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Electronic structures of Cd;_,Mn,Te films (0=x <0.7) grown epitaxially on GaAs(100) substrates
have been investigated by means of in situ measurements of conduction-band inverse-photoemission and
valence-band photoemission spectra. With increasing Mn concentration, the energy position of the
conduction-band minimum shifts almost linearly toward higher energy relative to the valence-band max-
imum (VBM) as a result of an increasing contribution of the higher-lying Mn 4s level relative to the Cd
Ss level. Features observed at 3.6 and —3.4 eV relative to the VBM are ascribed to emission from the
Mn 3d | and 3d1 states with e, symmetry, respectively, providing a spin-exchange splitting energy of
7.0£0.2 eV. This value compares well with the predicted value in the theoretical investigation of elec-
tronic structures and magnetic properties of Cd;_,Mn,Te. Apart from one-electron band theory, the
whole spectrum including multielectron satellites in the energy region between —5 and —9 eV is found
to be in good agreement with that calculated in terms of the configuration-interaction theory using a

Mn?*(Te?™), model cluster.

I. INTRODUCTION

Mn-substituted II-VI diluted magnetic semiconductors
(DMS’s) have attracted a great deal of attention as a new
class of semiconductors, since the replacement of the cat-
ions in the II-VI semiconductors yields unusual magneto-
transport and magneto-optical properties.? Such phe-
nomena stem from the sp-band—Mn 3d and Mn-Mn ex-
change interactions through the hybridization between
the sp band and Mn 3d states.

The band structure and magnetic properties of Mn-
substituted DMS’s have been theoretically investigat-
ed> 13 based on a local-spin-density-augmented —
spherical-wave method,>* a combination of ab initio
spin-polarized band calculations, a semiempirical tight-
binding model containing available experimental data,
and consideration of alloying effects,’~? self-consistent
spin-polarized spin-density-functional band-structure cal-
culations,” spin-polarized, self-consistent local-spin-
density total-energy and band-structure calculations, ' !}
and  self-consistent  local-density = pseudofunction
theory.!>!® The theoretical sp-band—Mn 3d and Mn-Mn
exchange constants® 8 are in fairly good agreement with
results from the enhanced Zeeman splittings of free-
exciton lines in magneto-optical experiments, '* and those
from magnetization'>!® and neutron-scattering!” experi-
ments, respectively.

An attempt to investigate directly the conduction-band
states of Cd;_,Mn,Te has been made by Franciosi and
co-workers using bremsstrahlung isochromat spectrosco-
py (BIS) at a photon energy of 1486.6 eV with a spec-
trometer resolution of 0.7 eV.!?!3 The Mn-derived
feature was observed at 4.8 eV above the valence-band
maximum (VBM), and a Mn 3d spin-exchange splitting
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energy (U.) was estimated to be 8.310.4 eV. From
comparison with electronic structures of antiferromag-
netic zinc-blende MnTe based on a local-density-
functional model calculation,!*!3 the authors claimed
that the ground-state configuration of the Mn is primari-
ly (d1)%(s1)(p1) rather than (d 1)°s2. The BIS measure-
ments, however, suffered from experimental difficulties
such as electron-beam-induced sample damage and a seri-
ous electrostatic charging effect. '8 Unoccupied states of
Cdj sMn, sTe have been also investigated by Kisiel et al.
using X-ray-absorption near-edge structure (XANES)
spectroscopy.'® The Te L- and L;-edge XANES spectra
were analyzed in combination with the electronic struc-
ture calculation in terms of a localized muffin-tin orbital
method with a local-spin-density approximation. The
best agreement between the experiment and theory was
obtained in the case for which the Mn 3d states were
placed approximately at 3.31+0.5 eV above the VBM.

