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Results of photoluminescence (PL) and resonant Raman scattering from single crystalline epitaxial
films of Zn,_,Co,Se and Zn,_ ,Fe,Se are presented. Samples with Co concentrations up to x =0.1 and
Fe concentrations in the range 0 <x <0.75 were studied. For x <0.03 (Co) and x <0.30 (Fe) the optical
emission associated with the 3d deep levels are observed as discrete transitions that broaden very rapidly
and weaken as the doping further increases. It is proposed that the increase in concentration x leads to
an increase in the exchange between low-lying crystal-field split d levels and band electrons, and thus to
the changes in the photoluminescence. Concomitant with the onset of broadening of the PL, a continu-
um of Raman excitations extending from zero to about 4000 cm ™! is observed which is resonantly
enhanced as the energy of the exciting radiation approaches the alloy band gap from below. The
Raman-scattering features are discussed in terms of electronic scattering within the 3d-ion band mani-
fold located in the gap of the insulating host. The role of strong disorder and correlations on the elec-
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tronic Raman excitations in these insulating structures are briefly addressed.

I. INTRODUCTION

Shallow donors in semiconductors is a topic that has
been extensively studied. A classic example of such a sys-
tem is phosphorous-doped silicon where the donor elec-
tron can be viewed as a hydrogenlike s electron with a
Bohr radius, a*, larger than several lattice spacings. In
the low concentration limit when @ * is smaller than the
near-neighbor donor separation, the optical absorption
spectrum consists of sharp lines corresponding to excita-
tions from the ground state to various bound excited
states. As the donor density increases and the insulator to
metal transition is approached, the isolated donor lines
initially broaden asymmetrically and are subsequently
washed out yielding a broad featureless absorption band. !
In the metallic regime absorption is governed by donor
clusters, and therefore the spectrum remains devoid of
sharp density-of-state characteristics. The effects of in-
creased doping are also manifested through other elemen-
tary excitations. For example, Raman excitations be-
tween valley-orbit split states rapidly broaden and a Ra-
man continuum due to inter-valley fluctuations appears
as the metallic state is approached.>3 This continuum
eventually dominates the low-energy Raman spectrum
well beyond the insulator-metal transition. Further, in
the heavily doped material, the inter-conduction-band
transitions interfere with the zone center optical phonon
to produce Fano-type asymmetric phonon line shapes.*
These diverse optical features are generally well under-
stood in terms of an ideal paradigm of random hydrogen-
ic atoms with one s electron per site.

Diluted magnetic semiconductors (DMS), which are
typically solid solutions formed by alloying a nonmagnet-
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ic semiconductor compound with a 3d transition-metal
ion, offer an interesting dimension to the study of substi-
tutional dopants in semiconductors. They differ from the
hydrogenic donors discussed above in the following im-
portant ways. (1) Since the 4s? electrons of the magnetic
ion contribute to bonding in the same fashion as the two
outer s electrons of the group-II element, the crystal-field
split manifold of d levels plays a major role in the optical
and electronic properties of the DMS. (2) Unlike the
large Bohr radii of hydrogenic donors, d orbitals are lo-
calized to a single site. Hence about three orders of mag-
nitude larger doping than Si:P is required before interac-
tions among substitutional ions become important. (3)
The existence of large exchange interactions between
band electrons and the 3d ion, the so-called s, p-d interac-
tion, will lead to the d electrons being more extended. (4)
As evidenced by the impurity spin moment, the 3d ions
often have strong intra-ion Coulomb correlation. Thus
correlations, together with the high spatial disorder in-
troduced by the random substitution of 3d ions can lead
to a continuum of localized electronic states. Hence in
contrast to the shallow donor case, the insulator to metal
transition will be inhibited even when impurity band for-
mation occurs.

Work to date in these DMS systems has largely con-
centrated on Mn-doped II-VI semiconductors and the re-
sults are summarized in several reviews.>® Signatures as-
sociated with electronic levels in Mn?t have been
identified up to about 70% mole fraction in
Cd,_,Mn, Te,” and to lower Mn concentrations in
Zn,_,Mn,Te,® Zn, . Mn,Se,’ and Zn,_,Mn,S.!° Even
at the highest Mn concentrations studied (x =0.70),
there is no evidence that the isolated atomiclike Mn2"
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levels in the II-VI lattice are modified through inter 3d-
ion interactions.

