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We present synchrotron-radiation photoemission studies of the electronic structure of
Cd,_,Mn,S alloys, together with results for the parent binary compound CdS. Analysis of the par-
tial photoionization cross section at the Mn 3p-3d resonance was conducted to investigate the Mn
3d contribution to the valence bands. We use Cd,_,Mn,S as a test case to examine different
methods of data reduction. A comparative analysis of constant-initial-state (CIS) spectra, ternary-
binary difference curves, as well as resonance-antiresonance difference curves identifies a major Mn
3d density of states feature 3.12+0.05 eV below the CdS valence-band maximum, together with
relevant Mn 3d contribution to the electron states near the valence-band maximum and a broad sa-
tellite in the 4—8-eV range. A quantitative analysis of the Fano parameters derived from a least-
squares fit of the CIS spectra allowed us to characterize the varying amount of Te p—Mn 3d hybridi-

zation in the valence states.

INTRODUCTION

Recent progress in our understanding of the properties
of ternary semimagnetic semiconductors stems from the
exploitation of synchrotron-radiation photoemission,' ™%
extended x-ray-absorption fine structure (EXAFS),’ !
and inverse-photoemission spectroscopies:'>!3 spectros-
copies, together with the parallel development of realistic
band-structure and total-energy calculations.!*~20 All
semimagnetic semiconductors studied to date are ob-
tained by replacing cations in a II-VI compound semicon-
ductor lattice with Mn or Fe atoms. Random ternary al-
loys of this kind are difficult to model theoretically, be-
cause of the double localized-itinerant nature of the 3d
states, and because of the random nature of the alloy.

These ternary alloys have composition-dependent
transport and optical properties, and also exhibit new
magnetotransport and magneto-optical properties be-
cause of the spin-spin exchange interaction between band
and impurity states.?! 723 The resulting large g factors,
giant magnetoresistance, and large values of the Faraday
rotation could be exploited in optoelectronic devices.
Cd;_,Mn,Te alloys, for example, exhibit some of the
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largest values of the Verdet coefficient encountered for
wavelengths <1 um, and could be used to make efficient
optical isolators.?! ~

Among the possible magnetic impurities that can be in-
troduced in a II-VI compound semiconductor lattice, Mn
plays a special role because of the 3d *4s? configuration of
the free atom. According to Hund’s rule, the 3d 3 elec-
trons are expected to have parallel spins, and give rise to
a relatively stable divalent configuration of the Mn atom.
The divalent Mn atom can therefore easily replace cat-
ions in the II-VI lattice, and exhibits large solubility in
most group-II selenides, tellurides, and sulfides. Crucial
points which are still the subject of debate are the nature
of the bonding of the magnetic impurity in the compound
semiconductor matrix, localization and hybridization of
the 3d orbitals and, in turn, the influence of the magnetic
impurity on the stability of the host.?*

Photoemission spectroscopy is an ideal tool to investi-
gate the electronic structure of these semiconductors, and
we have recently presented systematic studies of
Hg,_,Mn,Se,' 3 Cd,_,Mn, Se,’ Zn,_ Mn,Se,
Hg,_,Mn, Te? and Hg,_,Fe, Se (Ref. 5) alloys. These
results, together with those of Taniguchi et al.® for
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Cd,_,Mn,Te, and for the corresponding selenides and
sulfides,’ isolated the 3d contribution to the electronic
density of states (DOS) below E and pointed out, for ex-
ample, a major Mn 3d feature 3.3-3.5 below the
valence-band maximum (E,) in all of these alloys. Some
controversies still exist, though, in the detailed analysis of
the photoemission results. Different authors employ
different data reduction methods, and have at one time or
another reported the existence of other Mn 3d DOS or
shake-up features,”>>~27 or conflicted about the localiza-
tion and hybridization of the Mn 3d states.”?

As far as the wide gap Cd,_ ,Mn,S alloy is concerned,
little information is available. We are aware of a single
spectrum for an x=0.3 sample published in Ref. 7, which
exhibits features qualitatively similar to those reported
for Cd;_ Mn,Te and Cd;_,Mn,Se. We are not aware
of any detailed photon-energy-dependent studies of the
photoemission cross section for Cd, _, Mn,S in the litera-
ture. Here we expand the pioneering result of Ref. 7 and
reexamine in detail the valence-band structure of
Cd,_,Mn,S discussing several analysis methods of the
photoemission data.®”® We show that the different
methods yield consistent results, with a major Mn 3d
contribution in Cd;_,Mn,S emerging 3.12+0.05 below
the top of the CdS valence bands and substantial admix-
ture of 3d character to the states near the leading edge of
the valence band. We present a quantitative analysis of
the valence cross section near the Mn 3p-3d resonance,
and discuss the experimental information vis-a-vis of the
results for the selenide and telluride ternary
series,! “®11:21727 drawing comparison with the trends of
recent band-structure calculations.!* 20

EXPERIMENTAL PROCEDURE

Single crystals of Cd,_ Mn,S with x =0.10%+0.01
were grown at Purdue University through a modified
Bridgmann method. X-ray diffraction showed the sample
to be single-phase single crystals. Single crystals of the
binary parent compound CdS were obtained from a com-
mercial source.