In recent years, the contribution of Mn 3d states to the
valence-band density of states (DOS) has been investigat-
ed experimentally to study the hybridization between the
sp-band and Mn 3d states.!>!%2072% Resonant photo-
emission experiments using tunable synchrotron radia-
tion (SR) successfully revealed a measure of the Mn 3d
partial DOS of Cd;_,Mn,Te with a Mn concentration
(x) of 0.65.2! The spectral features have been analyzed in
terms of a configuration-interaction (CI) calculation using
a Mn?>*(Te?’” ), model cluster.??> The Mn 3d photo-
emission spectrum has also been reproduced on the basis
of the Anderson impurity model with parameters by ab
initio calculations, including the multiplet effect.?’ Very
recently, the electronic structures of substitutional 3d
transition-metal impurities in II-VI semiconductors have
been investigated by means of the CI calculation using
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cluster and Anderson impurity models.? The Mn 3d
photoemission?""?? and inverse-photoemission'? spectra,
d-d* optical-absorption spectra,?’ sp-band—Mn 3d ex-
change constants,?® and donor and acceptor ionization
energies?® were calculated with the same set of parame-
ters.?6 These theoretical investigations for Cd,_,Mn,Te
(Refs. 21, 22, 25, and 26) confirm a significant
Mn 3d -Te Sp hybridization which allows for sufficient
screening of the 3d excitations by the ligand to d-hole
charge transfer in the valence bands. In that sense, the
spectral density at the top 5 eV of the valence bands can
be assumed to be a good approximation for a measure of
the valence-band DOS.?!

In this paper, we present conduction- and valence-band
spectra of Cd,;_,Mn,Te films (0 <x <0.7) grown epitax-
ially on GaAs(100) substrates, measured in situ by means
of ultraviolet inverse-photoemission and photoemission
spectroscopies (IPES and UPS). The IPES spectra have
been successfully obtained by preparing thin epitaxial
films on GaAs(100) substrates with very low resistivity to
overcome the difficulty on the electrostatic charging
effect. In situ measurements of IPES and UPS spectra
realize a connection between these spectra at the Fermi
level,3® and make it possible to determine directly that
the U.g value is 7.0+0.2 eV. We shall discuss the IPES
and UPS spectra in comparison with the results of the
band-structure calculation in terms of the tight-binding
semiempirical coherent potential approximation for
Cd,_,Mn,Te,> and also with those of the CI calculation
using a Mn?*(Te? ™), model cluster?® in distinction from
the one-electron band picture.

II. EXPERIMENT

The IPES spectrometer®!"3? used in the present experi-
ments consists of a low-energy electron gun of the
Erdman-Zipf type with an energy spread of 0.25 eV, an
Al reflection mirror coated with a MgF, film, and a
bandpass photon detector with a full width at half max-
imum of 0.47 eV and a maximum response at 9.43 eV.
All components are mounted in an ultrahigh-vacuum
chamber under a base pressure below 7X107!! Torr.
The overall energy resolution of the spectrometer was
0.56 eV. The electron beam was injected normal to the
sample surfaces.

The UPS spectrometer connected with the IPES ap-
paratus is composed of a He discharge lamp (#iwo=21.2
eV) and a double-stage cylindrical-mirror analyzer to ob-
tain angle-integrated spectra. The energy resolution was
set at 0.2 eV. The working pressure of the UPS chamber
was 3X107° Torr under the operation of the discharge
lamp, though the base pressure was 4 X107 !° Torr. En-
ergy positions of the Fermi level in the IPES and UPS
spectra were experimentally determined using spectra for
a fresh film of polycrystalline Au.3? IPES and UPS spec-
tra measured in situ on the same sample surface were
connected at the Fermi level.

All measurements of IPES and UPS spectra were car-
ried out at room temperature. The energy was referred
to a VBM determined by extrapolating the steep leading
edge of the highest valence-band peak to the baseline.

Samples used for IPES and UPS experiments were
Cd,_,Mn,Te films (x =0, 0.2, 0.3, 0.5, and 0.7) grown
by the hot wall epitaxy (HWE) technique on (100)-
oriented Si-doped n-type GaAs substrates with a
misorientation of 2° toward the next [110] direction,
and with an impurity concentration of 1.0-2.5X10'8
cm ™3 or a resistivity of 1.5-2.8X 1073 Q cm. The HWE
reactor consists of a CdTe furnace with an additional Te
source for compensation of the vacancies and the Mn fur-
nace. A flip-flop method** was employed to obtain vari-
ous thicknesses and x’s of the films. The thickness was
controlled by a repetition number of the flip-flop motion,
and x by periods during the stay of the substrate over the
CdTe and Mn furnaces, which were operated at 520 and
860 °C, respectively.

