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We report on low temperature measurements of the pressure dependence of the photoluminescence~PL!
associated with Co21 in ZnSe performed in a diamond anvil cell. Two sharp emission peaks at;2.36 eV,
labeledL andL8, show a weak redshift under pressure with rapidly decreasing peak intensities. These results,
together with the excitation energy and temperature dependence of the PL at 1 bar, allow for a critical
examination of previous models proposed for these optical transitions. The PL data are discussed within the
framework of conventional crystal-field theory based on the Racah and crystal-field parametersB, C, and
D~510Dq). From this analysis, the normalized energyE/B is determined as a function of the normalized
crystal field parameterDq/B. Thus quantitative estimates for the enhancement in thep-d hybridization with
pressure~evident in the line-shape profiles of the spectra! are deduced. The energy separation betweenL and
L8 decreases continuously for modest pressures (;1 GPa!, and raises questions about the role of spin-orbit
coupling in accounting for the splitting of this emission doublet.@S0163-1829~96!07332-8#

I. INTRODUCTION

Diluted magnetic semiconductors~DMS’s! possess an in-
teresting combination of magnetic and semiconducting prop-
erties and have thus received much recent attention.1 The
primary difference between transition metal dopants in
DMS’s and other more common shallow hydrogenic impuri-
ties in semiconductors is that the optical properties of DMS’s
are greatly influenced by the 3d crystal levels. Furthermore,
the presence of strong exchange interactions (s,p-d) be-
tween the extendeds- andp-band electrons and the localized
d electrons as well as the intraion (d-d) interactions modify
the character of these crystal-field levels. This brings about
another interesting dimension to the study of DMS’s. While
manganese-based II-VI compounds have been most studied,
high quality epitaxial films of ZnSe doped with iron2 and
cobalt3 have also been fabricated. Compared to Mn and Fe,
Co doping in ZnSe results in strongers, p-d, and d-d
couplings.4

In this study we focus on ZnSe doped with cobalt
~ZnSe:Co!. Due to the cubic crystal field, the4F ground
term of the free Co21 ion splits into a low lying singlet
(4A2) and two triplet (4T1 and

4T2) states; spin-orbit inter-
action splits these levels further. Similarly, the excited states
of Co21 derived fromS5 1

2 and
3
2 and permissible values of

the orbital angular momentum are also subject to crystal-
field and spin-orbit splitting. While different calculations5–7

of the energy levels of Co21 in ZnSe generally agree in their
prediction of the relative ordering of levels, the magnitude of
the crystal-field energies, particularly of the spin doublets,
are model dependent.

In general, it is not known how to place the manifold of
Co21 ~or other 3-d dopant! levels with respect to the host

band edges, and it is necessary to rely on experiments to
make this determination. Figure 1 shows, schematically, sev-
eral relevant electronic states involved in the observed
optical transitions in Zn12xCoxSe. For instance,
electroabsorption8 and photoluminescence9 ~PL! measure-
ments place the ground-state (4A2) energy level of Co

21 at
2.565 eV below the conduction-band edge of ZnSe. Optical
absorption and luminescence connecting the singlet ground
(4A2) and triplet states@4T2(F),

4T1(F), and
4T1(P)# of

Co21 in ZnSe have been observed at;0.409, 0.689, and
1.628 eV.10 Three additional sharp higher-energy absorption

FIG. 1. Schematic energy-level diagram for Co21 3d7 multip-
lets in ZnSe. Only those levels involved in the observed PL transi-
tions are shown for clarity. The location of the ground state with
respect to the valence band has been determined from experiments.
Also shown is the transitionL and the exciting laser energies uti-
lized in this study.
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transitions labeled9 L, M , andN in the 2.35–2.55-eV region
have also been reported.8,11 While the absorption peakL at
2.361 eV is also evident in photoluminescence, PL transi-
tions corresponding toM andN are not clearly observed.