The experiments were performed at the synchrotron
radiation facility ADONE (PULS) of the Italian National
Laboratory of Frascati (Rome), with a Jobin-Yvon
toroidal grating monochromator, in the photon energy
range 30=<hv=80 eV. Radiation from a high-intensity
tungsten lamp was focused on the sample surface through
a quartz viewport to eliminate charging. The samples
were cleaved in situ in a photoelectron spectrometer
(operating pressure less than 1X107!'° Torr) with vari-
able degree of success at obtaining mirrorlike natural
cleavage surfaces. The data discussed here are indepen-
dent of cleave quality and provide information on the
bulk electronic structure of these materials.

Angle-integrated photoelectron energy distribution
curves (EDC’s) were recorded with a commercial
double-pass cylindrical mirror analyzer, and the overall
resolution (electron plus photons) ranged from 0.25 to 0.7
eV in the 21=<hv=<80 eV photon energy range.
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Constant-initial-state spectra were obtained by scanning
under computer control the monochromator and the
analyzer pass energy.”®?° The results of these studies are
summarized in Figs. 1-6. The zero of the energy scale
for the EDC’s corresponds to the Fermi level E, as
determined from the Fermi cutoff of a thick Au film de-
posited a posteriori onto the semiconductor surface.

RESULTS AND DISCUSSION

General valence-band features
and valence-band maximum E,

Valence-band EDC’s for CdS and Cd, \Mn, ;S samples
were recorded for 21 <hv <80 eV at 0.5 eV intervals in
the photon energy range. Selected results are plotted in
an expanded scale in Fig. 1. To facilitate a qualitative
comparison of ternary and binary valence-band features
for Cd,_,Mn,S (solid line) and CdS (dashed line) the
spectra have been normalized to the first major valence-
band emission feature and are shown with binding energy
referred to the position of the Fermi level Ep. Compar-
ison with results for the binary II-VI compound semicon-
ductor series’® and DOS calculations for other ternary
semimagnetic semiconductors'*™!® allows us to identify
for CdS in Fig. 1 a first DOS feature extending to about
5.0 eV below the Fermi level E as primarily S p derived.
A second hybrid Cd s-S p DOS feature is visible at all
photon energies for CdS at about 6.2 eV from E.

The Cd 4d core levels appear as a poorly resolved dou-
blet in the leftmost section of Fig. 1, in a reduced scale
(X'10) relative to the valence-band features. The peak in-
tensity of the overall 4d line (approximately correspon-
dent to the bulk 4d,, contribution®®) was observed at
11.78+0.08 eV and 11.82+0.08 eV, respectively, in
Cd,_,Mn,S and CdS. The shoulder visible on the low
binding-energy side of the Cd 4d line is likely to be due to
emission from the S 3s levels, by analogy with the case of
Te in Cd,_,Mn, Te alloys.'>* "% The normalization
factor chosen in Fig. 1 yields a close match of the EDC’s
in correspondence of the background below the Cd 4d
core features (14—15 eV below Ej) but gives Cd 4d in-
tegrated intensities®® in Cd,_ Mn_S relative to CdS sys-
tematically 10—15 % lower that those expected from the
nominal sample stoichiometry. The most notable qualita-
tive modifications of the valence-band emission induced
by Mn in Fig. 1 are observed at photon energies at or
above the Mn 3p-3d resonance' " (hv~50 eV). The ter-
nary EDC’s in this photon energy range show increased
emission near the leading edge of the valence band, the
emergence of a sharp emission feature at 5.33+0.05 eV
below Ef, and increased emission in the 6—10-eV binding
energy range.

