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We present an ellipsometric study of Zn,_,Co,Se films with 0=x <0.1 grown on GaAs substrates.
We attribute the significant distortions of the interference patterns at energies between 1.6 and 1.8 eV to
absorption due to localized d-state transitions between the crystal-field levels of Co®* ions on Zn sites.
There is also evidence of an absorption feature near 4.3 eV within the E,+A,—E, band-gap region. We
propose that this structure has the characteristics of a charge-transfer-type p-to-d transition. A similar
absorption band also seems to be present in Zn,_, Fe, Se system.

I. INTRODUCTION

Diluted magnetic semiconductors (DMS’s) (Refs. 1 and
2) are a class of semiconducting materials formed by ran-
domly replacing some of the cations in a compound semi-
conductor with magnetic ions. The electronic structure
of the host II-VI compounds, in which the valence (con-
duction) bands are characterized by cation-s—anion-p
bonding (antibonding) states, are explained well by one-
electron band ’(heory.3 However, the transition-metal
ions introduced into the host commonly contain a par-
tially filled 3d shell, and it is uncertain that the one-
electron picture is still appropriate for fully describing
the electronic structure of DMS’s. A number of optical-
absorption spectra have been measured for various DMS
systems,4 and all measured spectra exhibit excited multi-
plet states which correspond to intra-d shell transitions.
These observed multiplets are not consistent with simple
one-electron theory. The one-electron model combined
with many-electron multiplet effects has been adopted to
explain the optical spectra observed by many groups.>®

Recently, we studied the Zn,_, (Mn,Fe,Co), Se system
in the energy range 3.5-5.5 eV using spectroscopic ellip-
sometry (SE).”® In our study, the composition-dependent
E, and E, + A, band-gap energies were well explained by
the hybridization interaction between ZnSe sp bands and
magnetic impurity d states. But a structure which ap-
pears at around 4.3 eV in the Zn,;_,Co,Se spectra was
not accounted for. In the present work, which covers a
wider spectral range, we apply a many-body approach in-
volving the Anderson impurity Hamiltonian’~!! to ex-
plain the origin of this 4.3-eV transition. This model,
which extends the Mott-Hubbard picture!> ! to include
the transfer of an electron from the itinerant ligand (sp)
band to localized transition metal 3d states, has been suc-
cessfully applied to explain the electronic structure of
transition-metal compounds,”!®!® and should be suit-
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able to explain transitions associated with strongly corre-
lated CO (Fe,Mn) 3d electrons.

Distortions in the interference patterns were also ob-
served in Zn,_,Co,Se at 1.6-1.8 eV, and interpreted as
internal d-d transitions of Co?" in the tetrahedral crystal
field of ZnSe. The first observation of the E,+ A, band-
gap energies at a small composition range in Zn,_, Co,Se
are also reported.

II. EXPERIMENTAL DETAILS

Pseudodielectric function spectra {&(w))={g,(®))
+i{ey®)) of Zn,_,Co,Se layers grown by molecular-
beam epitaxy (MBE) on GaAs(001) substrates were mea-
sured at room temperature between 1.5 and 6.0 eV using
an automatic spectroscopic rotating analyzer ellipsome-
ter of the type developed by Aspnes.!*?® Since the thick-
ness of the layers ranged from 0.28 to 2 um, which is sub-
stantially larger than the critical thickness for strain re-
laxation,?! =23 the measurements are expected to reflect
the dielectric response of bulk Zn,_, Co,Se. Experimen-
tal details and growth conditions were reported in previ-
ous works.”?*

It is well known that the existence of overlayers on the
surface complicates efforts to obtain the intrinsic dielec-
tric response of a material by ellipsometry because of the
surface sensitivity of this technique.?> Therefore, we fol-
lowed the wet chemical etching procedure described in
Ref. 24. The chemical treatment [1:3 mixture of NH,OH
(29%): methanol] was repeated until real-time ellip-
sometric spectra showed no more changes, and the
highest values of €, at the E, +A, (or the highest values
of €, at E,) band-gap energy region were obtained. Fig-
ure 1 shows the real (¢;) and imaginary (g,) parts of the
pseudodielectric function after the chemical treatment of
one of the samples (Zng gg4C0po165¢). The significant
enhancement of both real and imaginary parts of the
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FIG. 1. Pseudodielectric function of Zng ¢34C0q o;¢S€e film be- 0.28 pm N
fore (lines) and after (lines with filled symbols) the chemical
etching method described in Ref. 24. The enhancement of the -30 * : * . '
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structures is easily seen.

spectrum is easily seen, demonstrating that overlayers
identified as natural surface oxide layers?* were success-
fully removed.