Prior to the crystal growth, the substrates were chemi-
cally etched in a 5:1:1 solution of H,SO,:H,0,:H,0. The
substrate loaded into a vacuum chamber was heated at
580°C for 2 min to remove the oxide layer. During the
growth, the substrate was kept constant at 300°C, and
the pressure was 1-5X 10~ 8 Torr under the operation of
the CdTe and Mn furnaces. After the growth of the film,
the vacuum chamber was immediately evacuated into the
middle of 107° Torr, keeping the substrate temperature
above 250°C, and the sample was transferred into the
UPS chamber. In this way, a clean surface of the
Cd,;_,Mn,Te epitaxial film was successfully obtained.
The crystal orientation and x value of the epitaxial film
with a thickness of 0.5-1 um were checked by x-ray
diffraction. 3

The IPES spectra are much more sensitive to an elec-
trostatic charging effect in comparison with the UPS
spectra.36 To avoid such an effect, the thickness of film
was reduced by decreasing only the repetition number of
the flip-flop motion without changing any other parame-
ters in the growth condition for the thick
Cd;_,Mn,Te(100) film, until the IPES spectrum exhibit-
ed no electrostatic charging effect. The thickness of the
samples used for the IPES and UPS experiments was
measured using a surface profiler (high precision optical
stylus surface measuring instrument, Kosaka Ltd.). The
typical value of the thickness was about 30 nm.

In general, CdTe epitaxial films can grow on
GaAs(100) substrates with (100) and (111) orientations,
depending on the growth conditions,’” and often mixed
films are obtained. In the present experiments, it is
reasonably assumed that thin films used for the IPES and
UPS measurements would be (100)-oriented films, be-
cause Cd;_,Mn,Te epitaxial films with (100) orientation
grew steadily under suitable parameters mentioned
above. The UPS spectra for thin Cd;_,Mn,Te films,
which exhibited no electrostatic charging effect in the
IPES measurements, were fully consistent with those for
the thick Cd,_,Mn, Te(100) films. The UPS spectra for
thick Cd,_,Mn, Te(100) films with enough thickness for
a determination of the orientation using x-ray diffraction
were free from the electrostatic charging effect, and con-
sistent with those for bulk alloys.

Residual strain is known to be important and to affect,
for example, the band-gap energy of CdTe. The amount
of the strain-induced change in the band-gap energy is,
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however, estimated to be ~ 10 meV,3*3 and is negligible
in comparison with the energy resolution of 0.56 and 0.2
eV in the IPES and UPS measurements, respectively.

The x values of the thin epitaxial films were again eval-
uated by x-ray photoemission spectroscopy (XPS; ESCA
5400, Perkin Elmer) using integrated emission intensities
of the Cd 3d, Mn 2p, and Te 3d core levels of the epitaxi-
al films, after IPES and UPS measurements. The XPS
spectra for the bulk Cd;_,Mn, Te specimens were used
as a reference. The x values evaluated by XPS measure-
ments for thin epitaxial films were in good agreement
with those for thick films estimated from x-ray diffraction
within x =10.05.

Close attention was paid to reliable ohmic contacts,
which were alloyed onto the back surface of the substrate
using Sn to avoid an uncontrolled voltage drop at the
GaAs substrate—Mo sheet interface. The Mo sheet was
used to prevent a reaction between the GaAs substrate
and the CuBe sample holder during a heating process at
580°C for 2 min.

