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The electronic structures of ZnTe and Zn, ;Mn, ;Te have been investigated by means of synchrotron-
radiation photoemission experiments. Te 4d core-yield spectra of ZnTe and Zny;Mng ;Te reflect the
density of states (DOS) of the conduction bands. The two DOS peaks in the ZnTe spectrum observed at
0.6 and 4.3 eV above the conduction-band minimum are ascribed to relatively flat regions of the conduc-
tion bands near the L, and X, and the I';5 and L,, symmetry points, respectively. The contribution of
the Mn 3d states to the valence bands of Zn, ;Mn, ;Te has been evaluated by means of resonant enhance-
ment of Mn 3d photoionization cross section near the Mn 3p-3d core excitation. The Mn 3d —derived
partial DOS of Zn, ;Mn, ;Te is found to be very similar to that of CdysMn,,Te. This suggests nearly

equal Mn-Te bond lengths in these ternary alloys.

INTRODUCTION

Zn;_,Mn,Te mixed crystals are diluted magnetic
semiconductors (DMS’s) in which Mn atoms replace Zn
atoms in zinc-blende-structure ZnTe for Mn concentra-
tions (x) up to x =0.86."2 Such a system has been the
subject of intensive investigations because of the interest-
ing magnetic** and optical properties of DMS’s.>~’
These effects stem from a hybridization of the Mn 3d
states in the high-spin configuration with the sp-band
states of the crystal. Therefore, theoretical investigations
on Mn-based DMS’s (Refs. 8—11) have been focused on
the Mn 3d contribution to the energy-band structure and
on the hybridization between the Mn 3d - and anion-
derived p states. Very recently, the spin-polarized
configuration (3d1)(4s1)(4p1), instead of (3d1)*(4s)?,
has been proposed for the ground state of Mn in
Cd,_,Mn,Te.'>!® The electronic structures of antiferro-
magnetic zinc-blende-structure MnTe (Ref. 12) and the
anomalous Curie constants of Cd,_,Mn, Te (Ref. 13)
have been successfully interpreted in terms of such a
configuration.

In this paper, we report results of a photoemission
study of Zn;_ Mn,Te using synchrotron radiation.
Total-yield spectra of Zn; _, Mn, Te due to the Te 4d core
absorption reflect the density of states (DOS) of the con-
duction bands. Two DOS peaks are ascribed to particu-
larly flat regions of conduction bands on the basis of a
comparison with the band structure calculated with use
of the modified orthogonalized plane-wave method.!*
Resonant photoemission experiments in the Mn 3p-3d
core-excitation region'*”!® demonstrate that the Mn 3d
partial DOS of Zny;Mn, ;Te is very similar to that of
Cdy gMn, ;Te. This close similarity is discussed with the
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aid of data on the Mn-Te local coordination in
Cd,_,Mn,Te. %2

EXPERIMENT

Total-yield and valence-band photoemission measure-
ments were carried out with synchrotron radiation from
SOR-RING (an electron storage ring operated at 380
MeV) at the Institute for Solid State Physics of The Uni-
versity of Tokyo. The total-yield mode was employed to
obtain core-absorption spectra. In addition, a combina-
tion of a modified Rowland-type monochromator and a
double-stage cylindrical mirror analyzer was used to mea-
sure the angle-integrated photoemission spectra. Binding
energy with respect to the valence-band maximum was
determined by extrapolating the steep leading edge of the
highest valence-band peak to the baseline. Intensities of
the total-yield spectra and valence-band spectra for reso-
nant photoemission experiments were normalized to the
monochromator output by the use of the photoelectron
yield from Au film, with its quantum yield?' taken into
account.

The backgrounds in the valence-band photoemission
spectra due to inelastic secondary electrons were, in some
cases, removed from the spectra. Then, we assumed?
that the intensity of secondary electrons I(E) at binding
energy E is given by

L(E)=k [ T(E'ME" (1)

where I(E’), E,, and k represent, respectively, the total
emission intensity at binding energy E’, the binding ener-
gy corresponding to the highest kinetic energy of the
emitted electrons, and a constant. The constant k can be
determined by applying (1) to the emission intensity at
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binding energy E, where the entire contribution is only
from secondary electrons. Then, k satisfies the following
relation:

I(E,)

k=g
[ I(E"dE’
0

(2)

The Zn,_,Mn Te and Cd,_,Mn, Te samples used
were undoped single crystals grown by a modified Bridg-
man method for 0 <x <0.3. Surfaces for the photoemis-
sion measurements were prepared in situ by cleavage un-
der ultrahigh vacuum ( <3X 107! Torr) in the prepara-
tion chamber. The working pressure in the analysis
chamber was 7X 107 !! Torr during the measurements.
All measurements were performed at room temperature.