Two models have emerged to account for the absorption
peaksL ~2.361 eV!, M ~2.432 eV!, andN ~2.546 eV!. In the
first, Robbins and co-workers proposed9 that in absorption
these zero-phonon lines initiate from the4A2(F) ground
state of the eg

4t 2g
3 configuration, and terminate at unusual

charge-transfer states of the Co21 impurity. In this case an
electron excited from a Co21 d orbital is localized to an
orbital split off from a conduction-band minimum. The final
state is characterized by two relatively weakly coupled parts:
~a! the residual impurity core Co31, which gives rise to a
number of different crystal-field-split electronic states, and
~b! the bound-electron moving in an orbit derived largely
from the host~ZnSe! conduction-band levels. Within this
model L, M , andN result from a donor-type bound state
associated with these levels. This assignment was in agree-
ment with Zeeman measurements and uniaxial stress depen-
dence of peakL.9

In a second model,7,8,11 Noras, Szawelska, and Allen11

argued thatL, M , andN are at the appropriate energy where
intra-Co21 transitions from the spin-quartet ground state
4A2, to the spin-doublet-excited states~e.g., 2T1) occur;
these doublet levels lie just below or in the host conduction
band. In order to account for the finite oscillator strength in
these apparently spin-forbidden transitions, it was proposed
that11 transitions gain intensity from the presence of states
with (d6n) configuration in the2T1 state that leads to an
admixture of spin-32 character to the spin-doublet level.

In addition to the luminescence peakL at 2.361 eV, fine
structure in the form of an additional weak emission peak
~labeledL8) was observed at 2.363 eV. In the model of Ref.
9, this structure was accounted for in terms of a spin-
dependent interaction between the loosely bound electron
and the spin-orbit components of the remaining Co31 core.
O’Neill and Allen7 showed that the symmetries of the spin-
orbit-split level of the 2T1 state were consistent with the
symmetries (E8,U8) of L andL8 as reflected by Zeeman and
uniaxial stress measurements.9

In this paper we focus on the hydrostatic pressure (P) and
temperature dependence of the PL transitions in
Zn12xCoxSe in the region between 2.3 and 2.4 eV, where
peaksL andL8 occur. Pressure is particularly useful to tune
the host ZnSe band structure that allows for a critical exami-
nation of the models proposed forL andL8. If, as suggested
in Ref. 9, donor-type quasihydrogenic levels are associated
with L, thenL should be sensitive to the movement of the
host ZnSe conduction band with pressure. Moreover, pres-
sure tunes thes and p-d hybridization between the dopant
and host levels by changing the relative positions of the band
edges and the Co21 crystal-field levels. Thus if intraion
transitions11 do connect spin-doublet–spin-quartet states,
then the spin-quartet admixture to the2T1 level will be
modified by pressure; such a renormalization of the character
of the admixed state should be reflected in the oscillator
strength of the PL transitions. In addition, since spin-orbit
couplings are not strongly modified with modest pressures,
the energy separation between peaksL8 and L should be

largely unaffected by a few GPa pressure if the associated
levels are indeed spin-orbit components. Our experiments,
that exploit pressure, temperature, and resonant laser excita-
tion, are found to be consistent with the assignment ofL,
M , andN to intra-Co21 transitions, as proposed11 by Noras,
Szawleska, and Allen. Direct evidence of changes in thep-
d hybridization with pressure are evident in the spectral line
shapes as well as in quantitative estimates ofdB/dP, the rate
of change of the Racah parameterB with P. Moreover, the
extreme sensitivity of the splitting betweenL andL8 to pres-
sure questions the role of spin-orbit coupling in exclusively
accounting for these doublet emission structures.

In Sec. II we provide details of the experiment, including
sample characteristics and details of the high-pressure mea-
surements. Section III describes the experimental data and is
followed by a discussion of results. The conclusions are pre-
sented in Sec. V.