III. RESULTS AND DISCUSSION

Figure 1 shows a series of conduction-band IPES and
valence-band UPS spectra of Cd;_,Mn,Te films grown
epitaxially on GaAs(100) substrates with values of x of 0,
0.2, 0.3, 0.5, and 0.7. The IPES spectrum of pure CdTe
exhibits peak structures at 3.7, 5.4, 6.4, and 9.0 ¢V above
the VBM (vertical bars). From comparison with the re-
sults of a band-structure calculation based on the nonlo-
cal semiempirical pseudopotential method of Chelikow-
sky and Cohen,* the first peak at 3.7 eV is attributed to
the DOS feature due to flat regions of conduction bands
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FIG. 1. A series of the conduction-band IPES and valence-
band UPS spectra of Cd,_,Mn,Te films grown epitaxially on
GaAs(100) substrates with x = 0, 0.2, 0.3, 0.5, and 0.7. Intensi-
ties of the IPES and UPS spectra are tentatively normalized at
12 and —1.5 eV, respectively. Vertical bars indicate the posi-
tions of structures, and arrows indicate the thresholds of the
IPES spectra. Energies are referred to the VBM.

second peak at 5.4 eV, the third one at 6.4 eV, and the
fourth one at 9.0 eV are ascribed to those around the T,
and I'y, L, s and L¢, and A symmetry points, respective-
ly.

As regards the energy positions of structures, the spec-
trum is quantitatively consistent with the ultraviolet
IPES spectrum for the CdTe(110) cleaved surface mea-
sured at normal incidence using the tunable-photon
mode,*! except for the surface-resonance peak on
CdTe(110) at 2.8 eV above the VBM.* On the basis of
the band-structure calculation of Chadi et al.,* features
observed at 3.7 and 6.4 eV above the VBM were attribut-
ed to the X4 and I'y symmetry points of the conduction
bands, respectively.*! A BIS spectrum at a photon ener-
gy of 1486.6 eV on the CdTe(110) cleaved surface has
been also reported, emphasizing structures at 4.1, 6.7,
9.6, 11.3, 12.5, and 15 eV above the VBM.* From a
comparison with results of a nonlocal semiempirical-
pseudopotential calculation,*® peaks at 4.1 and 6.7 eV
were ascribed to the DOS feature of conduction bands
originating from states around the A and X symmetry
points, and that derived from states in low-symmetry
directions of the Brillouin zone,* respectively. We find
that peak structures at 4.1, 6.7, and 9.6 eV in the BIS
spectrum correspond to those at 3.7, 6.4, and 9.0 eV in
the present IPES spectrum, respectively, after a shift of
the peaks in the BIS spectrum by 0.3-0.6 eV toward
lower energy.

The energy position of the conduction-band minimum
(CBM) can be roughly evaluated by extrapolating the
leading edge of the lowest conduction-band peak to the
baseline. One notices the threshold energy of the IPES
spectrum of CdTe to be 1.5 eV, in good agreement with
the direct-band-gap energy of 1.53 eV. With an increase
of x, the threshold shifts almost linearly toward higher
energy, as shown by the vertical arrows in Fig. 1. At
x =0.7, the spectral rise at the threshold and the width
of the main peak become steep and narrow, respectively,
while the energy of the main peak remains almost un-
changed at 3.6 eV. In addition, the main peak is assumed
to exhibit a slight increase in intensity with x, if the spec-
tra of Cd;_,Mn,Te (0.2<x <0.7) are tentatively nor-
malized to the intensity at 12 eV (Ref. 45) in the spectrum
of pure CdTe. The energy of the narrow main peak is al-
most independent of the incidence angle of the electron
beam.

The higher-energy shift of the threshold with x is con-
sistent with the variation of the fundamental band-gap
energy determined by optical-absorption*® and ellip-
sometry measurements,*’ and can be understood as a re-
sult of an increasing contribution of the higher-lying Mn
4s level relative to the Cd 5s level. >*%4” The amount of
the shift at x =0.7 is, however, smaller by about 0.2 eV
than that obtained from experiments on interband transi-
tions, ***” mainly due to the characteristics of the overall
energy resolution of the IPES spectrometer. 4

The narrowing, constant energy position and a slight
increase in intensity of the main peak with x suggest
Mn-derived states with fairly localized character at 3.6
eV above the VBM. The energy position is in agreement
with 3.310.5 eV predicted for the Mn 3d | states from



s1 ULTRAVIOLET INVERSE-PHOTOEMISSION AND . ..

the analysis of the Te L, and L; XANES spectra.’® A
constant energy of the narrow main peak for the in-
cidence angle of the electron beam is also consistent with
the localized character.