RESULTS AND DISCUSSION

Total-yield spectra are well known to be representative
of the absorption spectra in the core-excitation region.
Figure 1 shows such absorption spectra of ZnTe and
Zny sMng ;Te in the Te 4d and the Mn 3p core-excitation
regions. Structures due to transitions from the Te 4d
core levels to the conduction bands are observed in the
energy range 40—-47 eV. The spectrum of the ZnTe sam-
ple exhibits broad peaks at 42.0, 43.5, 45.7, and 47.2 eV.
In view of the spin-orbit-splitting energy of the Te 4d
core levels (1.5 eV), these structures may be classified as
two spin-orbit pairs: A-A' at 42.0 and 43.5 eV and B-B’
at 45.7 and 47.2 eV.

The threshold energy of the core absorption, indicated
by a vertical arrow in Fig. 1 for ZnTe, has been estimated
to be 41.4 eV from the sum of the binding energy of the
Te 4ds , core level with respect to the valence-band max-
imum (39.2 eV) and the energy of the fundamental band
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FIG. 1. Total-yield spectra of ZnTe and Zng ;Mng ;Te in the
Te 4d and Mn 3p core-excitation regions (Te, 40-47 eV; Mn,
47-58 eV). The absorption threshold of the Te 4d core spec-
trum is indicated by a vertical arrow. The absorption spectrum
due to the Mn 3p-3d core excitations in atomic Mn (Ref. 25) is
also shown for comparison.
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gap at the I' point (2.2 eV).> The binding energies of the
Te 4d core levels (39.2 and 40.7 eV for the 4ds,, and
4d,,, core levels, respectively) has been determined from
the photoemission measurements. Structures 4 and B
can thus be assigned to transitions from the Te 4ds ,, core
level into the empty states located 0.6 and 4.3 eV above
the conduction-band minimum, respectively.

One notices the absence of intense and sharp peak
structures due to core-exciton formation near the core-
excitation threshold.?* All structures observed are rather
broad peaks. States at the conduction-band minimum are
of nearly pure Zn 4s character and the core excitations
are charge-transfer transitions with small oscillator
strength. This fact may account for the absence of core
excitons. Therefore, it is reasonable to assume that the
core-excitation spectra map roughly the DOS of the con-
duction bands. We may then discuss the spectra in terms
of the one-electron model, while neglecting the
electron-core-hole interaction.

Figure 2 shows the band structure of ZnTe calculated
by Kurganskii, Farberovich, and Domashevskaya with
use of the modified orthogonalized plane-wave method. '
The direct fundamental gap is located at the I' point.
The calculated energy gap of 2.6 eV is, however, larger
than the experimental value of 2.2 eV. One can recognize
flat regions of conduction bands around the L, X, [,
and L, symmetry points, which are located 0.8, 1.1, 4.0,
and 4.6 eV above the conduction-band minimum (I"}), re-
spectively. These flat regions would make a significant
contribution to the DOS peaks of the conduction bands.
Thus, we attribute structures 4 and B to transitions from
the Te 4d5,, core level to particularly flat regions of the
conduction bands near the L, and X, and the I' |5 and
L; symmetry points, respectively. With x increasing
from O to 0.3, spectral features of the Te 4d core absorp-
tion show little change in the form of broadening in the
structures.

While the Te 4d core-absorption spectra are interpret-
ed in terms of the single-particle band-structure picture,
the Mn 3p core spectrum of Zn, ;Mn, ;Te in the energy
region from 47 to 55 eV exhibits a close resemblance to
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FIG. 2. ZnTe energy bands calculated by Kurganskii, Far-
berovich, and Domashevskaya using the modified orthogonal-
ized plane-wave method (Ref. 14). The energy origin is referred
to the valence-band maximum.
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that of atomic Mn,% which is also shown in Fig. 1, for
comparison. The prominent absorption band at 50 eV in
the spectrum of the atomic Mn is due to a transition from
the 3p%3d>4s%(5S) ground state of the Mn atom into the
3p33d®4s?(SP) excited state.?%?” Three small peaks at
lower energies correspond to transitions into the °D and
*P members of the 3p°>3d® multiplet, respectively. The P
transition is strongly enhanced by a Fano resonance with
the degenerate continuum transition from the 3p%3d°>4s?
ground state into the 3p%3d*4s%¢f state, which is also re-
sponsible for its width and the asymmetric line shape.

