) and in the temperature dependence of InP. ' This was
interpreted as an artifact of the fit occurring when I is
comparable to the energy separation between E, and

E, +b, , and was fit the same values for both CP's. ' The
E& and E, +6& band-gap energies obtained with and
without these constraints difFer by less than the experi-
mental errors. We find that the constrained CP param-
eters (e.g., P, and Pz} are the average of the two values
obtained when not constrained. Another approach to in-

vestigating the CP's is to make a Fourier analysis of the
raw spectrum as suggested by Aspnes. This method
gives very precise CP parameters without using numeri-
cal derivative procedures. It may be desirable to use this
method for our spectra, and we plan to address this in fu-
ture work.

In Fig. 3 we display the second-derivative spectra of
Zn, „Mn„Se together with the best fits using Eq. (1}.
The dots represent experimental data for d /ed or(those
for d e2/dr02 are not shown for clarity, but the quality of
the fits is similar). In the Mn 14.4% sample, while it is
hard to resolve two peaks in the raw spectra (Fig. 2), the
derivative spectrum in Fig. 3 clearly shows the existence
of two peaks, and a redshift of the E, peak is easily seen.
In Figs. 4 and 5, we represent the pseudodielectric func-
tions of Zn, Fe„Se and Zn& Co„Se. Again, the
thinner films show the interference patterns up to 4 eV in

Zn& Fe„Se. However, the interference patterns in

Zn& „Co„Sediminish below 3.0 eV, because these films

are thicker than 1.0 pm. Therefore the small structure
near 4.3 eV at high compositions in Zn& „Co„Seis an in-
trinsic feature and is not due to interference e8'ects. The
identification of this peak will be discussed elsewhere.
In all alloys the E, and E, +6, transitions broaden to
merge into a single peak as x increases.

Figure 6 shows the composition dependence of the line
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creasing x, while in Zn& Fe Se and Zn, „Co„Se, the
E, and E, +b, , energies increase with x. These results
are striking in that the band gaps of Zn& „Mn, Se are ex-
pected to increase with x since the fundamental Eo band

gap of MnSe is reportedly larger than that of ZnSe.
An unusual initial decrease of the fundamental band-

gap energy Eo has been reported in Zn, „Mn„Se (Refs. 4
and 80) and Cd, „Mn„S, ' while other Mn
alloys such as Zn& Mn Te, Cd&, Mn„Te,
Cd& „Mn„Se, ' ' and Hgi, Mn„Te (Ref. 87) show
the linearly varying band-gap energies. Recently, the de-
crease of Eo in Zn, „Mn Se was reported up to x -0.15
at room temperature. This initial decrease cannot be
explained on the basis of a broadening and shifting of en-

ergy levels due to statistical fluctuations of the crystal po-
tential in an alloy (band-gap bowing). To explain the
composition dependence of Eo in Zn&, Mn, Se, a mod-
el ' describing the effects of the sp-d exchange interac-
tion between the Mn d electrons and the band electrons
was applied. The authors of Ref. 42 found that this
contribution successfully explains the initial decrease of
Eo band gap with increasing x, showing that for low x
there is a correlation between the measured magnetic sus-

ceptibility and the deviation of Eo from a linear depen-
dence on x. In order to understand this unusual depen-
dence of the L point band-gap energies on x, we have ex-
amined the possible influence of the sp-d exchange in-
teraction on the E

&
and E

&
+6& band-gap energies.

1. Band shifts due to exchange interaction

The commonly used sp-d exchange Hamiltonian for
describing the coupling of band electrons and localized

5.3 ]
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FIG. 9. Composition dependence of E& and E&+5& energies
of Zn& Mn Se (fi11ed circles), Zn& „Fe„Se (fi11ed triangles),
and Zn& „Co„Se(open diamonds). Lines represent the estimat-
ed values from the Eq. (11) using D =0. 1 eV aud qo =6.6X 10'
cm ' for Zn, „Mn„Se (dot-dashed), Zn, „Fe„Se(dotted), and
Zn& „Co„Se(solid).