On the other hand, the UPS spectrum of pure CdTe
has previously been reported by several authors and dis-
cussed in detail. We recall here that the features at
—1.0, —1.5, —2.5, and —4.4 eV (vertical bars) reflect
maxima in the DOS of valence bands derived mainly
from flat regions around the L3, X5, W,-Z1"", and L,
symmetry points, respectively.*”>® The valence-band
DOS is primarily composed of Te 5p states. Increasing x
from O to 0.3, we find no discernible change in the shape
of the valence bands, except for a slight blurring of fine
structures. For x above 0.5, however, additional emission
shows up clearly between the two prominent peaks at
—1.5 and —4.4 eV. Shapes of the UPS spectra are con-
sistent with those for Cd,_,Mn,Te (0=x <0.65) mea-
sured at an excitation-photon energy of 22 eV by means
of SR photoemission.?’ An increasing spectral density
between — 1.5 and —4.4 eV with x is predominantly due
to Mn 3d emission, with a main peak at —3.4 eV.2%2!
Although the positions of the Cd 4d core levels have been
reported to be almost independent of x in an earlier ex-
periment,?° energies of 4ds,, and 4d,,, relative to the
VBM are found to shift almost linearly from —10.10 and
—10.75 eV (x =0) to —10.30 and —10.95 eV (x =0.7),
respectively, in the present study.! The origin of these
energy shifts is discussed below, in terms of the band-
structure calculation.’

While the Mn 3d features in the UPS spectra are clear-
ly observed as an increase in intensity at —3.4 eV with x,
those in the IPES spectra can be recognized only in the
form of a narrowing of the main peak at a constant ener-
gy of 3.6 eV, and as a slight increase in intensity of the
main peak under the tentative normalization of the spec-
tra. We assume that the following would be main reasons
why the Mn 3d features are less pronounced in the IPES
spectra in comparison with those in the UPS spectra in
Fig. 1: (1) The photoabsorption cross section of the Mn
3d states®? at 9.43 eV (IPES) is smaller by about a factor
of 3 than that at 21.2 eV (UPS). (2) The Mn 3d features
in the IPES spectra show up at an energy just overlap-
ping with the first peak in the spectrum of CdTe, whereas
those in the UPS spectra appear at an energy between the
two prominent DOS peaks.

Figure 2(a) shows the conduction-band IPES and
valence-band UPS spectra of Cdj;Mng;Te and CdTe
films. The valence-band photoemission spectrum of
Cdy 4Mn, (Te measured at an excitation-photon energy of
49.5 eV (on resonance) is also shown to demonstrate the
Mn 3d emission.>® One again notices a main peak at 3.6
eV and a broad and weak structure around 6.5 eV in the
IPES spectrum, a valence-band structure between 0O and
—2.5 eV, a main peak at —3.4 eV in the UPS spectrum,
and a broad satellite between —5 and —9 eV in the spec-
trum measured at 49.5 eV.

First we compare Fig. 2(a) with the theoretical total
and Mn 3d partial DOS’s of Cdy 4Mn ¢Te calculated by
Ehrenreich et al.’ in Fig. 2(b). The total DOS of CdTe is
also shown in Fig. 2(c) for the convenience of discussion.
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FIG. 2. (a) Conduction-band IPES and valence-band UPS
spectra of Cdyi;Mng;Te and CdTe films. To demonstrate the
Mn 3d emission, the valence-band spectrum of Cdy 4Mng ¢Te
measured at 49.5 eV (on resonance) is also shown. (b) Total and
Mn 3d partial (shaded area) DOS’s of Cdy 4Mn, ¢Te and (c) total
DOS of CdTe based on tight-binding calculations (Ref. 5).