In this paper we report on photoluminescence and Ra-
man studies that directly probe the 3d-ion levels in
Zn,_,Co,Se and Zn,_,Fe Se. The introduction of Fe
and Co to the ZnSe lattice is a relatively recent ad-
vance, !! and these systems are characterized by s,p-d and
d-d exchange interactions that are significantly enhanced
over those of their Mn counterparts.!? It has been
demonstrated!! that up to 109% Co and 100% Fe can be
incorporated into ZnSe. We find that these 3d-ion con-
centrations, together with the magnified exchange in-
teractions, allow the crossover from isolated deep levels
to a continuum of hybridized d states. As x increases,
intra-ion transitions within the crystal-field split 3d mani-
fold broaden and weaken. Concomitant with the broaden-
ing of the optical transitions a featureless Raman contin-
uum is observed which extends to about 0.5 eV due to
intra-band excitations within the newly formed impurity
band. While observation of such a Raman continuum is
evidence of an impurity band, Hall measurements
confirm that the materials remain insulting to the highest
Co and Fe concentrations. We argue that strong correla-
tions and disorder give rise to a distribution of electronic
states required to form the Raman continuum while re-
taining the insulating nature of the samples.

In the next section we discuss the experimental details
with the results of our measurements being presented in
Sec. III. Section IV is devoted to a discussion of the pho-
toluminescence and Raman-scattering results. The con-
clusions are presented in Sec. V.

II. EXPERIMENTAL DETAILS

The Zn,_,Co,Se and Zn,_ ,Fe, Se samples used in our
study were single-crystal epilayers grown by molecular-
beam epitaxy on (001) GaAs substrates. Details of the
growth conditions have been published elsewhere.!* The
epilayer thickness ranged from 0.25 to 2.6 pm with
x <0.094 for Co, and 0=<0.75 for Fe. All films were
oriented with the [001] direction (z axis) normal to the
surface. The luminescence and Raman spectra were ex-
cited using the 457.9-, 476.5-, 488.0-, and 514.5-nm lines
of an Ar™-ion laser with about 100 mW incident power.
The spectra were recorded in a backscattering geometry
and analyzed with a Spex double-grating monochromator
using standard single-channel photon-counting tech-
niques. Hall measurements, utilizing standard four-
terminal methods, were carried out at room temperature
on all films to determine the carrier concentration. The
epilayers were all found to be highly resistive with nomi-
nal ?acroscopic carrier concentrations well below 10
cm™ ",

III. EXPERIMENTAL RESULTS

Figure 1 shows photoluminescence (PL) and Raman
spectra at 10 K in the vicinity of the intra-Co ion transi-
tions in Zn,_ ,Co,Se. In the absence of Co, i.e., nominal-
ly pure ZnSe, luminescence bands centered at 2.60 (Y),
2.57 (Y-LO), 2.53 (Sy), 2.50 (S,), 2.24 (SA4,), 2.09(S4,),
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and 1.92 eV (SA4;) are observed when excited at 457.9
nm. Since the excitation energy is less than the band gap,
band-edge PL is not observed. With the addition of Co,
this emission from ZnSe is quenched and three different
luminescence bands labeled I, II, and III develop as x in-
creases to 0.016. Luminescence I, with the strong zero-
phonon line (ZPL) L at 2.361 eV is the most prominent
feature at low Co concentrations. The structure on the
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FIG. 1. Photoluminescence (PL) and Raman spectra at 10 K
from ZnSe, and several Zn,_, Co, Se films for x up to 0.094. All
spectra, except the top two, were recorded with 457.9 nm exci-
tation wavelength. Features labeled I, II, and III identify PL,
with peak L being the strongest emission for the lower Co con-
centrations. The hatched regions for x >0.037 highlight the
continuum of Raman excitations, while the sharp peaks P are
Raman phonons. The peak identified by the arrow in the
488.0-nm spectrum is impurity related. All spectra have been
normalized to account for the different film thicknesses.
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low-energy side of L has been shown,!* for x <0.01, to
approximately replicate peaks in the phonon density-of-
states of ZnSe. Two other PL transitions at 1.88 eV
(luminescence II) and 1.62 eV (luminescence III) are also
evident. Luminescence III is broad and underlies several
sharp lines. The full width at half maximum (FWHM) of
bands II and III (~ 60 meV) are much larger than that of
peak L (0.37 meV).