The existence of Mn-induced emission near the top of
the valence band yields some complications in the deter-
mination of the position of the valence-band maximum
E,. The position of E, is usually determined through a
linear extrapolation of the leading edge of the valence
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FIG. 1. Selected photoelectron energy distribution curves for
the valence band and Cd 4d core emission from Cd,_,Mn,Se
with x=0.10 (solid line) and CdS (dashed line). The spectra
have been arbitrarily normalized and superimposed to em-
phasize line-shape changes. The binding energies are referred
to the Fermi level Ep.

band, or through a least-squares fit of the valence-band
edge to a suitably broadened theoretical density of
states.>* For semiconductors with reduced spin-orbit
effects, such as CdS, both methods yield quantitatively
consistent results.’?> An application of the linear extrapo-
lation method to the Cd,;_, Mn,S spectra in Fig. 1 would
give a photon-energy-dependent position of E, because of
the variable Mn 3d contribution. We note, in particular,
that at photon energies below the 3p-3d resonance, where
the S p-state cross section dominates, E, appears at
2.18%0.08 eV in Cd,;_,Mn,S and 2.19£0.07 eV in CdS,
i.e., at the same position. At photon energies near the
resonance (hv=>50 eV), the corresponding values for E,
are, instead, 1.90+0.08 eV (Cd,_ Mn,S) and 2.2140.08
eV (CdS). Above the resonance (hAv=60 eV) the
difference is somewhat reduced: E,=1.95+0.08 eV
(Cd|_,Mn,S) and 2.20%0.08 eV (CdS).

In what follows, binding energies referred to E, will be
measured relative to the position of the valence-band
maximum in CdS. This is justified in view of the fact that
the linearly extrapolated value of E, in the ternary is
photon energy dependent and composition dependent,
and in principle may not reflect an actual change in the
one-electron density of states. Final-state effects may
affect the photoemission-determined 3d contribution’ rel-
ative to the partial density of states because of the local-
ized nature of the 3d states.'®!” The lack of any detect-
able shift of the Cd 4d core levels, as well as the Cd-S and
S-p density of states features (at 6.25 and 3.5 eV, respec-
tively, in Fig. 1) in going from the binary to the ternary
alloy also suggests that the valence-band maximum of
CdS is an appropriate reference level.

Mn 3d contribution

The characteristic Mn-3d photoionization cross section
in the photon energy range of the Mn 3p — 3d transition
allows one to investigate the Mn 3d contribution to the
valence bands.!”® The Mn 3d partial photoionization
cross section exhibits a characteristic threefold enhance-
ment at resonance in metallic and atomic Mn. This
enhancement reflects the quantum-mechanical
equivalence of different processes leading from the
ground state to the same final state.!> One process is the
direct excitation

3p®3d34(sp)*+hv—3p°3d*4(sp)ef .

The other involves a 3p core excitation and a super
Coster-Kronig decay:

3p%3d>4(sp)*hv—3p>3d°4(sp)*—3p°3d*(sp)ef .

Two methods used to analyze the 3d contribution to
the valence states involve ternary-binary valence EDC
difference curves,?* and resonance-antiresonance EDC
difference curves.® In Fig. 2 we show an example of the
first method for Cdj ¢oMn oS. Spectra for the ternary
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FIG. 2. Ternary-binary difference curves obtained from the
EDC’s in Fig. 1 after normalization of the EDC’s to the in-
tegrated Cd 4d intensity scaled by the Cd concentration (1—x).
Photon energies of 47, 50, and 60 eV correspond, respectively,
to antiresonance, resonance, and above-resonance conditions for
the Mn 3p -3d photoexcitation cross section.

alloy and for CdS have been normalized to the integrated
intensity of the Cd 4d cores scaled by a (1 —x) factor de-
rived from x-ray microprobe analysis and subtracted
from each other. The photon energies of 47, 50, and 60
eV selected in Fig. 2 approximately correspond, respec-
tively, to antiresonance, resonance, and above-resonance
conditions for the Mn 3d cross section.?* The binding en-
ergies are referred to the Fermi level Er, and the top of
the CdS valence bands is at 2.20+0.05 eV, as discussed in
the previous section. The dip in the 10-13-eV range in
Fig. 2 reflects the composition-dependent variation in the
intensity of the Cd 4d emission going from the ternary al-
loy to the binary.