The zero energy in the theoretical DOS’s is referred to
the VBM of CdTe. In Fig. 2(b), a prominent DOS peak
due to the unoccupied Mn 3d | states with e, symmetry
is placed at 3.6 eV. The energy position of this peak is
coincident with that of the first DOS peak of CdTe. On
the other hand, the occupied Mn 3d 1 states split into two
peaks as a result of sp-d hybridization. The lower states
with t,, symmetry hybridize more strongly than the
higher states with e, symmetry in the tetrahedral envi-
ronment, and shift to lower energy due to a repulsion
from the upper Te 5p valence bands. The corresponding
3d admixture in the upper valence-band region is respon-
sible for the Mn 3d DOS in the energy region between 0
and —2 eV and the slight shift of the VBM toward
higher energy. Such a shift of the VBM is, in fact, ob-
served in a form of an increase in energy separations be-
tween the VBM and Cd 4d core levels in Fig. 1.

The U value, the energy necessary to add one 3d
electron to a Mn2% ion, " is taken to be 7.0 eV. The
connections between the electronic structure in Fig. 2(b)
and the sp-band-Mn 3d and Mn-Mn exchange interac-
tions have been extensively investigated.%’ In particular,
the Mn-Mn exchange constant has been calculated quan-
titatively and shown to result primarily from
hybridization-induced antiferromagnetic superexchange.
Then authors developed a physically transparent model
of both the sp-band—Mn 3d and Mn-Mn exchange using
only four parameters: the valence-band-edge energy E,,
the energy of occupied Mn 3d states E,, the p-d hybridi-
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zation parameter V,;, and U.. For numerical results,
the principal uncertainty lies mainly in the parameters of
V,a>and Ueg.

One notices that the Mn-derived features in the IPES
and UPS spectra in Fig. 2(a) are in good agreement with
those in the calculated DOS curves. Taking into account
the experimental features observed for the narrow main
peak at 3.6 eV in the IPES spectrum as well as the com-
parison between the experiment and theory in Fig. 2, we
assign the peak at 3.6 eV to the Mn 3d| states, and
evaluate the U, value to be 7.01+0.2 eV from Fig. 2(a).
The splitting energy of 7.01+0.2 eV is in quantitative
agreement with the predicted U value, and supports the
electronic structure model for the estimation of the
nearest-neighbor Mn-Mn exchange constant (J%) of
Cd,_,Mn,Te, using input parameters such as
E,—E;=3.4 eV taken from photoemission experi-
ments,?%?! U4=7.0 eV, V,a=0.219 eV estimated from
the experimental sp-d exchange constant, and the Mn-
Te bond length of 2.759 A determined by extended x-
ray-absorption fine-structure experiments.>> Authors fur-
ther calculated a chemical trend of J% in Cd;_,Mn, Y
(Y =Te,Se,S). The predicted increase in J 44 from tellu-
ride to selenide is in reasonable agreement with the in-
crease observed experimentally. The larger predicted in-
crease in J % from selenide to sulfide overestimates the ex-
perimental trend, which may be corrected when more ac-
curate input parameters become available.

Recent first-principles calculations for Cd,_,Mn,Te
by Wei and Zunger predicted a U, 4 of 4.9 eV.!%!! Calcu-
lations for paramagnetic zinc-blende MnTe by Masek,
Velicky, and Janis provided a value of 5.5 eV, %6 and those
for antiferromagnetic zinc-blende MnTe by Podgérny
suggested a value of about 4 eV for the splitting energy.’
All calculated values are substantially smaller than our
experimental value of 7.0+0.2 €V.> On the other hand,
the earlier experimental value determined from the BIS
measurements is 8.31+0.4 eV,!? and substantially larger
than the present value. For this discrepancy, it should be
noted that the photoemission and BIS measurements
were made for different cleaved surfaces of Cd, sMn, ,Te
alloy, 2 though the position of the Fermi level in the band
gap depends significantly on the cleaved faces of crystals.
In situ measurements of the IPES and UPS spectra in the
present study rule out such an irreversible shift of the
Fermi level.