As the Co concentration increases to 3.7%, PL I and II
weaken drastically and are not evident beyond x =0.037.
While some emission associated with band III is similarly
reduced, a few weak peaks of band III remain relatively
sharp until x ~0.09. Concomitant with the suppression
of the main PL bands at x =0.037, a broad Raman peak
centered at a frequency shift of ~2000 cm ™! emerges.
This inelastic scattering is shown as hatched regions in
Fig. 1. The Raman nature of this broad excitation is
confirmed by its observation at 488.0 and 514.5 nm excit-
ing radiation as shown in the top of Fig. 1. In addition to
the PL bands I, II, and III, Fig. 1 shows peaks labeled P
that are associated with Raman scattering from phonons.

Figure 2 shows the effect of different excitation wave-
lengths (Ay) on the 10-K emission spectra of Zn,_,Co, Se
for x =0.016. The PL features are strongest when excit-
ed at 4579 nm. For 476.5-nm excitation, the sharp L
transition in band I and band II are retained. Lumines-
cence III changes dramatically upon exciting at 476.5
nm. Four absorption dips (4,-A4,) appear which be-
come even more pronounced when A, increases to 488.0
nm. Excitation at 514.5 and 488.0 nm yield similar spec-
tra with the emission and absorption dips in the latter
spectra being stronger. There is a rapid increase in emis-
sion below 1.6 eV as A, increases towards 510 nm. As dis-
cussed below, this low-energy emission originates from
the GaAs substrate and becomes more evident as the
ZnCoSe epilayer becomes transparent to the incident ra-
diation. The absorption dips (A4, - A4,4) in the vicinity of
band III are directly related to the presence of this GaAs
luminescence. In addition, a Raman peak that is clearly
seen when excited at 488.0 nm (identified by arrows in
Figs. 1 and 2) at a frequency shift of 3100 cm ™! is ob-
served in the ZnSe film as well as in all Co-doped (and
Fe-doped) sample. This peak is hence not intrinsic to the
3d dopants.

The polarized and depolarized components of the
broad Raman peak in the x =0.094 sample recorded at
10 K are shown in Fig. 3 for three different exciting
wavelengths. x, y denote directions parallel to the cubic
[100] and [010] directions. The primary feature is the
broad Raman peak centered at 2000 cm™ !, where both
z(xx)z and z(xy)Z spectra have comparable intensities.
Similar inelastic scattering features that steadily increase
from & ~0 to frequency shifts ~2000 cm ™! are observed
in all films with Co concentrations larger than about 3%
(Fig. 1). The wavelength dependence, while confirming
the Raman character of the continuum, also establishes
its strong resonance enhancement as the energy of the ex-
citing radiation approaches the alloy band gap from
below.

Figure 4 shows PL and Raman spectra, excited at two
different wavelengths, of Zn,_,Fe, Se for Fe concentra-
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tions up to Zng,;Fey;;8e. Again the PL peaks from
ZnSe are rapidly quenched with the addition of Fe and an
impurity Raman peak at 3100 cm™! is observed in all
Fe-doped films. For x <0.22, the main feature is a peak
at ~1.89 eV with a FWHM ~70 meV. For x =>0.22,
this PL broadens and the peak position shifts to 1.94 eV
and FWHM ~ 150 meV at x =0.34. As the Fe content
further increases to x ~0.73, this emission weakens and
continues to broaden. A broad Raman mode is observed
beyond x =0.34 that displays characteristics similar to
the continuum observed in the Co-doped samples. These
common characteristics include the location of the peak
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FIG. 2. Photoluminescence (PL) spectra at 10 K from
Zn,_,Co,Se (x =0.016) for different excitation wavelengths.
Features I, II, and III are PL associated with transitions within
crystal-field split Co®>" manifold. A4,, 4,, 43, and 4, are ab-
sorption dips that become the most pronounced at 488.0 nm.
The sharp rise in the PL at energies close to 1.6 eV arise from
the GaAs substrate. The arrow identifies the Raman peak relat-
ed to an impurity.
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FIG. 3. Polarized z (xx)z and depolarized z (xy)zZ Raman spectra recorded with three different excitation wavelengths at 10 K from
Zn,_,Co,Se (x =0.094) showing resonant behavior of the Raman continuum. The arrow identifies the Raman peak related to the