At antiresonance,’* when the Mn 3d emission is
suppressed (top section of Fig. 2) the ternary-binary
difference curve is flat and relatively featureless in the
2-10-eV range. For photon energies at or above the Mn
3p-3d resonance, the increase in the Mn 3d photoioniza-
tion cross section gives rise to a sharp dominant feature
at 5.33+0.05 eV (3.13 eV below the CdS valence-band
maximum), to smaller and less structured features in the
2-4 and 6-10-eV binding energy ranges, and to an in-
creased secondary electron background visible on both
sides of the 4d-related dip (10-12 eV). The major Mn 3d
emission feature in Fig. 2 is compellingly similar to those
observed some 3.4-3.5 eV below the apparent valence-

band maximum in Hg,_,Mn,Se,"> Cd,_,Mn,Se,*?
Zn,_ Mn_Se,> Hg,_ Mn, Te,* and Cd,_ Mn, Te.?2

The method employed in Refs. 1-4 to calculate
ternary-binary difference curves differs from that em-
ployed here in two respects: first, the subtraction of a
computer-fitted polynomial secondary background in
Refs. 1-4 tends to deemphasize the broad emission
feature observed in Fig. 2 in the 8—10-eV region; second-
ly, the normalization to the apparent main anion p DOS
feature used in Refs. 1-4 would yield ternary versus
binary EDC amplitudes similar to those observed in Fig.
1. A ternary-binary difference curve calculated with such
a normalization would underestimate the Mn contribu-
tion. In combination with the background subtraction
procedure, this tends to increase the importance of the
main Mn feature relative to the broad low- and high-
energy structure.

In Refs. 1-5 we interpreted the main Mn-derived
feature as primarily 3d derived, with little or no evidence
of hybridization with anion p states. This interpretation
was proposed on the basis of an analysis of the resonant
behavior, but came recently under some criticism.” Tani-
guchi et al.®” presented a different data reduction of res-
onant photoemission data (resonance-antiresonance
difference curves) for several ternary semimagnetic semi-
conductors, together with semiempirical calculations of
the final state of the Mn 3d photoemission process in
MnTe,~ clusters. They concluded that the main Mn 3d
feature mostly corresponds to a d°L final state where the
3d hole is screened through charge transfer from a Te
Sp-derived ligand orbital L.

Although in the framework of the configuration in-
teraction cluster model employed’ d-p hybridization can-
not be incorporated in the ground state, the authors of
Ref. 7 considered it included in the final state as a mixing
between the d* (unscreened) and d’L (ligand-screened)
configurations. Within the limits of this assumption, the
main Mn 3d feature should exhibit substantial p-d hy-
bridization. The apparent controversy in the interpreta-
tion of the resonant photoemission results of Refs. 1-8
stimulated our interest in considering all of the proposed
methods of data reduction in the case of Cd;_,Mn_S.

In Fig. 3 we show examples of resonance-antiresonance
difference curves for CdggoMng oS. The method em-
ployed is the same proposed in Ref. 6. EDC’s for the ter-
nary semiconductor at photon energies near resonance
and antiresonance are normalized to the Cd 4d integrated
intensity, and difference curves are then calculated to em-
phasize the Mn 3d character. In Fig. 3 we plot such
difference curves for several choices of photon energies
hvg near resonance and hv,i near antiresonance. We
also present (marked by an asterisk) a result for a
different cleave of poor quality to illustrate the range of
cleave dependence observed in the results. Comparison
of Figs. 2 and 3 should test our identifications.

The topmost spectrum in Fig. 3 was obtained with
hv,g =47 eV, and can be directly compared with the one
reported by Taniguchi et al. in Ref. 7 (hvg =49.5 €V,
hv,g =47 eV). The agreement is good, although we did
not subtract the secondary background in order to avoid
arbitrary variations in the relative amplitude of the
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FIG. 3 Resonance-antiresonance difference curves obtained
from Cd,;_,Mn,Se for different choices of photon energies near
resonance (hvg) and antiresonance (hv,r). The difference
curves have been obtained from valence-band EDC’s after nor-
malization to the integrated intensity of the Cd 4d core levels,
and emphasize the Mn 3d contribution to the valence-band
emission. The spectrum marked by an asterisk illustrates the
dependence of the spectra features on cleave quality.
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different spectral features. The cross sections of the Ss,
3p, and 4d states also vary with photon energy, so that
difference curves of this kind may introduce features that
do not reflect the 3d contribution. The normalization to
the integrated intensity of the Cd 4d feature is therefore
artificial, and is introduced only to eliminate some of the
spurious features that appear in the difference curves.
The experimental energy resolution and the secondary
background also vary with photon energy. In principle,
the smallest possible Avg —hv, g window should be em-
ployed in order to minimize the cross-section variation of
the non-3d features. To reduce some of the ambiguities,
one should look for common features with are indepen-
dent of the choice of the photon energies and cleave qual-
ity.