To obtain the interband transition energies, the second
derivatives of the dielectric spectra were numerically cal-
culated.?® An appropriate level of smoothing was also al-
lowed in order to suppress the noise in the derivative
spectra without distorting the line shape. The resulting
spectra were fitted to the standard analytic critical point
(CP) (interband transition) line shape.?”?®

d% |n(n—1)AeYw—E+il)""?, n#0

do? |Ae(w—E+iT)"%, n=0, )
where a critical point is described by the amplitude A4,
threshold energy E, broadening I', and excitonic phase
angle ¢. The exponent n =—1 is chosen as an excitonic
CP line shape as previously reported.”?*?3 A least-
squares procedure was used for the fit, with both the real
and the imaginary parts of d’e/dw? fitted simultaneous-

ly.

III. RESULTS AND DISCUSSIONS

A. Intra-d shell transitions

Due to the atomiclike character of the 3d transition-
metal impurity electrons [Co**(3d”)], the intra-d shell
transitions associated with the crystal-field split states
have been observed in the optical absorption spectra by
different groups. In the Zn,_,Co,Se spectra for
x 20.04, we observe distortions in the interference pat-
terns between 1.6—1.8 eV. Figure 2 shows that the clean
and periodic interference pattern of pure ZnSe in the
transparent region below the fundamental band gap be-
comes obviously distorted by some subband gap absorp-
tion as the Co composition increases. Since this 1.6—1.8-
eV energy is in the same energy range as that calculated

E (eV)

FIG. 2. Real parts of pseudodielectric function, (e), of
Zn;_,Co,Se in the transparent range of 1.5-2.4 eV. Spectra
have been offset by 15 from each other from the center spectrum
of the x =0.04 sample.

and experimently observed®?'™3* for *4,(F)—*T,(P)
transition of Co?" in ZnSe under a tetrahedral crystal
field, we attribute this distortion to the intra-d shell tran-
sitions of Co?™ in ZnSe. To our knowledge, this is the
first ellipsometric observation of such absorptions below
the fundamental band-gap energy. Extracting the dielec-
tric response of the Zn,_,Co,Se film using a multilayer
calculation (air/Zn,_, Co,Se/GaAs) (Ref. 35) can direct-
ly reveal the underlying physics. However, because of
the presence of an interface layer between the film and
the GaAs substrate,* and the uncertainty of the film
thickness, we show a model calculation in Fig. 3 instead.
The simplest way to approximately model the dielectric
function for a film is to use a harmonic-oscillator mod-
el.3® We chose two oscillators with transition energies
1.67 and 1.83 eV, amplitudes 0.012 and 0.01, and
linewidths of 0.04 eV. The GaAs substrate dielectric
function was approximated as e=14.6+i1.4, which is
the averaged dielectric function for GaAs in this energy
range. Figure 3(a) shows the calculated dielectric func-
tion of the film, and Fig. 3(b) is the result of the pseudo-
dielectric function we obtained with a three-phase model
calculation using a film thickness of 1.4 um. Despite the
simplified model calculation, the resulting pseudodielec-
tric function shows nearly the same behavior as our mea-
sured pseudodielectric response shown in Fig. 2 (1.4 um,
x =0.04). The resulting absorption bands at 1.67 and
1.83 eV in Fig. 3(a) are consistent with the reported ab-
sorption experimental data below the fundamental band
gap of ZnSe:Co in Refs. 5 and 31-34. Therefore, we con-
clude that this result shows clear existence of the absorp-
tions due to intra-d to d transitions of Co ions under a
tetrahedral crystal field.
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FIG. 3. Three-layer (air/film/substrate) model calculation.
(a) The film dielectric function is modeled by two harmonic os-
cillators with a constant background 7.0+i0.0, which is the
averaged dielectric function for ZnSe in this energy range. (b)
The calculated pseudodielectric function shows behavior similar
to our measured spectrum of the 1.4-um, x =0.04 sample.