II. EXPERIMENTAL DETAILS

Epitaxial films of Zn12xCoxSe with three different Co
concentrations were grown on~001! GaAs substrates by
molecular-beam epitaxy.3 The layer thicknesses of the
x50.76%,1.6%, and 3.7% samples determined by energy-
dispersive x-ray fluorescence were 2.6, 1.6, and 0.29mm,
respectively. X-ray measurements confirmed that the films
have zinc-blende structure, and were oriented with the@001#
direction normal to the surface. The epilayers generally ex-
hibit some degree of tetragonal distortion which increases
with decreasing thickness or increasing concentration.12

Magnetometry data confirm that the dopant Co was incorpo-
rated in a random, substitutional manner into ZnSe.13

For PL measurements at low temperature, the samples
were mounted on the cold finger of a liquid-helium cryostat
using a thermally conducting grease. Temperature was mea-
sured using a sensor mounted near the sample. Lumines-
cence spectra were recorded using two spectroscopic sys-
tems; for excitation below the fundamental band gap of
ZnSe, 5 mW of 514.5-, 488-, and 458-nm laser lines was
utilized. A double monochromator and standard photon-
counting electronics were used for detection. For excitation
between 460 and 430 nm~2.70 and 2.88 eV!, a dye laser
~Coherent Inc., Model 702-2! using stilbene 420 dye was
employed. The dye laser was pumped by a frequency-
doubled, mode-locked Nd-YAG~yttrium aluminum garnet!
laser operating in the continuous-wave mode. PL was excited
with a power of 5 mW, and the emission was dispersed
through a single-grating~600 grooves/mm! monochromator
and detected by a charge-coupled device multichannel ana-
lyzer ~Photometrics CC 200 with Thomson-CSF 576 x 384
pixels chip!.

In order to compare the PL intensities using the two dif-
ferent photon detection systems, spectra of all three samples
were recorded at 458 nm~2.88 eV! with both instruments.
The average intensity at;2.35 eV for thex50.76%sample
~at 10 K! recorded with the multichannel instrument was
normalized to that obtained in the single-channel measure-
ment at this excitation wavelength. Thesamescale factor
was used for normalizing PL spectra at all other excitation
wavelengths for the three samples.

For high-pressure measurements,14 the samples were
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thinned by mechanical lapping and polishing from the sub-
strate side to a total thickness of;30 mm. Square pieces
typically ;75 mm on a side were chosen under an optical
microscope for loading into a Merrill-Bassett-type diamond-
anvil cell. The pressure chamber was formed by a 200-mm
hole drilled in a prepressed stainless-steel gasket to a thick-
ness of;100mm. A thinned Zn12xCoxSe sample and small
ruby pieces were placed in the gasket hole before filling a 4:1
methanol-ethanol mixture which served as the pressure-
transmitting medium. Pressure was applied at room tempera-
ture and calibrated at low temperature using a rubyR-line
fluorescence shift of 7.53 cm21/GPa. Corrections due to
temperature shifts were made by measuring theR-line fre-
quencies of ruby chips inside the diamond cell, as well as
from a chip attached outside the cell at each pressure. As
seen from the linewidths of the rubyR lines, pressure was
found to be hydrostatic to within60.1 GPa at the highest
pressure attained. Near-backscattering geometry was em-
ployed for the measurements. All data were taken in the
zinc-blende phase of ZnSe, with the pressure kept below the
structural transition pressure15 of 13.5 GPa.

III. EXPERIMENTAL RESULTS

Figure 2 shows the PL peaks between 2.24 and 2.38 eV
for the x50.76% sample at 10 K, as well as their tempera-
ture dependence. The spectra were excited with the 458-nm
laser line. A sharp~full width at half maximum intensity
;0.6 meV! zero-phonon line labeledL at 2.3616~3! eV is
observed at 10 K. The broad structure on the low-energy side
of L reflects the phonon density of states16 of ZnSe, and has
been previously attributed to phonon replicas.9 The weaker
peakL8 at 2.3637~4! eV is evident at the lowest temperature.

On raising the temperature,L weakens rapidly, and around
60 K it is indistinguishable from the phonon replicas that are
evident until about 100 K.