Of the spectral features identified in Fig. 3, two appear
unambiguously in all of the difference curves, namely the
dominant Mn-derived feature at 5.35 eV and the low
binding-energy feature due to the modification of the
leading edge of the valence band. The broad satellite in
the 6-10 range also appears in several, but not all, of the
difference curves in Fig. 3, pointing out differences in the
photoionization cross section of the corresponding states
relative to the main Mn 3d spectral contribution. In ex-
tracting systematic trends’ for the Mn 3d contribution in
different ternary semimagnetic samples, one should con-
sider that the relative amplitude of the different 3d
features is somewhat dependent on the choice of the
hvg —hv,g window and on the estimate of the secondary
background contribution.

In Fig. 4 we compare selected ternary-binary difference
curves (solid circles, Av=51 eV in the topmost section,
hv=50 eV in the bottom-most section) with selected
resonance-antiresonance difference curves from Fig. 3
(solid squares and open triangles) for four different
choices of the hvy —hv,g window. Although the relative
intensity of the different Mn 34 features in Fig. 4 does not
remain constant in the series, the general qualitative
agreement is remarkable. The actual interpretation of
the different Mn 3d features in terms of one-electron
DOS features and/or final-state effects can be provided
only through comparison with theory and through a de-
tailed quantitative analysis of the photoionization cross
section.

We are not aware of any published band-structure cal-
culation for Cd,_,Mn,S. However, calculations for
Cd,_,Mn, Te have been performed by a number of au-
thors'# 7171920 and there are strong similarities in the Mn
3d signature if one compares ternary semimagnetic
sulfides, selenides, and tellurides.! ®!%2* Calculations
for MnTe by means of a spin-unrestricted localized pseu-
dofunction method in the local density approximation'?
are also in striking agreement with photoemission experi-
ments for Cd;_,Mn,Te. Such calculations showed'?
that the Mn electronic configuration is (d1)(s1)(p1),
rather than (d 1)’s? in these materials, and allowed an ex-
planation of the anomalous Curie temperatures of these
alloys.!® The implication is that the Mn 3d spectral con-
tribution mostly reflects the local Mn-anion coordination,
and is surprisingly well described by the one-electron cal-
culation, except for a broad satellite in the 6-9-eV energy
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range below E,.

Taking into account an experimental broadening of 0.3
eV, the calculation predicts'? a main 3d spectral feature
3.5 eV below the top of the linearly extrapolated position
of E, in the ternary, with a full width at half maximum of
1.3 eV. Only the high binding-energy portion of such
features exhibits some superposition with Te-derived
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FIG. 4. Comparison of ternary-binary difference curve with
resonance-antiresonance difference curves for CdggoMng 0S.
Top, solid circles: ternary-binary difference curve at hv=>31
eV. Top, open triangles: resonance (R) -antiresonance (AR)
difference curve for hvg =51 eV and hv,g =49 eV. Top, solid
squares: resonance-antiresonance difference curve for hvg =51
eV and hvag=47 eV. Bottom, solid circles: ternary-binary
difference curve at hv=50 eV. Bottom, open triangles:
resonance-antiresonance difference curve for hvg =50 eV and
hvag=47eV.
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should exhibit, instead, substantial hybridization with
anion p states. If we refer the theoretical predictions to
the binding-energy scale used in this work, we would ex-
pect 3d structure 0.5, 1.3, and 3.2 eV below the CdS
valence-band maximum, i.e., at 2.7, 3.5, and 5.4 eV rela-
tive to E in Fig. 4. Experimentally we do observe struc-
ture at 2.6 and 5.35 eV in Fig. 4, and structure at 3.5 eV
may be observed at least in some of the ternary-binary
difference curves. Such a good agreement is somewhat
surprising, since the calculation was performed for the
telluride rather than the sulfide. From the calculation we
would expect a much larger d-p hybridization for the
valence-band feature in the 2—4-eV energy range than for
the main 3d feature at 5.35 eV.

The semiempirical cluster calculation by Fujimori and
co-workers’ also obtains good agreement with experi-
ment. In the configuration interaction picture, a number
of multiplet lines deriving from d* and d°L final-state
components correspond to an unscreened 3d hole (d*), or
to a 3d hole screened by charge transfer (d°L ) from a Te
5p-derived ligand orbital L (7 or o) to a d orbital (e, or
ty,). In Ref. 7 the authors include lifetime and experi-
mental broadening to yield perfect agreement with the
experimental resonance-antiresonance difference curves.
Unfortunately, such an agreement may be fortuitous,
since the energy differences between the final-state
configurations and the lifetime of each final-state
configuration are not known a priori. The method con-
tains, therefore, eight adjustable parameters, resulting in
a basic line shape involving three spectral features of ar-
bitrary separation and arbitrary relative intensity. In
these conditions the theoretical curve can reproduce al-
most any experimental line shape. Therefore we have to
emphasize that the validity of this method can be judged
only from the accuracy of its predictions about the char-
acter and hybridization of the different experimental
features. This will be the topic of the next section.

