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Synchrotron-radiation study of Fe 3d states in Cd,_, Fe, Se (0=<x <0.4)
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The electronic structure of Cd,_,Fe,Se (0<x <0.4) has been investigated by synchrotron-
radiation photoemission in the photon energy range from 47 to 62 eV. Valence-band photoemission
spectra of Cd ¢Fe, 4Se exhibit Fe-derived narrow peaks at 0.5 and 3.7 eV below the valence-band
maximum. These structures are assigned to emission from the Fe 3d | and 3d 1 states with e, sym-
metry, respectively. The ¢,, components hybridize appreciably with the Se 4p states and contribute
throughout the top 6 eV of the valence bands. The results are qualitatively interpreted in terms of a

molecular-orbital level scheme.

I. INTRODUCTION

Cd,_,Fe,Se mixed crystals are substitutional solid
solutions in which Fe atoms replace Cd atoms in the
wurtzite structure of CdSe. Magnetic and magneto-
optical properties of Cd;_,Fe,Se crystals differ
significantly from those of the better known Mn-
substituted II-VI compound semiconductors such as
Cd,_,Mn,Te, Cd,_,Mn,Se, and Cd,_,Mn,S."™ In-
formation about energy positions of 3d levels of dilute
magnetic ions and hybridization of the 3d states with the
sp valence-band states plays an important role for under-
standing the physical nature of these materials.

Baranowski and Langer* placed the Fe?*(3d) level in
doped CdSe with an Fe concentration of 1.5X 10" cm ™3
at 0.6310.02 eV above the top of the valence bands from
their optical-absorption measurements. For an Fe-doped
CdSe sample with a concentration up to 15 at.%
(5X10%" ¢cm™3), Mycielski et al.’ reported the Fe?* level
at 0.58+0.03 eV above the valence-band maximum from
the analysis of the optical-absorption spectra. Very re-
cently, Kisiel et al.® have proposed a one-electron
schematic diagram of the splitting and hybridization of
the Fe?* states in Cd,_,Fe,Se based on their optical-
reflectivity data in the energy range from 4 to 10 eV. Ac-
cording to the diagram, the density of states (DOS) of
valence bands for Cd, _, Fe, Se consists of three constitu-
ents labeled 4, B, and C. The structure C located at the
top region of valence bands is assumed to originate from
hybridized Fe 3d states. In addition, the structure A4
placed below the Se 4p valence bands (B) is considered to
be due to the nonhybridized Fe 3d orbitals. Crucial in-
formation about the Fe 3d levels, their width, and their
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degree of hybridization with the Se 4p bands is, however,
still lacking so far.

In this paper, we report an unambiguous identification
of the Fe 3d states in Cd, _, Fe, Se (0<x <0.4) by photo-
emission using synchrotron radiation. For x =0.4, Fe 3d
(down-spin, |) and 3d (up-spin 1) bands with e, symme-
try are observed as narrow peak structures at 0.5 and 3.7
eV below the valence-band maximum, respectively,
whereas the remainder of the 3d electrons with ¢,, sym-
metry are found to contribute to the top 6 eV of valence
bands.

II. EXPERIMENT

The present photoemission experiments were per-
formed by using synchrotron radiation from SOR-RING
(an electron storage ring operated at 380 MeV) at the In-
stitute for Solid State Physics of The University of Tok-
yo. A combination of a modified Rowland-type mono-
chromator and a double-stage cylindrical-mirror analyzer
was used to measure the angle-integrated photoemission
spectra. Binding energy with respect to the top of
valence bands was determined by extrapolating the steep
leading edge of the highest valence-band peak to the base-
line. The samples used were undoped single crystals
grown by a modified Bridgman method with Fe concen-
trations of 0, 0.2, 0.3, and 0.4, respectively. Surfaces for
the photoemission measurements were prepared by
cleavage under ultrahigh vacuum (<3X107!° Torr) in
the preparation chamber. Then, the sample was
transferred into the analyzer chamber with a working
pressure of 7X 10~ !! Torr.
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III. RESULTS AND DISCUSSIONS