same impurity as in Figs. 1 and 2.

position (~2000 cm™!), its width and appearance only
when the PL associated with the 3d ions begin to
broaden. The most striking difference between the con-
tinuum in the two series of samples is that it turns on
only at a much higher Fe concentration (x ~0.3) in com-
parison to that in the case of Co (x ~0.03) doping.

IV. DISCUSSION

A. Luminescence: Zn,_, Co,Se and Zn,_ ,Fe, Se

The luminescence bands in undoped ZnSe are similar
to those previously reported.!>!® The peaks at 2.24
(S4,), 2.09 (S4,), and 1.92 eV (S4;) are self-activated
(SA) emission bands from zinc vacancies and impurities
in the ZnSe lattice.!* S, and S, are related to donor-
acceptor pair recombinations involving shallow donors
and deep traps.!® The Y transition has been associated
with electronic states on dislocations while Y-LO is the
optical-phonon replica of this peak.!® As the Co concen-
tration increases to 0.76% the PL bands of ZnSe are
quenched. This suggests that in addition to substituting
for Zn the Co ions fill Zn vacancies. A similar conclusion
is applicable to the Fe-doped ZnSe samples. The 3100-
cm~ ! Raman peak, observed in all samples including un-
doped ZnSe, is impurity related; a possibility is chlorine.

In order to identify the origin of PL bands I, II, and III
in Zn,_,Co,Se and emission in Zn,_,Fe, Se, the relevant
multiplet energy structure of Co?>" and Fe?" in ZnSe are
reproduced in Figs. 5(a) and 5(b) from Ref. 17. While
‘electric dipole transitions between states constructed of
pure d functions are forbidden, spin-orbit interaction and
lack of inversion symmetry in the zinc-blende structure,
however, allow such transitions. The observed transi-

tions in Zn,_, Co, Se are identified by arrows in Fig. 5(a)
where the numbers I, II, and III correspond to the transi-
tions yielding bands I, IT, and III in Fig. 1. The label 4 in
Fig. 5(a) relates to the absorption dips evident in Fig. 2.

We identify the transition >T; —*4, with the narrow
emission peak L. The initial state associated with L has
been previously associated as either the 2T, excited mul-
tiplet level of the Co?" ion,'® or the exciton state
[Co*t-e].'* Our recent high-pressure measurements'®
confirm that the energy of peak L decreases with pressure
at a rate (~1.4 cm ™!/ K bar) in contrast to the increase
of ~56 cm™!/K bar pressure dependence of the ZnSe
band gap.?° Hence this would make the excitonic state
unlikely to be associated with L. Moreover, if the exciton
model is applicable, then the exciton binding energy of
~200 meV (see below) will not account for the quenching
of L we observe at temperatures greater than 200 K.