A. sp-d exchange interaction model

Figure 10 shows the band structure of ZnSe calculated
by Ren, Kim, and Chang, using a nonlocal empirical
pseudopotential method. Several interband transitions
related to CP's at different parts of the BZ are indicated.
It is easily seen that the conduction and valence bands
are spherically symmetric at the I point, but at the L
point they are asymmetric and saddle pointlike, respec-
tively. When the A& and A4 5 (As) energy bands are near-
ly parallel, the E, (E, +6, ) critical point has contribu-
tions not only from the L point but also from the A
bands. In ZnSe, however, the A bands are nearly
parallel only in the region close to the I. point (Fig. 10),
so in the following we consider only the L point contribu-
tion to simplify the calculation.
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our Zni „(Mn, Fe, Co)„Se samples show paramagnetic
behavior at room temperature. Therefore in the absence
of an external magnetic field (S'& is equal to zero and
has no contribution to the energy gap to first order.

The second-order perturbation correction to the con-
duction band is given by

2
qo 0 k~ TE(2)— (y'+ 2yi }x,' mR 2 (gpz)

-6—

-8—
ZnSe

Xln
C

(5)

-10

-12
L w r

Wave Vector (k) (6)

where x, =Q(mf m—,')/mf, Qc is the elementary unit
cell volume, and a is defined by

(leer(k —k')= I d re "e ""'J(r)((),(r)~
FIG. 10. Electronic energy band structure of ZnSe [Ren,

Kim, and Chang (Ref. 92)].

magnet&c impurity spins is given as

We approximate a(q) by

Q q+qp
a(q)= '0 (7)

H=g J(r—R„)s S„, (2)

lko &, = e'"'(f)„(r)y",1

V

respectively, where Vis the volume of the crystal, P is the
simple periodic Bloch amplitude, and y denotes the spin
part of the wave functions. The angular and spin parts
are chosen as in Refs. 93 and 98,

(4)

where J(r—R„) is the exchange integral for an electron
with spin s at r and a magnetic ion with spin S„at R„.
The unperturbed wave functions at the L point for the
conduction and valence bands are given by

lkrr &, = e'"'P, (r)y',1

ln Eq. (5) y'=y and yi=y""=y~~ are the magnetic sus-
ceptibilities which can be taken from an independent ex-
periment, and in Eq. (7) qc is the cutofF wave vector, i.e.,
we assume a(q) to be a step function due to the short-
ranged nature of J(r} Sinc. e all the parameters in Eq.
(5) are positive, the correction pulls the conduction band
at the L point down to lower energies.

For the L4 s valence band, the result is given by

Ev4, 5
m fi

2
PQc k~ T

(gp&)'

X [y'M(Ei }+2yiM(Ei+b i)],
where the exchange parameter P has the same definition
as a in Eqs. (6} and (7), but involves valence band states,
M(Ei) is a function of effective masses for the L&5
valence band, and M (E, +6, ) is that for the L 6 valence
band, where, for instance,

(X+iY)(),
2

(X+(Y)4),
2

(X—iY)(),
2

(X—iY)i),
2

m, 1+xo
E

M(E, ) = xcln
2 1 xo

with

where the upper bar denotes the projection of the wave
function at the I point along the [111] direction and
upper and lower parts in the valence-band wave function
apply to L4 s and L6 bands, respectively (Fig. 10}. The
unperturbed energy for the conduction band at the L
point is approximated as an asymmetric minimum,
Ek =Eo —A' k, /2m, '—A' kI /2mI'. For the valence bands,
Ek =Ec Akrz/2m—,v+5 k& /2mi" aPPlies to both the L4 s
and L6 bands with different efFective masses, where m,
and mi are the transverse and longitudinal efFective
masses. The longitudinal direction is chosen along the
[111]direction.

The first-order perturbation given by Eq. (2} is propor-
tional to (S'&, which is the thermal average of S'. All

' 1/2
1

ml
E E

m, +m,

E(2) 0
v6

2
PQc ks T

X [y'M(E, +hi)+2yiM(Ei )] .

Therefore, a rigid shift of the valence band also occurs,
however, with opposite sign to that of the conduction
band.

The second-order energy correction for the L 6 valence
band is
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2. Shifts ofL point transition energies

Since all the materials of our study are essentially cu-
bic, we have g'=g~=g. The resultant energy correction
for E, is

2
no km'

y[M a +MtiP ],
(giM& )'

(10)

p
E
O

2

C) -4

-6

-8

(a)

Co

Fe—

where M and M& represent the mass contributions
defined in Eqs. (5) and (8), respectively. The spin-split
part h(E, +b, , )' ' has same formula but a different value
of M&. Since all the values in Eq. (10) are positive, the
overall effect of the second-order perturbation correction
to the transition energies is negative, which means that
the E, and E& +5, transition energies should be reduced
by the correction of exchange interaction effects. There-
fore this result predicts that there should be a decrease of
band-gap energies with increasing magnetic ion concen-
trations if this second-order magnetic interaction is larger
than the correction due to lattice effects.