With respect to the Mn-derived feature at 4.6 eV in the
reflectivity’® and ellipsometry?’ measurements of
Cd,_,Mn, Te, Kendelewicz tentatively interpreted the
structure as coming from interband transitions from the
sp valence band to the unoccupied Mn 3d states.>® The
initial states were related to the maximum in the
valence-band DOS at 1.8 eV below the VBM: the states
around the X5 symmetry point. This places the unoccu-
pied Mn 3d states at 2.8 eV above the VBM. On the oth-
er hand, Franciosi et al. attributed the structure to opti-
cal transition from the top of the sp valence-band states
to the unoccupied Mn 3d states at 4.81+0.3 eV above the
VBM on the basis of their experimental result.!> Both
values of 2.8 and 4.8 eV are in rather poor agreement
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with the present result of 3.6 eV.

The location of the unoccupied Mn 3d states at 3.6 eV
above the VBM in the present study provides a plausible
interpretation. We remember that the valence-band spec-
trum of pure CdTe exhibits a DOS structure at —1.0 eV,
which is primarily derived from the flat region of valence
bands around the L; symmetry point. In addition, the
shape of the sp part of the valence-band spectrum does
not change appreciably when Mn is added.?’ The loca-
tion of the unoccupied Mn 3d states at 3.6 eV above the
VBM in the present study thus suggests that the optical
transition at 4.6 eV is most probably due to transitions
from the states around the L; symmetry point at —1.0
eV to the unoccupied Mn 3d states, in agreement with
the assignment by Larson et al.®

In spite of the good correspondence between the exper-
iment and energy-band theory, the theory cannot inter-
pret the multielectron satellite in the energy region be-
tween —5 and —9 eV. Nor can it explain the intra-
atomic d-d * optical absorption observed at about 2.2 eV
for Cd,;_,Mn, Te with x >0.4.2” Gunnarsson, Postni-
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FIG. 3. (a) Conduction-band IPES spectrum of Cd, ;Mn, ;Te
film, valence-band photoemission spectrum of Cdy4Mn, (Te
measured at 49.5 eV (on resonance), and a measure of the Mn 3d
partial DOS evaluated from resonant photoemission experiment
in the Mn 3p-3d core excitation region (dotted curves). (b) Mn
3d-derived photoemission spectra of Cd;_,Mn,Te calculated
on the basis of the configuration-interaction theory (Ref. 26). In
the calculation, d°, d®L, d’L? and d*, d°L, dSL? configurations
are taken into account for the initial and final states, respective-
ly, where L represents a ligand hole. The line spectra are calcu-
lated using parameters of U=4.0 eV, A=2.0 eV, and
(pdo)=—1.1eV. Here U is Coulomb correlation energy of the
Mn 3d electrons, and A is the ligand-to-metal charge-transfer
energy. In addition, (pdo ) represents a p-d transfer integral and
(pdo)/(pd) is fixed at —2.16. The solid curves are construct-
ed by a convolution of the line spectra, with Gaussian and
Lorentzian functions for the sake of comparison.
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kov, and Anderson presented the results of ab initio cal-
culations for parameters in the Anderson model, such as
the energy-dependent p-d hybridization parameters and a
Mn 3d Coulomb correlation energy of 7.3 eV.?® Without
any empirical parameters, the Mn 3d photoemission
spectrum was fairly well reproduced including the mul-
tielectron satellites.

Very recently, Mizokawa and Fujimori calculated the
Mn 3d-derived inverse-photoemission and photoemission
spectra of Cd;_, Mn, Te in terms of the CI theory.?® Fig-
ure 3 exhibits (a) the conduction-band IPES spectrum of
Cd, ;Mn, ,;Te film, valence-band photoemission spectrum
of Cdy 4Mn, (Te measured at 49.5 eV (on resonance), and
a measure of the Mn 3d partial DOS evaluated from reso-
nant photoemission experiments in the Mn 3p-3d core ex-
citation region® (dotted curves), and (b) the calculated
spectra (solid curves).?® CI analysis revealed that the
feature between O and —5 eV with a main peak at —3.4
eV is predominantly due to transitions into the d°L final
states, whereas the satellite between —5 and —9 eV is as-
cribed to transitions into the d* final states. Here the L
denotes a ligand hole. On the same line of argument, the
main peak at 3.6 eV in the Mn 3d inverse-photoemission
spectrum is attributed to transitions into the d® final
states.