Next, we consider the valence bands. Figure 3 exhibits
the valence-band photoemission spectra of ZnTe and
Zny ;Mn, ;Te measured at an excitation photon energy
(fiw) of 60 eV. The valence-band spectrum of pure ZnTe
has been previously reported by several authors and dis-
cussed in detail.?*?° We recall here that the two prom-
inent peaks at 1.7 and 4.8 eV binding energies reflect the
maxima in the DOS of the valence bands, which are pri-
marily derived from Te 5p states (p valence bands) with
an increasing contribution from the Zn 4s states toward
deeper binding energy. The L;, X5, 2", and L, symme-
try points indicated for the spectrum of ZnTe are the
ones contributing to the DOS structures.?® With x in-
creasing from O to 0.3, another Mn-derived emission peak
appears between the two prominent p-valence-band peaks
at 1.7 and 4.8 eV binding energies, though there is no dis-
cernible change in the shape of the sp valence bands ex-
cept for a slight blurring of the fine structures.

The identification of the Mn-derived states is further
facilitated by the use of tunable synchrotron radiation.
One can evaluate a measure of the Mn 3d —derived par-
tial DOS and investigate the degree of hybridization from
resonant photoemission experiments.>"!” The reso-
nance takes place over a specific energy range as a result
of the interference between the direct excitation process

a ZnTe 1 Xg
e zmin
E L1| 1| |L3
3
a
[
)
>
=
@ OF
c
o
£ Zny,Mng;Te
c
o
[72]
k2]
e
[
o
e
o
o
O._
O N R |
5 (o}

Binding Energy (eV)

FIG. 3. Valence-band photoemission spectra of ZnTe and
Zny ;Mn, ;Te measured at #io=60 eV. The symmetry points
contributing to the DOS peaks of ZnTe are shown. The spec-
trum of Zny ;Mng ;Te exhibits a Mn-derived peak between the
two prominent p-valence-band peaks of ZnTe. The binding en-
ergy is given relative to the valence-band maximum.
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of the Mn 3d electrons (3p®3d°+#iw—3p®3d*+ef) and
the discrete Mn 3p-3d core-excitation process followed
by a super-Coster-Kronig decay (3p%3d>+#w
—3p33dS,3p33d®—3p®3d*+ef). Since only the Mn 3d
states are resonantly enhanced for fiw near the Mn 3p-3d
core excitation, one can estimate quantitatively their con-
tribution to the valence-band DOS by comparing the
spectra taken just on and off resonance.'>!® The cross
sections of other valence-band states, such as the Te 5p,
Zn 4s, and 4p states, do not vary appreciably over a small
energy range around the resonance.

Figure 4 shows a series of Zn, ;Mn, ;Te valence-band
spectra for #iw near the Mn 3p-3d core excitation. In the
figure, spectral intensities have been normalized to the
monochromator output; thus the spectra can be com-
pared not only with respect to their shape but also in
terms of relative intensities. One notices a prominent res-
onance for the peak at 3.75 eV binding energy. The in-
tensity of this peak reaches its maximum at fiw =49.5 eV.
The remainder of the valence bands is also resonantly
enhanced. In particular, a set of states appears between 6
and 8 eV binding energy near the resonance. In Fig. 4,
we cannot clearly recognize the expected Mn
M, M, sM,s Auger peak, which moves through the
spectra upon increasing photon energies above the reso-
nance.® This suggests that the prominent decay channel
of the Mn 3p-3d core excitation may be direct recom-
bination rather than Auger decay, consistent with the
fairly localized nature of the excitation. Similar
phenomenon has also been reported in Cd,_,Mn, Te. '

In order to investigate the resonant profile in detail, we
plot the photoemission intensities of selected valence-
band features as a function of #iw in Fig. 5, where each
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FIG. 4. A series of valence-band spectra of Zn, ;Mn, ;Te for
#iw near the Mn 3p-3d core excitation. The peak at 3.75 eV in-
dicates a prominent resonance.
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FIG. 5. Photoemission intensities of selected valence bands
as a function of fiw. Each valence band is labeled by the binding
energy (E;) with respect to the valence-band maximum.

valence band is specified by the binding energy (E;) with
respect to the valence-band maximum. One notices again
that the spectrum for E;=3.75 eV shows a prominent
Fano-type resonance. With increasing #w, the intensity
of this structure first decreases gradually to a minimum
at 47 eV, and then increases sharply to reach a maximum
at 49.5 eV. The spectra for E; =0.85 and 1.8 eV also ex-
hibit a remarkable resonance. The amount of enhance-
ment is as much as about one-quarter of that for the spec-
trum for E;=3.75 eV. The E;=5.0 and 6.8 eV spectra
have contributions in the background due to inelastic
secondary electrons. After the correction of this back-
ground contribution, ?2 however, we obtain still a sizable
resonance. The correlation of the valence-band reso-
nance with the Mn 3p-3d core excitation is clear from a
comparison with the corresponding absorption spectra of
Zn, ;Mn, ;Te and atomic Mn in Fig. 1.