3. Estimation ofparameters
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To estimate the magnitude of this magnetic energy
correction we need to obtain values for the parameters in
Eq. (10). High-temperature magnetic susceptibility
values for Zn& „(Mn, Fe, Co)„Se (Refs. 99, 22, and 32, re-
spectively) are available as a function of temperature and
concentration and were fit to the Curie-Weiss law. Fig-
ure 11(a) shows y from this fit at room temperature as a
function of composition. The values of a and P, which
are the interaction parameters between the magnetic im-
purities and the conduction- and valence-band electrons,
respectively [see Eq. (6)], have not been studied at the L
point. However, those at the I point have been reported
(see Table I). The a values are similar for all three alloys.
The variation in P is much larger with Co having the
largest P value and Mn the smallest. Since the wave
functions at the L point are linear combinations of those
at the I point [Eq. (4)], the exchange integral values a
and P at the L point can be described by the same linear
combinations as those at the I point. Tight-binding cal-
culations' have been carried out to determine these
coefficients in Eq. (4). For the conduction band, a mixing
of s-like and p-like states occurs at the L point, and thus
a at the L point is a mixture of a and p at the I point
(aL =0.37az+0. 114Pr }. However, for the valence band,

P values are taken to be the same as those at the 1 point
(pl =pz). There is some variation in the reported values

of a and P, and therefore we have chosen the average of
the entries in Table I for each material. Since there are
no reported values of the effective masses at the L point
of ZnSe, we have estimated those from the band structure
shown in Fig. 10. Final estimates of b,EI ' in Eq. (10) are
shown in Fig. 11(b} in units of eV/qo. The result of the
calculation for h(E, +b, , )' ' is not shown, but is similar,
since there is no significant difference between the value
of M(E&+b&) and M(E& ) in Eqs. (8) and (9). Clearly the

magnitude of the magnetic interaction energy correction

FIG. 11. Composition dependence of (a) reported magnetic
susceptibilities g and (b) the calculated magnetic interaction en-

ergy hE'& ' (in the unit of eV/qo) of Zn& „Mn„Se (filled circles),
Zn& Fe Se (filled triangles), and Zn& „Co„Se(open diamonds).

in Zn& „Mn„Se is much larger than those in Zn, „Fe„Se
and Zn, „Co„Se. Together, this result illustrates that,
although the magnetic susceptibility of Zn& „Co„Se is
smaller than that of Zn, „Fe„Se, its P value is much

larger, leading to a larger second-order perturbation en-

ergy in Zn, „Co„Sethan in Zn, „Fe„Se.

4. Comparison with experimental data

TABLE I. Reported a and p values at the I point for
Zn, (Mn, Fe,Co)„Se.

Zn& „Mn Se

Znl Fe„Se

Zn& „Co Se

(eV)

0.29
0.26
0.26
0.22
0.226
0.231
0.231

(eV)

—1.4
—1.31
—1.11
—1.57
—1.334
—2.179
—1.853

Reference

4
5

79
20
23
34'
37

'We used a value from Ref. 37 to get the P value in Ref. 34,
which reports the (a-P) value.

The total estimated E& band-gap energy equation used
for comparison with the data in Fig. 9 is given by

E,(x)=E$+Dx+bE' '(x)

where the parameter D is the energy shift due to lattice
parameter changes with alloying. Since the D value at
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the L point has not been studied, we assume that the D
value at the L point is about half that at the I point, as is
the case for most zinc-blende semiconductor ter-
naries, ' ' ' and we find D=0. 1 eV for Zn& „Mn„Se.
Using this D value, we adjust the cutoff wave vector qo to
get a reasonable fit to the Zn& „Mn„Se data with Eq.
(11). The best-fit curve is shown in Fig. 9, corresponding
to a qo value of 6.6X10 cm ', which is 0.6 of the dis-

tance to the BZ boundary. This value is a little bit too
large to be consistent with our perturbation model
around the L point in k space even though it is not far
from those reported from the temperature-dependent en-

ergy gap studies at the I point in Zn& „Mn„Se
(qe =3.3 X 10 cm '), Cd, „Mn„Te (qe =6.6X 10
cm '), ' and Cd& „Mn„Se (q&=3.8X10 cm '). '