We assign luminescence II and III as transitions from
2T, that terminate at the intermediate spin-quartet excit-
ed states of Co*", i.e., 2T, —*T,(F) and 2T, —*T,(F),
respectively. The spectral line width of bands I and II
differ significantly. Within the crystal-field approxima-
tion, transition energies between levels of the same elec-
tron configurations (same m and n in an e™t"
configuration) are independent of pressure and fluctua-
tions of the cubic field arising from nuclear relaxation.
Transitions between different configurations, however,
are broadened due to fluctuations.?! This is consistent
with our assignment of the initial state (*T;) to an e*t?
configuration. In this case L is narrow since the final
state *A4,, characterized by an e*? configuration, does
not involve changes in m and n. In contrast, lumines-
cence II is broad since the final state *T,(F) is character-
ized by e’t* configuration. The transition associated with
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PL III, 2T, —*T|(F), should be weak since optical transi-
tions are forbidden between e”t™ and e” %™~k levels
for |k|=>2.2! It is likely that this transition is observed
due to configuration mixing,21 i.e., an admixture of
4T, (F) with either an e’t* or an e*3 level.

From Fig. 5(b), we assign the 1.89-eV PL peak in
Zn,_,Fe,Se to connect the > 4,—°E transition. The °E
and ® A4, states have configurations e3¢® and e?*, respec-
tively, and thus the luminescence is expected to be broad
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FIG. 4. Photoluminescence (PL) and Raman spectra at 10 K
from several Zn,_,Fe,Se films for 0.027 <x <0.75. All spec-
tra, except the top one, were recorded with 457.9 nm excitation
wavelength. The peak around 1.9 eV is PL. The hatched re-
gions for x >0.33 highlight the continuum of Raman excita-
tions, while the sharp peaks P are Raman phonons. The peak
identified by an arrow is extrinsic as in Zn,_,Co,Se (Fig. 1).
All spectra have been normalized to account for the different
film thicknesses.
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since the transition connects levels with different electron
configurations. The observed 70-meV width of this tran-
sition is comparable to the 60-meV line width of the
2T, —*T, transition in Zn,_,Co,Se. This assignment of
the optical transition in Zn,_, Fe, Se is consistent with
the absorption data of ZnS:Fe,?? where the oscillator
strength is strongest for the >E—34, transition com-
pared to other spin-forbidden transitions. The transition
>4,—°T, [Fig. 5(b)] occurs at 1.50 eV and therefore
overlaps with the emission from the GaAs substrate.

On the left-hand side of the energy axis of Fig. 5(c) we
schematically represent the ZnSe valence separated by
2.8 eV from the conduction bands (CB). The valence
bands arise predominantly from the hybridization of Zn
3d orbitals and Se 4p orbitals. In general it is not obvious
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FIG. 5. (a) Crystal-field split manifold of Co?* in ZnSe from
Ref. 17 (spin-orbit effects hve not been included). Transitions I,
11, and III relate to the photoluminescence bands shown in Fig.
1, while A is related to the dips 4,, 4,, 43, and A4, of Fig. 2
arising from spin-orbit splitting of the 4T, (P) state. (b) Crystal-
field split manifold of Fe’" in ZnSe from Ref. 17. The transi-
tion identified relates to the photoluminescence at ~1.9 eV in
Fig. 4. (c) To the left of the energy axis we schematically
represent the one-electron conduction and valence bands (solid
line) in ZnSe. The one-electron energies €%, €&,, and e, are the
Zn-d, Co-d, and Se-p one-electron levels, respectively, and €, is
the valence-band maximum. The dashed line is the slightly
shifted valence band due to the replacement of Zn by Co. As in
(a) the 2T, and *4, states are discrete many-body levels. The
effective exchange B’ couples the host with the impurity.
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how to place the many-electron atomic levels shown in
Figs. 5(a) and 5(b) with respect to the one-electron
valence-band maximum, €,. However, from electroab-
sorption?3 (EA) and photoluminescence excitation (PLE)
data,' the ground state (*4,) of Co?" is known to lie
~2.56 eV below the conduction band. Since L occurs at
2.361 eV, it follows that the initial state associated with
this optical transition is ~200 meV below the conduction
band.

We propose that the very rapid broadening of PL emis-
sions I and II for Co concentrations beyond 1.6% reflects
the proximity of the lowest Co configuration to the
valence-band maximum. We denote the quantity which
determines to what extent valence-band states mix into
the localized levels as ', which can also be viewed as the
rate at which electrons hop from and to the ground state
of the impurity site into the valence band. So the
effective exchange interaction, 8’ has the form

1

’ —~ 2
B(x) (VP4A2) X —e,,(x) .