Figure 1 shows valence-band photoemission spectra of
Cd, _, Fe,Se for Fe concentrations of 0, 0.2, and 0.4 mea-
sured at an excitation photon energy (#iw) of 47 eV. The
valence-band spectrum of pure CdSe has been discussed
in detail by Ley et al.” We recall here that the two
prominent peaks at 1.2- and 4.0-eV binding energies (p
valence bands) reflect maxima in the DOS which are pri-
marily derived from Se 4p states with an increasing con-
tribution from the Cd 5s state toward deeper binding en-
ergy. With increasing Fe concentration from O to 0.2, we
find a new weak structure above the valence-band max-
imum of CdSe. For Cd, 3Fe, ,Se, we define the top of the
valence bands by extrapolating the leading edge of the
weak Fe-induced peak to the baseline. Thus, the binding
energy of this peak is estimated to be 0.5 eV with respect
to the new valence-band maximum. At x =0.4, one can
recognize an increasing Fe component between two
prominent p valence bands as well as the small peak at
0.5eV.

In addition to the concentration-dependence of
valence-band spectra, the identification of the
Fe 3d —derived states is considerably facilitated by the use
of tunable synchrotron radiation. We can evaluate a
measure of the Fe-derived partial DOS and investigate
the degree of hybridization in Cd,;_,Fe,Se in detail from
resonant photoemission measurements.> ! The reso-
nance takes place in a particular energy region as a result
of an interference between the direct excitation process of
the Fe 3d electrons (3p®3d®—3p®3d°+el) and the
discrete Fe 3p—3d excitation process followed by a
super Coster-Kronig decay (3p®3d®—3p33d’, 3p33d’
—3p®3d>+e€l). Since only the Fe 3d states are resonant-
ly enhanced for #iw near the Fe 3p —3d excitation, we
can estimate their contribution to the valence-band DOS
by comparing spectra taken on and off resonance. The
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FIG. 1. Valence-band photoemission spectra of Cd,_,Fe,Se
for different Fe concentrations measured at fio=47 eV. Fe-
derived features are marked by vertical arrows. Binding energy
is defined relative to the valence-band maximum.
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cross section of the remaining valence states (Se 4p and
Cd 5s,5p) do not vary appreciably over the small energy
region of the resonance.

Figure 2 shows a series of valence-band spectra of
Cd, ¢Feq.4Se for #iw in the Fe 3p —3d excitation region.
The intensities have been normalized to the monochro-
mator output. One notices four structures at 0.5, 2.3, 3.7,
and 5.0 eV binding energies below the valence-band max-
imum as shown by vertical arrows for the spectrum taken
at iw=56 eV. Among these structures, the peak at 3.7
eV exhibits a prominent resonance. With increasing fiw
from 47 to 62 eV, the intensity of this peak first decreases
gradually until its minimum at #w=352 eV and then
reaches its maximum at #io=56 eV. The remainder of
the valence bands in the energy range from O to 6 eV are
also resonantly enhanced to a lesser extent.

In order to see the shape of the resonance and its am-
plitude, we plot the photoemission intensities of selected
valence bands as a function of #iw in Fig. 3, where each
valence band is specified by the binding energy (E;) with
respect to the valence-band maximum. One notices that
the spectrum for E; =3.7 eV exhibits a strong Fano-type
resonance. In addition, the spectra for E;=2.3 and 5.0
eV also show remarkable resonance. These results reveal
that the resonance takes place in the whole valence-band
region from O to 6 eV. As for the spectra for E;=6.4,
7.4, and 7.9 eV, these spectra are affected by the back-
ground of inelastic secondary electrons which stems from
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FIG. 2. A series of valence-band spectra of Cd, ¢(Fe, 4Se for
fiw in the Fe 3p —3d excitation region. Four structures at 0.5,
2.3, 3.7, and 5.0 eV below the valence-band maximum are indi-
cated by vertical arrows for the spectrum at #iw=56 eV.
Among these structures, the peak at 3.7 eV exhibits a prominent
resonance.
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the Fe 3d states, as is clear from Fig. 2. After the correc-
tion of the background contribution, however, we still ob-
tain sizable resonance.

In Fig. 4, we compare valence-band spectra of
Cd, ¢Fe, 4Se with that of CdSe. According to Fig. 3, the
contribution of the Fe 3d emission is at its maximum on
resonance (#io =56 eV) and at its minimum at the antires-
onance (fio =152 eV). The latter spectrum of Cd, (Fe, 4Se
taken at the antiresonance can be regarded as almost due
to the emission from the p valence bands, without
significant contribution of the Fe 3d emission.® " !® From
the comparison of the spectrum of Cd,¢Fe,,Se at
fiwo =752 eV with that of CdSe, one notices an appearance
of the additional p DOS in Cd, (Fe, 4Se around the ener-
gy above the top of the valence band of CdSe (shaded
area). An additional DOS is also recognized in the ener-
gy region between the two prominent p valence bands.
An appearance of such new DOS reveals that the band
structure of the host CdSe is fairly modified when Fe is
added.