Additionally, this model cannot explain the Zn, Fe„Se
and Zn& „Co„Se cases at all. The D values for
Zn& „Fe„Se and Zn& „Co„Se might be different from
that of Zn, „Mn„Se, but not a factor of 10 larger, which
is necessary to explain our data. Therefore we conclude
that while the sp-d exchange interaction model seems to
explain Zn, „Mn„Se band-gap energies at the L point, it
fails to predict those of Zn, „Fe„Seand Zn& „Co Se.

Adding lattice bowing effect to our model [in Eq. (11)]
would make the result worse since this contribution
should have an effect on the band gap which is similar to
the sp-d interaction. Further, the estimated band-gap en-

ergy shift to lower energy by the disorder-induced bowing
effect (the Vechter-Berolo-Woolley model' ) is only 4
meV at x =0. 1 in this material, which would have no
significant effect on the result. The assumption that the
spin-spin interaction model of Eq. (2) applies to all three
kinds of magnetic impurities is not unreasonable. For ex-

ample, although Fe + and Co + ions have nonzero orbit-
al angular momentum in their ground state, which differs
from that in Mn +, the orbital angular momenta of Fe +

and Co + are quenched in the crystal field environment.
Therefore, this spin-only exchange Hamiltonian of Eq. (2)
should be sufficient to account for the exchange interac-
tions in Zn& „Fe,Se and Zn& „Co„Se. Our calculation
also assumes that the isotropic magnetic susceptibility y
is q independent since the neutron-scattering spectrum
shows that the q-dependent peak disappears at room tem-
perature. ' More detailed calculation of the exchange
integral parameters of a and P, which includes ffuctua-
tions in the local concentration of the magnetic ions and

q dependence, and other types of magnetic interaction
such as superexchange may improve the analysis of this
data. However, the failure of the sp-d exchange interac-
tion model to explain the differences between Mn-, Fe-,
and Co-doped ZnSe is believed to occur because this
model does not include any information on the relative
position of the d levels in the band structure of the host
material, ZnSe.

B. sp-d hybridization model

The effect of the sp-d hybridization on the
band-gap energies was proposed in an ellipsometric
study of the composition-dependent band-gap energies of
Cd& „Mn„Te (Ref. 58) and has been analyzed in several

H= g eknk„+ g Ednd„+ Undtnd)
k~p p

+g (VkdCqqCd„+H c ), . .
k,p

(12)

where )M denotes the electron spin states. The first term
describes the pure ZnSe sp s' bands determined by a
tight-binding calculation which includes the alloying
effect given by Dx in Eq. (11). The s' orbital is added to
adequately describe the conduction band. The second
term represents five degenerate magnetic impurity d lev-
els with electron-electron interactions of the Hubbard
form. The relatively small splitting between e and t2s
levels in the tetrahedral crystal field is neglected for
simplification. The last term corresponds to a hybridiza-

Zn, (Mn, Fe,co) Se

0 2—
CD

e 0—
UJ

Le

E E0

~e

Mn(d)

Fe(d)
Co(d)

-6
W

Mn(u)
Co(u)

Fe(u)

L A r a X

Wave Vector (k)

FIG. 12. The positions of the d-band levels from Ref. 19 are
shown in ZnSe band structure of Fig. 10. The positions of Mn
(dot-dashed), Fe (dotted), and Co (solid) d levels are shown as
horizontal lines. The (u) and (d) denote the conventionally
defined spin-up and spin-down 3d levels as in Refs. 58 and 111.

theoretical studies on the same material. ' ' "'"' In this
hybridization model, the effect of sp-d exchange interac-
tion is considered to be negligible. The effect of this hy-
bridization on the E, band gap can be easily understood
from Fig. 12, which shows the location of the magnetic
impurity d levels in the ZnSe band structure of Fig. 10.
The locations of d levels, which are not sensitive to the
host materials, ' are from Ref. 19, where the host materi-
al is CdSe. Since all three spin-up d levels are located
below the valence band, the repelling effect of the sp-d
hybridization will push the L4 ~ and L6 valence bands
upward for all three dopants. On the conduction band,
Mn spin-down d levels will push the L6 conduction band
downward, whereas the Fe and Co d levels will push it
upward, suggesting that this picture may explain the
different behaviors observed for the three dopants in our
data.