The cluster model’ does account for the broad satellite
that does not appear in any one-electron calculation.'?”2°
We note that a broad emission feature some 6.8 eV below
the apparent position of E, in Cd, _,Mn, Te was first re-
ported by Orlowski®® and later assigned by Webb et al.?
to a shake-up satellite of the main 3d feature. Similar
broad features have been observed in the same energy
range in MnO and NiO,**3¢ and assigned in both cases to
multielectron satellites. In the model by Fujimori and
co-workers,’ the satellite is mostly due to the unscreened
d* final state, and should therefore exhibit a relatively
pure Mn 3d character with no evidence of d-p hybridiza-
tion. In a recent inverse photoemission study of
Cd,_ Mn,Te,'>!* we found a value of 8.32+0.4 eV for
the d 1-d | exchange splitting, comparable with the values
assumed for Mott insulators such as MnO (9 eV). We
proposed that the similar energy position of the 6-9-eV
satellite in Cd,_,Mn, Te and MnO is a reflection of the
similar 3d correlation energy in these materials. If this
interpretation is correct, since in Cd, _,Mn,S (Fig. 4) the
satellite roughly appears in the same energy range as in
Cd,_ Mn, Te, the implication would be that the Mn 3d
correlation energy does not vary substantially in going
from Cd, _,Mn, Te to Cd, _, Mn,S.
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Photoionization cross section and d-p hybridization

We used constant-initial-state (CIS) photoemission
spectra?®?® from CdS and Cdg4oMng oS samples for
different initial-state energies within the valence bands, to
examine the origin of the 3d-related structure near the
top of the valence bands (2—4 eV in Fig. 4), the dominant
feature at 5.35 eV, and the broad satellite in the 6—10-eV
range. The resonant behavior of the Mn 3d states®’ can
be analyzed through a formalism introduced by Fano®®
and later extended to the transition metals by Davis and
Feldkamp®® and Yafet.** At the 3p-3d resonance the in-
terference of a discrete excited state with the continuum
yields a photon-energy-dependent 3d absorption line
shape (Fano line shape) that can be expressed as*”3®

2
I(v)= (g +€z)
1+¢
with
8=(hv—E0)/F ,

where € is a reduced energy parameter, g an asymmetry
parameter, and the parameters E, and I" determine, re-
spectively, the center and the width of the resonant line.*
The parameter E is equal to the energy of the discrete
state in the absence of interference minus a Coulomb-
dependent energy shift |F|. F represents the shift of the
resonance energy due to the interaction with the continu-
um,?” and depends on Auger matrix elements between the
discrete 3p°3d®4(sp)’ excited state of Mn and the
3p°d'a(spYel (i +j=6) states of the continuum. The pa-
rameter I' depends on the same integrals, but increases
with decreasing F (or increasing |F 1).37

The asymmetry parameter g depends on the dipole
transition probabilities from the ground state to the con-
tinuum states, and to the discrete excited states modified
by the Coulomb interaction with the continuum. It is
also affected directly by Auger matrix elements between
continuum and discrete states.’” The main contribution
to the resonant line shape involves transitions to the °P
configuration at hv~50 eV.”%%

Representative CIS ratios for Cd,_,Mn,S at different
initial-state energies are shown in Figs. 5 and 6 together
with the result of least-squares fit of the experimental
data to the theoretical I (v) line shape. The experimental
spectra (solid circles) were obtained by measuring CIS
spectra at a given initial energy for the ternary and for
the binary semiconductor, and calculating the ratio of the
two to eliminate the dependence on monochromator
throughput and reduce the contribution of the binary
semiconductor cross section.*!*?