The dependence of the 10-K PL on exciting laser wave-
length (lL 5 430, 458, and 488 nm! from three
Zn12xCoxSe epilayers withx50.76%, 1.6%, and 3.7% are
shown in Figs. 3~a!, 3~b!, and 3~c!. An intensity increase is
observed with decreasinglL in the x53.7% film, while the
increase is most pronounced in thex50.76%sample. For a
given excitation wavelength, the PL is found to be strongest
in the x50.76% sample, less intense in thex51.6%,
sample and very weak or absent in thex53.7% sample.17

The weak shoulderL8 at 2.364 eV is not clearly evident in
all spectra of Fig. 3, due to its inherent low intensity and the
large step sizes~10 cm21) taken in recording this data.

Next we turn to the hydrostatic pressure dependence of
the PL transitionsL and L8. PL spectra from thex51.6%
sample at 10 K excited with a 458-nm laser for several pres-
sures between 1 bar and 2.6 GPa are shown in Fig. 4. As the
applied pressure (P) increases,L andL8 shift to lower en-
ergies and the intensity weakens steadily. A slightly larger
redshift is apparent forL8 compared toL in Fig. 4, which
results in the two peaks possibly merging for pressures
around 2.5 GPa. Beyond 2.6 GPa, the PL is barely observed,
and is submerged in the background diamond luminescence
from the anvil.

An interesting feature of peakL is its asymmetric line-
shape on the low-energy side that, with increasing pressure,
acquires an even greater asymmetry. A similar asymmetric
line shape was observed in our earlier high-pressure studies
of the LO phonons in ZnSe:Co.18 Such a profile is character-
istic of a Fano line shape,19 and is indicative of coupling
between a discrete transition and a continuum of states.

FIG. 2. Temperature dependence of the photoluminescence
spectra excited with 458-nm radiation recorded for 0.76% sample.
The inset shows the weak transitionL8 at 10 K.

FIG. 3. Photoluminescence spectra recorded at 10 K for
Zn12xCoxSe withx 5 0.76%, 1.6%, and 3.7% excited with 5 mW
of ~a! 430-nm,~b! 458-nm, and~c! 488-nm laser lines. PeakL is
most intense in the 0.76% sample for excitation at 430 nm. Peak
L8 is not observed in all spectra due to its inherent weakness and
large step size taken in recording the data.
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Hence, in fitting the data of Fig. 4, we have utilized the Fano
line shape given byI (e,q) 5 I o (q 1 e) 2/~11 e2), where
I o is a constant, ande 5 (v2V2dV)/G. HereV is the
unrenormalized transition energy, and dV is the shift of the
transition energy due to coupling to the continuum.G is re-
lated to the full width at half maximum;GFWHM 5
2G(q211!/(q221!. The magnitude ofq reflects the degree
of skewness from a Lorentzian with the asymmetry increas-
ing as uqu5 decreases. The peak positions ofL and L8 at
each pressure were obtained by fittingL to a Fano andL8 to
a Gaussian profile. The results are summarized in Fig. 5,
with filled circles denotingL and filled squaresL8.

The solid lines through the data of Fig. 5 are results of a
least-square fit with expressionsEL 5 E0L 1 aP 1 bP2

andEL8 5 E0L8 1 a8P1b8P2. The coefficientsa, b, a8,
and b8 deduced from the fits are21.20 meV/GPa,20.50
meV/GPA2, 22.33 meV/GPa, and20.31 meV/GPa2, re-
spectively. The larger error bars associated withL8 for P> 1
GPa are due to the weakness of this PL transition. The line-
width GFWHM , and the Fano asymmetry parameterq of peak
L deduced from the fits, are shown in the insets to Fig. 5.
While GFWHM of L is small (;5 cm21! at low pressures, it
begins to increase rapidly around 0.5 GPa, that continues to
broaden to;15 cm21 until ;3 GPa. The increased asym-
metry ofL with pressure is reflected in the steady reduction
of uqu from ;7 to 2 asP increases to 2 GPa.