Here, we deduce a measure of the Mn 3d contribution
to the valence-band DOS of Zn, ;Mn, ;Te by subtracting
the spectrum measured at the antiresonance (47.0 eV)
from that taken just on resonance (49.5 eV), after the nor-
malization of spectral intensities to the monochromator
output.'> The result is shown in the upper panel of Fig.
6,3! where the contribution due to inelastic secondary
electrons has been removed by use of the above-
mentioned procedure.?> We find a main peak at 3.75 eV
below the valence-band maximum and an appreciable Mn
3d contribution throughout the valence-band region from
0 to 5 eV binding energy. In addition, the difference
spectrum shows satellite structure at 5—-9 eV binding en-
ergy.

Previously, we have analyzed the Mn 3d partial DOS
of Cd;_,Mn,Te in terms of a cluster model on the basis
of a configuration-interaction calculation.'>'® The pho-
toemission between 0 and 5 eV binding energy has been
assigned to d°L final states, which represents final states
with a photoproduced d hole screened by charge transfer
from the Te Sp—derived bands. Here, the L denotes a
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FIG. 6. Mn 3d —derived partial DOS of Zn, ;Mn ;Te (upper
curve) obtained from the valence-band photoemission spectra
measured at the antiresonance (#%iw=47.0 eV) and on resonance
(Aiw=49.5 eV). The Cd,gMn, ,Te partial DOS (lower curve) is
also shown for comparison. The contribution due to inelastic
secondary electrons has been removed.

ligand hole. Features between 5 and 9 eV binding energy,
on the contrary, are ascribed to a satellite with d* final
states without significant L —d screening.

In Fig. 6, we compare the Mn 3d partial DOS of
Zn, ;Mn, ;Te with that of Cd, gMn,,Te.** One notices
little difference between these DOS spectra except for the
energy positions of the sharp peaks (3.75 eV for
Zn, ;Mn, ;Te and 3.4 eV for Cdy gMng ,Te, respectively).
The spectrum of Cd,_,Mn, Te has been reproduced us-
ing parameters such as g;—¢,+U=3.5 eV and
(pdm)=0.47 eV,'> where ¢, and €, are the energies of
unhybridized Mn 3d 1 and Te 5p orbitals (1 and |) and U
(7.5 eV) is the Coulomb correlation energy of Mn 3d elec-
trons.*® (pdm) exhibits the p-d transfer integral and the
ratio (pdo)/(pd) is fixed at —2.16 according to the re-
sults of transition-metal pseudopotential theory.**

In the configuration-interaction model, the spectral
shape of the Mn 3d partial DOS depends on values of
¢, —¢,tU and the p-d transfer integrals. 16 For higher
values of the p-d transfer integrals or for larger
€4 —¢,t U, the valence-band intensity from 0 to 2 eV
binding energy relative to the main peak at 3.4 eV bind-
ing energy increases, while the satellite intensity between
5 and 9 eV binding energy decreases. The energies ¢, €,
and U do not noticeably change between Zn,_ Mn, Te
and Cd;_,Mn Te. On the other hand, the p-d transfer-
integral values, which depend on the Mn-Te bond length
(d), are proportional to d ~*° (Ref. 34).

The bond lengths of pure ZnTe and CdTe are 2.64 and
2.80 A, respectively. Here, we assume tentatively that
the Mn-Te bond length in Zn,_,Mn,Te was 94% of that
in Cd, _ Mn,Te. Then, we obtain the (pd ) value of 0.58
eV for Zn,_,Mn,Te as compared with 0.47 eV for
Cd,_,Mn, Te. Change of the (pdw) value from 0.47 to
0.58 eV brings a significant modification to the shape of
the Mn 3d partial DOS.'® The valence-band intensity
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relative to the main peak increases by ~33% and the sa-
tellite intensity decreases by ~23%, in contrast to the
present results. The close similarity of the Mn 3d partial
DOS in Fig. 6, thus, suggests almost equal Zn,_ Mn, Te
and Cd,_, Mn, Te Mn-Te bond lengths, or (pd ) values.