B. E,+ A, peaks

To our knowledge, no data are available concerning
the Ey+A, band gaps of Zn,;_,Co,Se alloys. Because
the film thicknesses were large enough in our samples to
confine interference patterns below 3.0 eV, we have been
able to measure the E,+ A, peak near 3.11 eV by spec-
troscopic ellipsometry at room temperature up to
x =0.04. The second derivative spectra and their fits to
Eq. (1) are shown in Fig. 4. We find that the room-
temperature Ej+A, band gap increases with x with an
approximate slope of 0.5 eV/x. Note that a slight initial
decrease or “bowing” is observed at x =0.076, which is
not yet understood and more systematic study is needed.
Accounting for the difference in measurement tempera-
ture, this value is comparable to the reported slope of E|,
by reflectivity measurement at 5 K in Refs. 37 and 38
(slope = 0.743 eV/x). Our results contrast with a recent
photoluminescence study>® showing a decrease of the E,,
band-gap energy with increasing composition. Since both
Ey(T'§—T¢) and E,+Ay(I'5—TI¢) transitions occur at
the same [-point in the Brillouin zone,* from a symme-
try point of view, we expect a similar composition depen-
dence for the two transitions. More experimental studies,
including transmission experiments, are necessary to clar-
ify this discrepancy.

C. Charge-transfer-type transition

We also observed a structure near 4.3 eV in
Zn,_,Co,Se, which appears when x =0.04 and grows
with x (Fig. 5). This structure appears along with the
intra-d shell transitions of Co?" in the 1.6—1.8 eV energy
region, and so the origin of the structure appears to be as-
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FIG. 4. (a) Fits to the second derivatives of the real (solid)
and imaginary (dot-dashed) parts of the dielectric function of
Zn,_,Co,Se at the E;+ A, band-gap region. The dots represent
experimental data for d%,/dw®. To show the quality of the fits
clearly, we reduced the number of data points in the graph by
one half. (b) Plot of the composition-dependent band gap. Ad-
ditional data are necessary to quantify the band-gap bowing for
x <0.02.
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FIG. 5. Fits to the second derivatives of the real (solid lines)
and imaginary (dot-dashed lines) parts of the dielectric function
of Zn,_,Co,Se at the E; and E, +A, band-gap regions. The
dots represent experimental data for d2,/dw’. To show the
quality of the fits clearly, we reduced the number of data points
in the graph by one fourth.
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sociated with Co d-electron states. This transition, how-
ever, cannot be ascribed to an intra-d shell transition, be-
cause the maximum energy of the multiplet excitations is
near 3.0 eV.® Since this structure cannot be explained by
the primary ZnSe sp band structure, in this section we
concentrate on transitions associated with the strongly
correlated d-electron system.

1. Many-body approach

In the optical-absorption spectra of insulating 3d
transition-metal compounds, two types of transitions are
often observed. One is the intra-d shell transitions which
show the multiplet excitations of the 3d”" configuration,
and the other is the anion p to transition-metal 3d
charge-transfer transition. The latter contributes to the
photoconductivities for photon energies greater than the
charge-transfer energy associated with moving an elec-
tron from one site to another. We propose attributing
the structure observed in Zn,_, Co, Se to the Se 4p to Co
3d charge-transfer transition. Photocapacitance (photo-
ionization) measurements>> on this material show a clear
onset around 2.2 eV (in Figs. 3 and 4 of Ref. 33) which
can be understood as a charge-transfer transition. This
energy is on the order of 2 eV smaller than our observed
optical transition energy of 4.3 eV. This difference can be
described by a many-body picture based on the Anderson
impurity Hamiltonian. In this approach, the 3d states
are modeled as local impurity states hybridized to the Se
4p band, and the parameters characterizing the model are
the Se 4p to Co 3d charge-transfer energy A, the on-site
3d Coulomb energy U, and the hybridization 7. In con-
trast to the one-electron states in the band picture, the
states are represented by many-electron configuration
states such as d’, d®L,d°L?, etc., where L denotes a Se
4p hole. The energy of the d’ configuration state is lower
than that of the d°L state since the ionic ground state of
Co in Zn,_,Co,Se is 3d’ (Co**), and the energy
difference is defined by the charge-transfer energy
A=E(d®L)—E(d7). Then the energy difference is
E(d°L?)—E(d3L)=A+U. Here the Coulomb repulsion
energy U between the two transferred d electrons is add-
ed to A. When the Se 4p —Co 3d hybridization is applied,
the ground state becomes a linear combination of d LS
d®L, d°L?, etc. (even though the main component is the
d’ configuration), and the energy is lowered from E(d’)
by the stabilization energy &". Figure 6(a) shows the
schematic energy diagram of an N-electron (neutral) sys-
tem for T=0 and for T+0.