IV. DISCUSSION

The pressure-dependent data~Fig. 5! allow one readily to
discriminate between the two proposed models alluded to in

Sec. I for the origin ofL, and establish that the bound-
electron model9 is unlikely. Optical-absorption studies have
shown that the host~ZnSe! band gap shifts15 at 172 meV/
GPa, and hence a charge-transfer state split off from the
conduction-band minimum would be expected to blueshift at
a similar rate. The smallredshiftof a 5 21.20 meV/GPa
displayed byL is thus not consistent with the unusual
charge-transfer state mediating the transition as proposed in
Ref. 9. Another difficulty of this model is also evident in the
temperature dependence shown in Fig. 2. The relatively
rapid quenching ofL above 100 K would imply a donor-type
binding energy of;9 meV. On the other hand, while the
4A2 ground state has been established to lie 2.565 eV
below8,9 the conduction band of ZnSe, the peak position of
L at 2.361 eV at ambient pressure would imply a much
stronger binding; the latter is clearly not consistent with the
rapid quenching of peakL evident in Fig. 2.

On the other hand, our data are consistent with the optical
features arising from transitions between intraionic crystal-
field levels. The redshifts observed under pressure are not
unusual for intra-atomic transitions.20,21 As noted earlier, it
has been proposed by Noras, Szawelska, and Allen11 that the
2T1→ 4A2 spin-forbidden transition gains oscillator strength
by the state2T1, acquiring a spin-quartet character arising
from d levels of Co31 plus the ionized electron in the con-
duction band. The rapid drop in intensity of peakL with
pressure~Fig. 4! is consistent with this model. With increas-
ing pressure, not only does the conduction band separate
further from the locald levels, but increasingly higher exci-

FIG. 4. Hydrostatic pressure (P) dependence of the photolumi-
nescence at;2.36 eV recorded at 10 K for thex 5 1.6% sample.
Spectra were excited with 5 mW of 458-nm radiation, and are dis-
placed for clarity.

FIG. 5. The energy positions of PL transitionsL and L8 as a
function of pressure, deduced from fits to their emission profiles.
Fano and Gaussian-line shapes were utilized in describingL and
L8, respectively forP< 2.0 GPa. WhenP> 2.2 GPa, the oscillator
strength ofL andL8 are very weak; a single Gaussian profile was
hence utilized to fit spectra above 2.2 GPa. The upper inset shows
the width GFWHM

L of peakL, while the lower inset represents the
Fano asymmetry parameterq as a function of pressure.
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tation energies are needed to remove and transfer ad elec-
tron from Co21 to the conduction band. This would result in
a decrease of level mixing between resonant states in the
conduction band and2T1. As a result of the consequent sup-
pression of the spin-quartet character to2T1, the oscillator
strength ofL decreases, as observed, with increasing pres-
sure. In addition, upon compression, the top of the valence
band moves up with respect to vacuum and hence would
approach the4A2 ground state. Thus hybridization between
the 3d Co (4A2) and 4p Se will be enhanced with pressure.
A direct consequence of suchp-d mixing will result in a
broadening of the PL emission, as evidenced by the upper
inset to Fig. 5.

The connection to intra-Co transitions is further borne out
in the resonant PL spectra of Fig. 3 carried out at ambient
pressure. For instance, for a given Co concentration,L is
strongest when excited at energies that approach or lie be-
yond the band gap of ZnSe. AtlL 5 430 nm~2.88 eV!, L is
strongest, since Co21 is ionized most effectively via
d-electron transfer to the conduction band in this resonant
excitation case. Similarly, the intensity ofL in our experi-
ments drops rapidly as the excitation energy decreases from
2.88 to 2.55 eV, since the ionization of Co21 is suppressed
and thereby the admixture of spin-3

2 character to the
2T1 state

is reduced; the spin-forbidden2T1→ 4A2 transition is hence
further weakened.

In order to understand the redshifts ofL and L8 under
pressure as well as the small magnitude ofdEL /dP (a 5
21.20 meV/GPa andb 5 20.50 meV/GPa2), we turn to
the conventional crystal-field~BCD) theory developed by
Sugano and Tanabe.22,23 In this theory,B andC are Racah
parameters that describe the Coulomb and exchange interac-
tion between the 3d electrons, andD ~510Dq! is determined
by the crystal-field splitting. The ratioC/B lies between 3
and 5. By diagonalizing the Coulomb energy matrices, the
crystal-field levels are determined.