E, 4,
While this equation is similar to the equation for the
one-electron pd hybridization, 8, in the more familiar
case of Mn in CdTe (see Ref. 24) there are some impor-
tant differences:

) VP4 4, represents the hopping of an electron out of

the 4, impurity many-electron ground state into the
valence band rather than the one-electron hopping, ¥V,
which essentially determines the valence-band width.

(i) We have neglected, as small, the term where the in-
termediate state would be a d® state which lies higher in
energy by about U~2.5 eV (Ref. 23) (the effective in-
trasite Coulomb energy).

(iii) The denominator is the difference of a many-
electron term and an one-electron term. While this nor-
mally implies the neglect of relaxation effects in the
many-body state, that is not the case here. The 4A2 level
was positioned relative to the conduction-band minimum
by comparison to PLE and EA experiments'*?* and so
these relaxation effects are already implicitly included in
the * 4, level position.

It is well known from rare-earth and actinide physics
that if the fluctuation rate becomes too large, the impuri-
ty level very rapidly loses its localized nature and be-
comes extended.?»?® Analogously we expect the extent
of delocalization of the many-electron state of Co-
impurity atoms to be very sensitive to . While there are
many reasons why 3’ could depend on x, we propose that
the dependence comes predominantly from an upwards
shift in the valence-band maximum on doping, i.e., the re-
placement of Zn by Co introduces a dependence of €, on
x.

While a theoretical treatment of the shifts of the
valence-band edge for Zn,_,Co,Se does not exist, an
analysis for Cd,_,Mn,Te shows that the valence-band
maximum increases steadily by about 0.5 eV as the Mn
concentration increases from zero to 60%.2” This depen-
dence (~1 eV per Cd atom replaced by Mn) is rather
weak. However, on alloying Co into ZnSe, we expect a
larger shift as the one-electron Co-d levels, €, lie higher
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above one-electron Zn levels, €2,, than does the majority
Mn levels. (We also point out that as well as the upwards
shift, one should expect a broadening of the valence-band
states due to extra scattering from the random potential.
This can also be viewed as an upwards shift of the
“effective” valence-band maximum, and indeed might
well dominate the shift in the case of 30% Fe substitu-
tion.) Since the locations of many-body crystal-field split
Co d levels are, to a good approximation, independent of
x and the spacing (E‘,A2 - g,) at x <0.01 is only 0.25 eV,

the valence-band edge will approach the low-lying 4,
state as x increases. It thus follows that 8’ will increase
rapidly with increasing Co concentration. These effects
are not seen in Mn-doped systems, where (E 4, -€,)~—2

eV (Ref. 28) and therefore the effect of shifting ¢, is very
small. On the other hand, as the Fe?* ground state °E in-
itially lies over 1 eV from the valence-band edge,?® the
same effect is seen. But, a larger doping concentration
will be required prior to the occurrence of significant
enhancement in the effective exchange interaction in
these alloys. Moreover, very recent PL measurements
from two (ZnCo)Se films!® under hydrostatic pressure are
also consistent with the broadening of the ground *4,
level arising from direct enhancements in S’ through
pressure.

These concentration dependencies of 3’ are consistent
with the observed broadening of the PL transitions in-
volving the low-lying d levels in the two alloys. At a
given Co concentration the exchange interaction will be
greatest for the 4, ground state with the exchange de-
creasing progressively for the higher-lying *T, and *T,
Co d levels. This level interaction hence gives rise to the
broadening and eventual weakening of the PL associated
with transitions connecting to the * 4, state in the optical
emission. At x =0.037 and beyond PL bands I and II
both appear to have been quenched. This would argue
for the ground state as well as the first excited state *T,
being broadened through exchange at this concentration.
On the other hand, it is evident from Fig. 1 that PL III
[T, —*T,(F)] remains well defined until x approaches
9.4%, the highest Co concentration used in this study.
This is consistent with the location of the final state (*T’;)
being initially over 1 eV from the valence-band edge and
therefore a higher Co concentration is required prior to
being broadened through the p-d exchange.