Because the nonlocal charge-transfer transition is
determined when the electron and the hole are uncorre-
lated, the charge-transfer energy depends not only on the
ground (N-electron) state but also on the one-electron re-
moval [(N —1)-electron] states and on the one electron
addition [(V +1)-electron] states. The schematic energy
diagrams of (N —1)- and (N +1)-electron systems rela-
tive to the ground-state energy are shown in Fig. 6(b).
The (N —1)-electron configurations are d°, d’L, d®L?,
etc. The energy separation between d’L and d° corre-
sponds to U —A,%'7 and that between d’L and d®L?is A.
The value of A in the Zn, _, Co, Se system is expected to
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be smaller than U, since Se has small electronegativity,
and so E(d’L)<E(d®). The (N +1)-electron states are
d8, d° L, etc., and their energy separation is A+ U. The
lowest-energy states of (N —1)- and (N +1)-electron sys-
tems are also lowered from their d’L and the d? states
due to hybridization by the stabilization energies 8" !
and 8" *1, respectively. Since the conduction-band gap
corresponds to the sum of the smallest one-electron re-
moval (N—N —1) energy E; and the smallest one-
electron addition (N —N +1) energy E,, the band gap is
given by

Egp =8y +28"—8Y 1311, (2)

where A, is the smallest (threshold) charge-transfer ener-
gy shown in Fig. 6(a).

2.Zn;_,Co,Se

An optical transition can be obtained from the Se
4p —Co 2p transition of type d/d] —d/Ld}, where i and
j denote different Co sites. This transition can be attri-
buted to two processes, d/—d/L (N—N—1) and
d]—>d? (N—>N+1). The transition energy becomes
E gap if excitonic effects are neglected. However, this in-
terpretation can be applied to the condensed system but
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FIG. 6. (a) Energy diagram of the N-electron system from
Ref. 17. The hybridization is described by T. (b) Energy dia-
gram of (N —1)- and (N +1)-electron systems. Ground states
are shifted by the hybridization effect T.
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not to the dilute system because the distance between two
different Co sites is too large for such a transition to be
easily observed in the real spectrum. Hence, in the dilute
limit, the charge-transfer transition reflects the transition
of type d’—d5L (N —N), and the transition energy cor-
responds to A+8%, which is larger than E gap DY as much
as 8V T1+8¥~1—8N, This difference depends on A, U,
and T, but it is observed to be the order of 2-3 €V in oth-
er systems. For example, the optical gaps of Cr,0, and
Fe,0, are observed at ~3.4 eV (Ref. 41) and
at ~1.9 eV, while those in the dilute systems of
Cr**:AL,0; and Fe’':AlL0, are observed at ~5.2 eV
(Ref. 43) and at >4.7 eV,* respectively. Therefore, the
4.3-eV transition can be assigned to the local d’—d®L
charge-transfer transition even though the nonlocal
charge-transfer transition is ~2.2 eV.

While our Zn,_,Co,Se spectra are dominated by the
local charge-transfer transition features, there is sufficient
Co concentration for x > 0.04 to also observe features re-
lated to nonlocal charge-transfer transitions. A closer
look at Fig. 2 reveals that when x >0.04, the height of
the interference pattern starts to decrease significantly
above 2.2 eV. To understand this phenomenon better, we
used the same multilayer model of Sec. III A. This time
the dielectric function of film is modeled as in Fig. 7(a).
Without any absorption below 2.7 eV (g, is zero), the in-
terference pattern stays at the same height until it
reaches the fundamental band gap of 2.7 eV in the model.
However, when we add a nonzero, increasing €, above 2.2
eV, which approximately describes a charge-transfer
transition, we can clearly observe a decrease of the in-
terference pattern height in Fig. 7(b). Therefore we attri-
bute this decrease to the indirect observation of a nonlo-
cal charge transfer transition with energy at ~2.2 eV.
This value is the same as that observed in the photocapa-
citance measurement.*?