We utilize the measured energy of spin-allowed, low-
energy spin-quartet–spin-quartet transitions to determineB
andD by calculating the energies of the4T1 and

4T2 levels
with respect to the4A2 ground level. The best agreements
with the three measured transition energies10 at 0.409, 0.689,
and 1.628 eV@solid dots in Fig. 6~a!# are obtained for
B574.5 meV andD 5 401.1 meV. With these values for
B andD, we take the Racah parameterC as an adjustable
parameter to provide a theoretical manifold of levels that
best matches the specific2T1 crystal-field level to the experi-
mental value ofEL ~2.361 eV at 1 bar!. We assign this state
to 2T1~3!.24 This analysis establishes the value ofC 5 368.2
meV (C/B 5 4.94! and, in turn, allows all crystal-field lev-
els of Co21 in ZnSe to be mapped. The result is shown in
Fig. 6~a!.

The pressure derivative of the transition energyE be-
tween such crystal-field-split levels can be written as21

dE

dP
5d

d

dP
~Dq!1~E2dDq!

1

B

dB

dP
. ~1!

The termd is given by the slope of the normalized energy
E/B versus the normalized crystal-field parameterDq/B.
For d-d transitions between levels that do not involve a
change of electron configuration,E is independent ofDq,

and thusd is zero. In this special case the first term of Eq.~1!
vanishes. As shown below, this is not the situation for tran-
sition L in ZnSe:Co.

For values ofB andC, we calculate the normalized en-
ergy E/B as a function ofDq/B. Figure 6~b! shows the
resulting Sugano-Tanabe diagram corresponding to the en-
ergy levels depicted in Fig. 6~a!. The thicker lines in Fig.
6~b! are associated with the2T1 levels. The energy of the
lowest level2T1~1! has minimal variation withDq, since its
electronic configuration is similar to that of the ground state
4A2. The dotted line represents the valueDq/B50.538, a
ratio that, as noted above, is determined from the low-lying
spin-allowed transitions. The slope of the curve labeled
2T1~3! at Dq/B5 0.538 is the value ofd associated with
EL . We findd 5 113.3.

Since the crystal-field splittingDq is proportional to
a25, wherea is the lattice parameter,25 the pressure deriva-
tive of Dq for cubic crystals can be written as21

d(Dq)/dP55Dqk/3, with the compressibilityk of the
ZnSe film taken26 as 1.5331022 GPa21. Thus the value of
dd(Dq)/dP in Eq. ~1! is 113.6 meV/GPa.

With the knowledge ofdE/dP 5 22.7 meV/GPa atP 5
1.5 GPa from Fig. 5, and values ofDq, d, andB determined
above, it follows from Eq.~1! thatdB/dP 5 20.66~5! meV/

FIG. 6. ~a! Calculated crystal-field energy levels of Co21 in
ZnSe following BCD theory. The solid dots indicate measured tran-
sition energies. The three spin-allowed low-lying transitions from
Ref. 12 enabledB andD ~5 10Dq) to be determined, while the
energy ofL was utilized to fixC ~see text!. The numbers in the
parentheses of specific levels indicate the order of the energy eigen-
value from the lowest level of the same symmetry.~b! Sugano-
Tanabe diagram deduced from the crystal-field levels of~a!, provid-
ing the normalized energyE/B as a function of the normalized
crystal field parameterDq/B. The thicker lines identify all five
2T1 levels. Some levels are omitted for clarity. These include all
2T2 states and the2E~3! state.
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GPa. This negative pressure coefficient of the Racah param-
eter directly reflects an enhancement of the hybridization be-
tween the Co21 and the host states with increasing pressure.
In ZnSe:Co, such an increase in hybridization is a direct
manifestation of the close proximity of the4A2 ground state
to the valence-band maximum. With increasing pressure, the
valence-band maximum moves up and couples with the low-
est crystal-field level. A preliminary report of the pressure
induced enhancement in thep-d hybridization in ZnSe:Co
was presented earlier.27