Since the strength of the nearest-neighbor Co?*-Co
and Fe?’*-Fe?" exchange integrals, J5 and JI§ can be
viewed as a superexchange involving p-d hybridization, *°
we expect the d-d coupling to also increase with x. The
fact that J5P>JF¢ (Ref. 31) is also in agreement with
delocalization and band formation occurring at lower
dopant concentration in Zn;_,Co,Se than in
Zn,_,Fe,Se.

We now briefly digress to understand why PL bands I,
IT, and III are strongest for excitation at 457.9 nm (2.7
eV) and to account for the absorption dips shown in Fig.
2. We note that the Co™ acceptor state lies very close to
the Co?" excited state 2T;. This is consistent with previ-
ous estimates of the location of the Co acceptor level in
ZnSe that lies about 2.7 eV from the valence-band max-

2+
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imum.?3 Upon exciting at 457.9 nm, an electron from the
valence band resonantly excites a Co’>" ion to the Co™
state. This Co™ state then relaxes nonradiatively to the
neighboring T, state prior to radiative recombination at
the low-lying * 4,, *T,, and *T; Co levels.

The rise in the luminescence at ~1.6 eV in Figs. 1 and
2 arises from emission associated with the substrate
(GaAs). This contribution is strongest in the 1.6% film
for excitation at 488.0 nm due to weak absorption in the
(ZnCo)Se epilayer and the relatively small thickness of
this film. The dips (A4 ,- A4,) in the luminescence spectra
(Fig. 2) in this spectral region are assigned to
*A4,—*T,(P) absorption transitions in the (ZnCo)Se lay-
er of photons originating as PL from the substrate. The
occurrence of four absorption dips ( 4 ;— A,) is likely due
to spin-orbit splitting of the *T,(P) state. The latter in-
teraction splits the *T'; (P) state into four levels T's (A4,),
T3(A3),T5(A4,),and Ty (A4,).3

B. Raman continuum

The study of electronic excitations in semiconductors
by Raman scattering has received much attention.3%3*
These studies have largely focused on the case of excita-
tions of shallow levels. Generally excluded in these dis-
cussions is the class of deep-level electronic transitions as-
sociated, as in the present study, with transition-metal
atoms in semiconductors. The samples utilized in our
work differ from shallow impurity-doped semiconductors
in several important aspects; these differences have been
discussed in the Introduction. We note that in spite of
the high concentration of randomly distributed magnetic
ions and the resulting structural disorder, standard ideas
of semiconductor physics, i.e., energy gaps, effective
masses, etc., are found to remain valid in the Co- and Fe-
based DMS. >

We identify the broad polarized and depolarized Ra-
man peaks evident in Figs. 1 and 3 to be associated with
electronic excitations within the broadened crystal-field
split 3d manifold. As discussed above, broadening of the
crystal-field levels with increasing x in the alloy primarily
occurs through enhanced exchange with the band elec-
trons as well as contributions from the d-d interaction. 3¢
As seen from Fig. 5, at low Co and Fe concentrations the
separations between the first few low-lying crystal-field
states of Co?™ and Fe?* are about 0.35 eV. Thus as these
levels broaden and overlap, one expects that the resulting
band will be a few tenths of an electron volt wide. The
Raman continuum observed in both alloys does extend to
4000 cm ™! (0.5 eV) and is thus in agreement with our as-
sertion that the inelastic scattering events occur within
the strongly hybridized d levels. The enhancement of the
Raman continuum in Fig. 3 for A;=457.9 nm is due to
the near resonance of the exciting radiation with the tran-
sition connecting the ground state of Co?™ (*4,) to the
bottom of the conduction band.