Here, we deduce further a measure of the Fe 3d partial
DOS in Cd, ¢Fe, 4Se. To this end, we subtract the spec-
trum measured at the antiresonance (fiw=52 eV) from
that taken just on resonance (%o =56 eV), after the nor-
malization of spectral intensities to the monochromator
output. The result (“Diff”’) is shown also in Fig. 4. The
Fe 3d partial DOS is superimposed on a background of
inelastically scattered electrons. We find structures again
at 0.5, 2.3, 3.7, and 5.0 eV below the valence-band max-
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FIG. 3. Plots of the photoemission intensities of selected
valence bands as a function of #iw. Each valence band is
specified by the binding energy (E,) with respect to the
valence-band maximum.
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imum and an appreciable Fe 3d contribution throughout
the valence bands from O to 6 eV. The full widths at half
maximum of the structures at 0.5 and 3.7 eV are estimat-
ed to be less than 1 and ~1 eV, respectively. Except for
these structures at 0.5 and 3.7 eV, one notices that shape
of the partial DOS from 0 to 6 eV is very similar to that
of the spectrum of CdSe, which is mainly due to the Se 4p
emission. The spectral density in the energy region
deeper than 6 eV is also found.

In the case of Cd,_,Mn,Te with a high-spin 3d°
configuration, the partial DOS has been analyzed in
terms of a configuration-interaction (CI) calculation
based on a cluster model.>° The photoemission between
0 and 5 eV has been assigned to d SL final states, which
represents final states with a photoproduced d hole
screened by charge transfer from the Te 5p-derived
valence bands. Here, the L denotes a ligand hole.
Features between 5 and 9 eV, on the contrary, are as-
cribed to a satellite with d* final states without significant
L-d screening. In spite of the many-body nature of the
d3L final states, we find rather good correspondence be-
tween the spectral density from O to 5 eV and the one-
electron valence-band DOS.°

Addition of a 3d| electron with e, symmetry to the
Mn?* ion with a high-spin 3d> ground state realizes an
Fe?™ ion with a high-spin 3d° ground state. As concerns
the final states of photoemission, the spectral width due
to d°L levels in valence bands would be broader than that
for d°L of Cd,_,Mn,Te, since the presence of an addi-
tional electron yields further splitting of d°L levels. Be-
sides, satellite structure with d 5 final states would take
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FIG. 4. Valence-band spectra of Cd,¢Fe, 4Se taken just on
resonance (#iw=56 eV) and at antiresonance (#io=52 eV). The
difference spectrum “Diff’ is a measure of the Fe 3d partial
DOS. The spectrum of pure CdSe (#iwo=>50 eV) is also shown
for comparison.
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the form of that satellite due to the e, | electron emission
is added to the satellite of Cd,_,Mn,Te with d* final
states. As a result, the characteristic feature of valence
bands of Cd,_, Fe, Se is expected to be similar to that for
Cd;_,Mn, Te. Therefore, we can assume that the spec-
tral density between O and 6 eV in the Fe 3d partial DOS
of Cd,_,Fe,Se is due to the dL screened final states
while that in the deeper binding energy stems from the d°
poorly screened final states.

We further remember that the resonance in Fig. 3 is
due to an interference between the direct excitation pro-
cess of the Fe 3d electrons and the discrete Fe 3p—3d
excitation process followed by a super Coster-Kronig de-
cay. When such a resonance takes place, the enhance-
ment for the d° final states is expected to show a Fano
resonance peak, whereas that for d GL states exhibits a
resonance dip rather than a peak.''”' One can recog-
nize that the spectra for E; > 6 eV show a clear peak at
#fiw=56 eV, while those for E;=0-6 eV represent the
pronounced dip around fiwn =52 eV. These results sug-
gest again that the Fe 3d partial DOS between 0 and 6 eV
and that at a deeper binding energy are due to the d’L
and d° final states, respectively.