EXAFS experiments on Cd,_,Mn, Te recently per-
formed by Balzarotti et al.!® have revealed that the Cd-
Te and Mn-Te bond lengths remain almost unchanged
for 0<x <0.4. The Cd-Te bond length is approximately
constant with its value of pure CdTe. In addition, the
Mn-Te bond length is approximately equal to that pre-
dicted for the hypothetical zinc-blende-structure MnTe.
A model of the microscopic structure for Cd,_ Mn, Te
based on a random distribution of cations has been also
proposed® in excellent agreement with observation. The
model describes the bimodal distribution of near-
neighbor distances in terms of a distortion of the anion
sublattice, where the cation sublattice is assumed to
remain fixed.

These ideas®® are expected to apply to other random
ternary  zinc-blende-structure  alloys, such as
Zn,_ Mn,Te. Namely, the Mn-Te bond length in
Zn;_,Mn, Te would be almost equal to that predicted for
the hypothetical zinc-blende-structure MnTe. Thus, the
p-d transfer integrals are assumed to be almost equal to
each other between Zn;_ Mn,Te and Cd,_,Mn,Te.
We believe that this is the reason why the spectral shape
of the Mn 3d partial DOS of Zn, _,Mn,Te is very similar
to that of Cd,_, Mn, Te.

In spite of the many-body nature of the d>L final
states, we find a rather good correspondence between the
spectral density from O to 5 eV binding energy and the
one-electron valence-band DOS.° Mn 3d —-Te 5p hybridi-
zation allows for sufficient screening of the 3d excitations
by L —d charge transfer in the valence bands. In this
sense, the spectral density from O to 5 eV binding energy
in the partial DOS of Zn,_,Mn Te and Cd,_,Mn,Te
may be assumed to be a good approximation of a measure
of the valence-band DOS. A sharp peak observed at 3.75
eV for Zn,_,Mn, Te is assigned to emission from Mn
3d1 states with e, symmetry, while the t,; components
(17 and |) hybridize appreciably with the Te 5p states (1
and |) and spread over the top 5-eV valence bands. !>
The close similarity of the Mn 3d partial DOS features
between Zn,_, Mn, Te and Cd,_,Mn, Te may also be un-
derstood qualitatively on the basis of a single-particle
band-structure picture, assuming that the Mn-Te bond
lengths in the two ternary alloys are close to each other.

Recent work on Zn,_ Mn, CY! (CV'=S, Se, Te) by
Weidemann et al.’>3 has come to our attention. The
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constant-initial-state (CIS) spectra of Zng gMn 3,Te in
Ref. 35 exhibit a weak trend of Fano’s asymmetry param-
eter g from 2.4 to 1.8, when the initial-state energy (E;) is
changed from 5.5 to 1.5 eV. Such a trend is approximate-
ly consistent with that in the present study in sign and
magnitude of the parameters. The spectrum for E; =3.75
eV in Fig. 5 is reproduced fairly well using parameters of
q =2.4 and the full width at half maximum (T") of 1.5 eV
allowing for an instrumental broadening of 0.18 eV, while
the corresponding CIS spectrum in Ref. 35 has been de-
scribed by fitting parameters of ¢ =2.2 and I’'=1.9 eV.
A similar trend has been also reported on
Cd,_ Mn,Te.

The branching ratios (BR’s) of the satellite intensity
relative to the main peak in the Mn 3d partial DOS
features of Zn,_,Mn,C¥! (CV!=S, Se, Te) decrease on
going from S to Te, while for valence bands a minimum
BR value is found for Zn, 5;Mn, ;4Se,*® in contrast to the
case of Cd,;_,Mn,C"! (CV'=S, Se, Te).!> Assuming
nearly equal Mn-C V! bond lengths for Zn,_,Mn, C"! and
Cd,_,Mn,C"!, however, the Mn 3d partial DOS features
for alloys with the same anion should be very similar to
each other.

The exchange splitting energy of an almost intraionic
property of the Mn?* ion estimated for Zn,_,Mn, Te
(5.1 eV) (Ref. 35) seems to be at variance with the
Coulomb correlation energy proposed previously for
Cd,_,Mn,Te (7.5 eV).!® There is no inconsistency, how-
ever, since the value reported for Zn;_,Mn, Te is only a
measure of the lower limit of the exchange energy.

Finally, Weidemann et al. point out the possibility of
an x dependence in the valence-band intensity in the par-
tial DOS features of Zn,_ Mn, C"! (CV!=S, Se, Te).*
They quote a recent study on surface and bulk
Cd,_,Mn, Te alloys, which reports the x dependence of
the satellite intensity.37 We find, however, no remarkable
difference in the Mn 3d partial DOS features of bulk
Cd,_,Mn,Te alloys for x =0.2 and 0.65.% To resolve
this controversy, further theoretical and experimental
studies will be required.
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