Our identification of the nature of the continuum is
also consistent with the following findings. (1) As shown
in Fig. 1, the continuum appears only in Zn;_, Co,Se
samples with x >0.03 when the discrete PL bands
broaden; i.e., only when the electronic levels associated

11 749

with Co?™ become more delocalized due to p-d coupling
with the band electrons. (2) It is found that the continu-
um in Zn,_,Co,Se appears at a critical concentration
(x ~0.03) that is much smaller than the critical Fe con-
centration (x ~0.33) needed for the onset of the continu-
um in Zn,_,Fe, Se (see Fig. 4). These differences of the
continuum in Zn,_,Co,Se and Zn,_, Fe, Se are related,
as discussed in the previous section, to the distinct depen-
dencies of B’ on x in the two alloys. (3) We eliminate
dopant-induced structural disorder as the source of the
Raman continuum in Zn,_,Co, Se for x > 0.03, since the
continuum is not observed in Zn,_, Fe, Se at similar Fe
concentrations where the same degree of disorder would
be present. (4) Since the continuum has comparable in-
tensity at 300 and 5 K, it is not related to higher-order
phonon or magnetic excitations, while the possibility of a
broad plasmon excitation is ruled out since the samples
are insulting. (5) Recent high-pressure measurements!’
show that it is possible to tune in coupling between the
zone center LO phonon and the Raman continuum in
Zn,_,Co,Se samples below the critical Co concentration
(x ~0.03) where there is no continuum at ambient pres-
sures. This tunability is consistent with a pressure-
enhanced exchange of the 3d electronic levels giving rise
to the Raman continuum. We thus conclude that the
continuum observed in Zn,;_,Co,Se (Zn,_,Fe Se) for
x >0.03 (x >0.3) is electronic in origin and arises from
excitations within the hybridized crystal-field levels.

We now briefly address the issue of the insulating na-
ture of all samples investigated in this study and its rela-
tion to the Raman continuum observed beyond critical
Co and Fe concentrations. The optical measurements
presented above reveal delocalization of 3d electrons at
sufficient doping when p-d and d-d exchange are strong.
At the high level of doping required in these systems, dis-
order must be taken into account.

In disordered systems a metal to insulator transition
may occur due to electronic levels at the Fermi energy
becoming localized as described by the Anderson Hamil-
tonian.?” In this model randomness is introduced by hav-
ing the on-site energies vary independently from site to
site. For a given electron density the transition from
metal to insulator occurs when the ratio of the random
energy spread W to the hopping term ¢ (~ szd) exceeds a
critical value. A metal-insulator transition can also result
from electron-electron interactions. In the Hubbard
model®® when U, the onsite Coulomb energy, is large
compared to t the band splits into two subbands with a
gap between them. If there is one electron per site, the
lower subbands for both spins will be full and upper ones
empty, and the system will be an insulator. Both models
of the transition to an insulating state are favored by a
small hopping term. The combined effects of disorder
and onsite repulsion on the metal to insulator transition
are, however, not fully understood. Nevertheless, one
would expect that the introduction of disorder in the
Hubbard model causes subbands to broaden and overlap
if the gap is small; thus the Hubbard transition to the me-
tallic phase will be suppressed by the disorder. Our opti-
cal measurements are consistent with such disorder and
the large U leading to the continuum of localized elec-
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tronic states in the more heavily doped Zn,_, Co, Se and
Zn,_,Fe,Se films.

V. CONCLUSIONS

In summary we have reported on the photolumines-
cence and Raman excitations associated with deep 3d lev-
els in Zn,_,Co,Se and Zn,_,Fe Se. These systems are
therefore distinct from the situation of shallow impurities
in semiconductors where the relevant impurity interac-
tions occur on the scale of the s-electron Bohr radius
which is much larger than the lattice constant. Several
optical transitions within the crystal-field split manifold
are identified that broaden and weaken as x increases
beyond a critical concentration of about 3% (Co) and
33% (Fe). It is proposed that an increase in the exchange
between the d levels and band electrons with concentra-
tion x accounts for the broadening of the ground and
lower excited crystal-field split d levels leading to dramat-
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ic changes in the optical emission. Beyond the critical
concentration, a broad Raman continuum associated
with scattering within the hybridized 3d levels is ob-
served in both alloys. This result is in agreement with the
proposed increased effective exchange interaction leading
to band formation. The roles of correlations and disorder
arising from the randomness of the dopant distribution in
accounting for the Raman continuum and the insulating
nature of the samples have also been discussed.
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