1.8 22 2.6 3.0
E (eV)

FIG. 7. (a) Model dielectric function of the film with (solid
line) and without (dotted line) charge-transfer-type absorption.
(b) The calculated pseudodielectric function with absorption
shows behavior similar to our measured spectrum.
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3. Zn,_,Fe,Se

We also observe similar behavior in Zn,_, Fe, Se alloys
at around 3.6 eV, as shown in Fig. 8. Because of the rela-
tively small thickness, the E,+A, structure in the
x =0.088 spectrum is distorted significantly, but interfer-
ence patterns clearly stop below 3.2 eV. Therefore the
small growing peak indicated by arrows in the future is a
structure that cannot be explained by the zinc-blende sp
band structure. In contrast to the Co case, the 3.6-eV
structure in the Zn,_ Fe Se film is very broad, so that
the second derivative does not enhance the structure
significantly. We associate the weaker and broader sig-
nals in the Fe films as due to different crystal-field effects
in the Fe case. The ionic ground state of Co** is d’
(4A2) in a tetrahedral crystal field, which has three holes
in the higher ¢,, orbital and the fully filled lower e, orbit-
al. Therefore, the transferred electron can only fill the ¢,
orbital. For the case of Fe?" the ionic ground state is d%
(*E), which has one e, hole as well as three #,, holes.
The charge-transfer states with the lower energy are
preferable, so that the transferred electron fills the e,
hole. Therefore, the charge-transfer transition probabili-
ty in the Fe case should be smaller by a factor of 3 than
that in the Co case. The 1.26-eV (Ref. 45) intra-d —d*
transition between crystal-field split levels is out of our
spectral range. No specific decrease of the interference
pattern strength has been observed in this relatively thin
Zn,_  Fe, Se films either.

4. Zn;_,Mn,Se

In the Zn,_,Mn, Se system we did not find evidence of
charge-transfer transitions. In general, the Mn2" system
is expected to have a larger charge-transfer energy (i.e., a
larger on-site Hund’s rule exchange energy) in compar-
ison with Co®™ or Fe?™, because it has an exactly half-
filled d3(°4,) state, which is quite stable. Therefore, the
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FIG. 8. Second derivative spectra of Zn,_, Fe,Se alloys. In

the x =0.043 and 0.088 samples, a growing peak at around 3.6
eV is shown which cannot be misunderstood as the E,+A,
peak.
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structure may be out of our spectral range, at greater
than 5.5 eV, or the small effect of the charge-transfer
transition to the dielectric function may be obscured by
the huge structure associated with the E, and E, +A,
transitions. The intra-d —d* transition between crystal-
field split levels of Mn?* in ZnSe has an approximate en-
ergy of 2.3 eV, and is observed in many optical measure-
ments at low temperature.>*® In our room-temperature
study such a transition is not observed. Because of the
thin-film thickness, the change of the interference pattern
intensity could not be studied.

To confirm our interpretation of these features, sys-
tematic photoconductivity or photocapacitance studies of
the Zn,_,(Mn,Fe,Co),Se systems are needed. Photo-
emission and inverse-photoemission experiments should
also reveal precise charge-transfer transition energy
values, and can help provide a better understanding of
the electronic structure of these II-VI dilute magnetic
semiconductor systems.

IV. CONCLUSIONS

We observed distortions in the interference patterns of
Zn,_,Co,Se at 1.6-1.8 eV which we interpreted as the
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observation of intra-d-shell transitions of Co’" in the
tetrahedral crystal field of ZnSe. The E,+ A, structure
was observed in Zn,_,Co,Se up to x =0.04. An addi-
tional peak at 4.3 eV is interpreted as a local Se 4p to Co
3d charge-transfer transition. The conduction gap at
~2.2 eV observed in the photocapacitance measurement
was also manifest in our spectra as a systematic decrease
in the interference patterns with Co concentration. We
interpret this as a nonlocal charge-transfer transition.
The roughly 2-eV energy difference between local and
nonlocal charge-transfer processes can only be under-
stood through a many-body approach. The same analysis
has also been applied to explain an absorption peak at 3.6
eV in the Zn,_, Fe, Se system. For the Zn,_ Mn_Se sys-
tem, no specific features associated with Mn 3d electrons
have been observed in our room-temperature spectra up
to 5.5 eV.
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