We examined different choices of the energy “window”
in which the theoretical I(v) curve was fitted to the ex-
perimental data, and the effect of window size on ¢, T,
and E,. This was necessary, since in principle such pa-
rameters are photon energy dependent.’* "% Davis and
Feldkamp®® have shown that a resonant line shape that
employs constant values for g, I', and E, (evaluated at
resonance, hv~50 eV) will reproduce the true energy
dependence of the cross section within a relatively nar-
row energy window (47 <hv <53 eV) about E,. Further-

T T T T

Cd, ,Mn S/ CdS

Initial State Energy
535 eV

CIS Intensity Ratio (Relative Units)

42 44 46 48 50 52 54 56 58
Photon Energy (eV)

FIG. 5. Relative photoionization cross section (solid circles)
of valence states 5.35 eV below Ep in Cd,_,Mn,Se vs CdS,
from the ratio of the corresponding constant-initial-state (CIS)
spectra (Ref. 42). Solid line: result of at least-squares fit of the
experimental point in terms of a Fano line shape in an energy
window 49 <hv<50.4 eV. Dashed line: result of a fit in a
40<hv <42 and 49 <hv <60 energy window. Dotted line: re-
sult of a fit in a 40 <hv <60-eV photon energy window. The
photon energy windows used for each fit are schematically illus-
trated in the bottom-most section of the figure.

more, other Mn-related transitions may produce addi-
tional spectral features superimposed to the main °P reso-
nance, making the determination of I', E, and g less reli-
able. For example, absorption measurements in Mn va-
por indicate that weaker transitions to °D and °F states
may obscure the °P antiresonance.’%*

In order to eliminate possible spurious contributions
and obtain the best possible estimates of ¢, I', and E, it
is therefore advisable to restrict the least-squares fitting
to a relatively narrow energy range about E,. That this
is indeed possible is illustrated in Fig. 5, where we com-
pare the CIS ratio for an initial-state energy of 5.35 eV
(corresponding to the major 3d emission feature) with
three theoretical I (v) line shapes (solid, dashed, and dot-
ted lines) corresponding to the three fitting energy win-
dows indicated in the bottom-most section of the figure
(solid line CIS, 49<hv<50.4 eV; dashed line CIS,
40<hv=<42 and 49<hv=<60 eV; dotted line CIS,
40<hv <60 eV). Figure 5 demonstrates that we can use
a narrow energy window about E, to obtain a satisfacto-
ry fit of the overall Fano line.

To obtain reliable parameters we considered several
narrow energy windows in the 49 <hv <53-58-eV range,
obtained a best fit for each window, and took average
values of ¢, I', and E,. As experimental uncertainty on
the fitting parameters we took the maximum variation of
the parameters with window size. The results are illus-
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FIG. 6. CIS ratios for the different 3d features identified in
Figs. 2—4. These partial cross sections were fitted to a theoreti-
cal Fano line shape (solid line) in a narrow energy window
about the center of the line. The resulting fitting parameters are
given in Table I. Top: CIS ratio for initial states at 3.4 eV,
representative of the Mn 3d emission within 2 eV from the top
of the valence bands. Middle: CIS ratio for initial states at 5.35
eV, corresponding to the major Mn 3d emission feature in Figs.
1-4. Bottom: CIS ratio for initial-state energy of 6.65 eV, cor-
responding to the broad satellite of the main 3d line in Figs.
2-4.

trated in Fig. 6 for initial-state energies of 3.4, 5.35, and
6.65 eV, corresponding to the three characteristic Mn 3d
emission features identified in the previous section. The
numerical values of the fitting parameters* are listed in
Table 1.

The CIS ratio in Fig. 5 and in the midsection of Fig. 6

corresponds to the major Mn 3d feature 5.35 eV below
E and shows the strongest resonant enhancement. The
approximately threefold (2.8) increase in the photoemis-
sion cross section at resonance is similar to that observed
in the optical-absorption coefficient of metallic Mn.>’
The CIS ratio displays an unambiguous Fano line shape
with little uncertainty in the values of the fitting parame-
ters (Table I). The asymmetry parameter ¢ =1.75%0.05
appears smaller than that observed in the optical-
absorption coefficient of metallic Mn (2.0+0.10 eV).’”%
The relatively small value of ¢ may be explained by an
effect predicted by Yafet,”> who considered the
differences between photoemission and purely optical-
absorption resonances. He concluded® that while I and
E, should remain the same, the value of ¢ may be re-
duced in photoemission of an amount dependent upon
the strength of the Auger transition probability. Such a
behavior has been verified experimentally in the case of
metallic Ni.*%4

In previous work on ternary semimagnetic selenides
and tellurides®® we have argued that the strength of the
resonance enhancement is related to the overlap of the p
core hole with the d valence states, and that if the d states
become hybridized the overlap should be reduced and the
enhancement diminished. Correspondingly, some reso-
nance enhancement should appear in the cross section of
the extra atomic states that gained d character through
hybridization. This phenomenon has been observed in
resonant photoemission studies of 3d, 4d, and 4f com-
pounds,*®*” and can be used in the case of ternary sem-
imagnetic semiconductor to investigate 3d hybridization
with anion p states.