Fe 3d —Se 4p hybridization allows for sufficient screen-
ing of the 3d excitations by L-d charge transfer in the
valence bands. In that sense, the spectral density from 0
to 6 eV could be assumed to be a good approximation of
a measure of the valence-band DOS. We interpret here
the spectral region corresponding to the d°L final states
on the basis of the one-electron band picture just like in
the case of Cd,;_,Mn,Te.>!® An energy diagram in Fig.
5 represents schematically the formation of the Fe 3d
bands from atomic levels. The degenerate Fe 3d levels
are split into a spin-up (3d°) and a spin-down manifold
(3d') due to the intrashell exchange interaction. In the
tetrahedral crystal field, the 3d 1 and 3d | states are fur-
ther split into #,,1 (3d°), e, 1 (3d?), t,, | (empty), and
el (3d 1) states, respectively. As a result of different de-
gree of the wave-function overlap, we find that there is no
strong Se 4p —Fe 3d (p-d) hybridization for the Fe ¢, T and

{

FIG. 5. Schematic energy diagram showing how the Fe
3d —derived DOS is formed from the atomic levels.
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e, | states. These states with e, symmetry remain there-
fore dispersionless and we can identify them with the nar-
row peaks in the photoemission spectra. On the other
hand, the Fe 7,,1 and 1,, | states hybridize significantly
with the Se 4p states (1 and |) and add the Fe 3d charac-
ter to the top 6-eV region of the valence bands. Coupling
between the spin-up [spin-down] states produces a bond-
ing B(1) [B(!l)] and an antibonding AB(1) [AB(!)] lev-
els. Accordingly, we assign the peaks at 0.5 and 3.7 eV to
d electron emission mainly from the ¢, | and e, T bands
without appreciable dispersion, respectively. Besides, the
ty, 1 and 7,, | bands are spread rather uniformly over the
whole valence-band region between 0 and 6 eV due to the
strong 75, 1(1)—p 1(1) hybridization. Such uniform dis-
tribution of the 7,, states in the valence bands is strongly
suggested from the fact that the shape of the portion as-
signed to the #,,T and #,,| states in the Fe 3d partial
DOS is very similar to that of the Se 4p DOS of CdSe.'*

Our results on the Fe 3d states in Cd,_,Fe Se are
partly in contrast to the model presented earlier.® Kisiel
et al. proposed, based on their optical-reflectivity data,
that the Fe 3d levels hybridized with the Se 4p levels ap-
pear at the top region of valence bands, while nonhybri-
dized Fe levels are located below the Se 4p valence bands.
In our model, the Fe 3d —derived structure observed at
the top region of valence bands is due to the final state of
photoemission from the e, | state, which does not hybri-
dize ap{areciably with the Se 4p states. On the basis of CI
theory,'® this structure is assigned to the °4,, (°S) state
of the d° final-state multiplet (2, 1%, 1%, |’
—15 T3eg t2). Both one-electron and CI models yield
physically the same conclusion for the assignment of the
Fe-derived structure at the top region of valence bands.
In addition, the Fe 3d states with 7,, symmetry do not
appear only around the top region of valence bands as
proposed previously,® but are spread uniformly over the
whole valence-band region.

IV. CONCLUSIONS

The contribution of the Fe 3d states to the valence
bands of Cd,_,Fe,Se has been studied by means of the
concentration dependence of the valence-band photo-
emission spectra and resonant enhancement of the Fe 3d
photoemission cross section near the Fe 3p —3d excita-
tion region. Between these two kinds of experiments, the
resonant photoemission measurements have facilitated
greatly the identification of the Fe 3d —derived features of
the valence-band spectra. The Fe 3d partial DOS ob-
tained from the valence-band spectra taken at the antires-
onance and on resonance has exhibited four structures at
0.5-, 2.3-, 3.7-, and 5.0-eV binding energies. The narrow
peaks at 0.5 and 3.7 eV in the partial DOS are assigned to
the e, | and e, T bands, respectively. The structures at
2.3 and 5.0 eV are mainly derived from the tyetand t,, 1
bands, which are spread over uniformly in the valence-
band region between O and 6 eV through the strong p-d
hybridization. Comparison of the valence-band spectrum
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of Cd, gFe, 4Se measured at the antiresonance with that
of CdSe has revealed the change in the band structure of
CdSe due to the presence of Fe atoms. The Fe 3d partial
DOS from 0 to 6 eV can be qualitatively understood as
due to the final states of d-electron emission from the
ground states described on the basis of the one-electron
band picture.
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