For quantitative analysis, the eff'ect of this sp-d hybrid-
ization on the L-point band-gap energies has been calcu-
lated within a sp s' empirical tight-binding model, and
the detailed procedure will be published elsewhere. 3 To
describe this system, the multisite Anderson Hamiltoni-
an' ' '"'" is written as
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tion between band electrons and d electrons which yields
a shift of the band energies and a broadening of the d lev-
els. In the calculation, the hybridization potential of the
atomic orbital Vzd is the only adjustable parameter
needed to reproduce the reported I point band-gap ener-

gy splitting (i.e., a and P) under applied magnetic field,
because the other two atomic hybridization potentials

V& and V,d were assumed to follow Harrison's ratio. "
Using the Ed and U values from Ref. 19, the values ob-
tained for V~d are —1.267, —1.148, and —1.083 eV for
Mn-, Fe-, and Co-doped ZnSe, respectively. With these
hybridization parameters and D =0.2 eV, shifts of the L
point band-gap energies are estimated and shown in Fig.
13. Remarkably, this model quantitatively explains the
increase of band gaps in Zn& „Fe„Seand Zn, ,Co„Se.

We note that the exchange integral P defined in Eqs. (6}
and (8) has been interpreted as the p-d exchange interac-
tion (potential exchange ' ) and has been widely used to
explain the magnetic and optical properties of several
DMS systems. 's9 9' More recently p has been interpret-
ed as the p-d hybridization interaction (kinetic ex-
change). ' ' In our analysis, the interaction mechanism
between the band electrons and the impurity d electrons
is considered to be a pure direct sp-d exchange interac-
tion in the exchange interaction model (Sec. IV A) and a
pure sp-d hybridization term in the hybridization model
(Sec. IV B). The hybridization model appears to reason-
ably describe our data, suggesting that the hybridization
interaction between sp and d electron is the dominant in-
teraction in this system. However, as is pointed out in
Ref. 19, since there are considerable uncertainties in the
interpretation of the photoemission data, in particular
the position of the d levels and the values of U (or U,Ir},
this quantitative agreement between our analysis and the
data should be viewed with caution. We also find that
since both the p-d and the s-d hybridization effects in our
model are zero at the conduction-band minimum at the I
point, the hybridization model alone cannot explain the a
value. ' ' Therefore, more work needs to be done to
study the interplay between the hybridization and the ex-
change interaction contribution, and further systematic
experiments on the E, and E, +b, , band gaps will be
needed (particularly the temperature and magnetic-field
dependences).

V. CONCLUSIONS

We have measured the dielectric function of ZnSe and
ZnI „(Mn,Fe, Co)„Se alloy films grown on GaAs(001)
substrates by means of spectroscopic ellipsometry in the
3.5—5.5 eV region. A chemical etching procedure to re-
move the natural oxide overlayer was developed to obtain
the pure dielectric response of these alloys. Significant

5..3

5.2— Fe

+ 5.0—

I 4.9—
LU

4.8—
E

4.7—

Fe—

improvement of the ellipsometric signal was achieved by
a solution of 1:3mixture of NH4OH (29%):methanol, and
the successful removal of oxide layers was confirmed by
Auger studies. By performing a line-shape analysis of the
structures observed, the CP parameters for E& and

E, +6I were obtained. With the utility of the chemical
etching procedure the separation of the two peaks could
be detected up to x=14.4% of Znt „(Mn, Fe, Co}„Se.
An initial decrease of the E& and E&+b& peaks of
Zn, „Mn„Se with x is observed. We calculated the
effect of the sp-d exchange interaction on the L point
band-gap energies to find that this efFect can explain only
the Zn, „Mn„Se case marginally. On the other
hand, the sp -d hybridization model6 explains all
Zn, „(Mn, Fe, Co)„Se systems quite satisfactorily.
Therefore we attribute this doping dependence to the
effect of the sp-d hybridization effect on the L point
band-gap energies. To confirm this hybridization effect,
additional systematic studies such as temperature- and
magnetic-field-dependent experiments should be done.
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