The CIS ratio in the topmost section of Fig. 6 indicates
that the strength of the resonance for states within 2 eV
from E, is relatively small, with a 40% increase in inten-
sity from antiresonance to resonance. The asymmetry
parameter g is strongly dependent on the size of the ener-
gy window used for the fit, and carries a substantial un-
certainty (2.25+0.50). More insight is provided by the
values of I" (1.40+0.15 eV) and E, (49.55+0.15 eV) in
Table I. The increase in width I" and the shift observed
for E, relative to values obtained for the major Mn 5.35
V feature are consistent with an increase in the width of
the excited state.’”*° We suggest that hybridization of
the 3d orbitals with S 3p orbitals may cause an increase in
the width of the 3d states relative to the atomic case, and
explain the behavior of I and F. Therefore, the reduced
resonant enhancement and the trend of I' and E, would
all support the presence of high p-d hybridization for Mn
states within 2 eV of E,, as compared with states near

TABLE 1. Fano parameters obtained from a least-squares fit of the experimental CIS ratios in Fig. 6
(initial state energies E, of 3.4, 5.35, and 6.65 eV) in terms of Fano line shapes. Column 1: asymmetry
parameter g. Column 2: energy width I of the resonance line, in eV. Column 3: center of the reso-

nance line £, in eV.

q (eV) (eV)
CIS (E,=3.4 eV) 2.25+0.50 1.40+0.15 49.55+0.15
CIS (E,=5.35 eV) 1.75+0.05 0.92+0.03 49.73+0.03
CIS (E,=6.65 eV) <3.25 1.05+0.15 49.90£0.15
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3.13 eV, in agreement with the trends observed in one-
electron band calculations.> %4 We note that in the
configuration-interaction cluster calculations’ both sets of
states are mostly due to the d’L configuration, and
should therefore exhibit a similar degree of p-d hybridiza-
tion.

The CIS ratio in the bottom-most section of Fig. 6 cor-
responds to an initial energy of 6.65 eV, and is represen-
tative of the relative cross section of the broad 6-10 satel-
lite in Figs. 2—4. The line shape appears qualitatively
different from that observed in the middle and topmost
sections of Fig. 6, with an increased asymmetry, evidence
of nonresonant contributions in the 43-48-eV photon en-
ergy range, and a reduced resonant enhancement. The
results of our fitting procedure in Table I show little un-
certainty in T and E,, while the value of g carries a large
uncertainty, since the Fano line shape is quite insensitive
to variations of ¢ when ¢>3. The values of I" and E,
remain consistent with those observed for the main 3d
emission at 5.33 eV, while the value of ¢ is at least 80%
higher than in the previous case. In the case of the 6 eV
3d satellite in Ni,* Davis and Feldkamp* have shown
that the electron-electron interaction may modify the
Auger intensity in the region of the satellite and give rise
to an increase in the g factor relative to the resonance of
the main 3d line. We conclude that the similarity of I’
and E, for states at 6.65 and 5.35 eV and the increase in ¢
support the proposed 3d-related many-electron origin of
the 6—10-eV structure.”

CONCLUSIONS

We have examined several methods of analysis of the
Mn 3d contribution to the valence states of Cd,_,Mn,S
with consistent results. A detailed comparison of the rel-
ative cross section of the valence states in Cd;_,Mn,S
and CdS, and the results of one-electron calculations of
the electronic structure for related systems, indicate that
3d states within 2 eV from the valence-band maximum
exhibit the highest degree of hybridization with S p
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states. The major 3d emission feature observed 3.13 eV
below the top of the CdS valence bands exhibits compara-
tively low hybridization. First-principles one-electron
calculations for MnTe show a surprising degree of agree-
ment with experimental Cd,_,Mn,S resonance spectra,
and can reproduce the major Mn 3d features of the ter-
nary semimagnetic semiconductor without postulating
major final-state effects. However, only the semiempiri-
cal cluster of Fujimori and co-workers can account for
the existence of the satellite.

We believe that in the near future much will be learned
from a careful consideration of the photoionization cross
section of the valence states in narrow-gap versus wide-
gap ternary semimagnetic semiconductors. The sys-
tematic variation in the relative intensity of the different
3d features from compound to compound should clarify
the importance of d°L final-state charge transfer, d-p
initial-state hybridization, and screening by conduction
electrons in determining the experimental 3d contribu-
tion to the electronic structure, and the validity of the
one-electron approximation.
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