Previous analysis for the Mn 3d partial DOS of
Cd,_,Mn, Te provided a Mn 3d Coulomb correlation en-
ergy of 7.5 eV (Refs. 21 and 22) [U=E(3d*%)
+E(3d%) —2E (3d5), where E (3d") is the center of grav-
ity of the 3d™ multiplet], different from the value of 4.0
eV in Ref. 26. The discrepancy in U originates mainly
from the fact that the relevant optical and magnetic
properties and impurity states have been interpreted con-
sistently using the same set of parameters.> In addition,
the previous analysis was performed using only the d°,
d°®L and d* d°L configurations as the initial and final
states, respectively, while recent analysis takes further ac-
count of the d’L? and d°L? configurations for the initial
and final states. The inclusion of the d’L? and d°L?
configurations has an influence upon the number and en-
ergy positions of the structures in the spectra.

IV. CONCLUSIONS

We have measured the conduction-band IPES and
valence-band UPS spectra of Cd,_,Mn,Te films
(0=<x =0.7) grown epitaxially on GaAs(100) substrates.
The IPES spectrum of pure CdTe shows peak structures
at 3.7, 5.4, 6.4, and 9.0 eV above the VBM. On the basis
of the results of band-structure calculation,*° these struc-
tures are interpreted to be associated with the DOS
features due to particular flat regions of conduction
bands around the X¢ and X,, I'; and I'g, L, 5 and L, and
A symmetry points, respectively. With increasing x, the
energy position of the CBM relative to the VBM shifts
linearly toward higher energy as a result of an increasing
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contribution of the Mn 4s states to the conduction bands.

The energy position of the Mn 3d | states at 3.6 eV
above the VBM in the present study is in good agreement
with that predicted from the analysis of the Te L and L,
edge XANES spectra combined with the electronic struc-
ture calculation.!® The U, value is directly estimated to
be 7.0£0.2 eV. This value compares well with the pre-
dicted spin-exchange splitting energy of 7.0 eV in support
of the electronic structure model,’~ 8 though the present
result is substantially smaller than the earlier experimen-
tal value of 8.3+0.4 eV from the photoemission and BIS
measurements. !2

For the initial states of transitions responsible for the
Mn-derived feature at 4.6 eV in the reflectivity spectra,58
the valence-band states around the X5 symmetry points
are assumed to be the most probable candidates based on
the location of the Mn 3d | states at 3.6 eV.

Aside from the energy-band theory, the peak at 3.6 eV,
features between 0 and —5 eV with a main peak at —3.4
eV, and those between —5 and —9 eV are assigned to the
d®, d°L, and d* final states, respectively, on the basis of
CI calculations using cluster?® and Anderson impuri-
ty?>26 models.

In situ measurements of IPES and UPS spectra of
Zn,_,Mn,Te films (0=x <0.7) grown epitaxially on
GaAs(100) substrates by the HWE technique have recent-
ly been made.® The IPES spectrum of pure ZnTe exhib-
its peak structures at 4.0 and 6.8 eV above the VBM,
reflecting DOS maxima of the sp conduction bands. With
the increase of x, a Mn-derived feature shows up clearly
at 3.5 eV, namely 0.5 eV below the first peak in the spec-
trum of ZnTe. Peaks at 3.5 and —3.7 eV (Ref. 23) in the
IPES and UPS spectra have been ascribed to emission
from the Mn 3d| and 3d 1 states with e, symmetry, re-
spectively. In spite of the difference in band structure be-
tween ZnTe and CdTe, the U of 7.210.2 eV evaluated
for Zn,_,Mn, Te is very close to 7.0+0.2 eV in the
present study for Cd;_,Mn,Te, implying the intra-
atomic nature of the U .
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