We now discuss the weaker peakL8 ~Figs. 4 and 5! that
lies 2 meV aboveL at 1 bar. For relatively low pressures
(P, 1.5 GPa! it is clear that the energy separation between
L andL8 decreases asP rises. At higher pressures, due to the
weakened intensities, their peak positions are determined to a
lesser degree of confidence as reflected by the larger error
bars in Fig. 5. Hence, while it is difficult to unambiguously
conclude ifL andL8 do become degenerate around 2.5 GPa,
it is clear that the splitting between these modes is sensitive
to pressure, and is reduced continuously between 1 bar and 2
GPa.

PeakL8 has been previously attributed7 to the spin-orbit-
split component ofL. In order to account for the pressure
data of Fig. 5, however, such an assignment toL8 would
require that the orbital angular momentum of thed electrons
be sensitive to and suppressed by modest hydrostatic pres-
sures that, in turn, lead to reductions in the spin-orbit split-
ting. This is unlikely, and thus the proposal7 that spin-orbit
coupling is the sole origin for the 2-meV splitting between
L andL8 at ambient pressure is doubtful.Additionaleffects,
such as the differing hybridization of the two spin-orbit com-
ponents, could contribute to the separation. For instance, the
level in the conduction band providing the spin-quartet ad-
mixture associated with transitionL should couple differ-
ently to the second spin-orbit component because of its dif-
ferent symmetry and energy. With increasing hydrostatic
pressure, such a hybridization of the two components would
be suppressed to different extents, and could result in the
separation betweenL andL8 being sensitive to pressure.

As another possibility for the origin ofL8, we suggest the
presence of metastable off-center sites for Co21 in ZnSe.
Off-center sites28 resulting from Jahn-Teller-type instabilities
have been found in I-VII zinc-blende semiconductors such as
CuCl and CuBr. The vibronic character noted9 for L8 as well
as some tetragonal distortion observed in x-ray data from our
films12 support the view that Jahn-Teller interactions and
hence off-center sites for Co in ZnSe are possible. Electron
paramagnetic resonance data13 from the 0.76% sample, for

example, show a strong angular dependence which has been
attributed to the occupation of reduced symmetry sites. The
crystal fields experienced by Co21 ions located at these two
~on- and off-center! sites will be different, leading to two
transitions (L and L8). The large intensity difference be-
tweenL andL8 at ambient pressure would be a reflection of
the ratio of Co ions at each of these two types of sites, as
well as the character of the associated level wave functions.
The merging of these peaks with pressure~Fig. 5! would
arise from reductions in the energy difference between on-
and off-center sites, with the corresponding Co21 ions then
experiencing similar crystal fields.

V. CONCLUSIONS

In summary, we have investigated the origin of PL tran-
sitions at;2.36 eV in the diluted magnetic semiconductor
ZnSe:Co. The hydrostatic pressure dependence of the peak
position and intensity of transitionL in Zn12xCoxSe are
consistent with the emission being associated with the spin-
forbidden 2T1 → 4A2 intra-Co

21 transition. The rapid drop
in PL intensity with pressure and the dependence on exciting
laser energy are in agreement with this transition acquiring
oscillator strength via admixing with states derived from
Co31 levels, and an electron in the conduction band. Evi-
dence of pressure-induced enhancement of thep-d hybrid-
ization is revealed in the rapid broadening ofL beyond
;0.5 GPa, when the valence band approaches and couples to
the ground4A2 state. This hybridization is also reflected in
the value ofdB/dP5 2 0.66~5! meV/GPa. The small red-
shift of L with pressure is a result of compensating contribu-
tions from the pressure dependence of crystal-field and mul-
tiplet splitting terms deduced from the Sugano-Tanabe
diagram. The weak peakL8, previously assigned to the spin-
orbit component ofL, has a similar though slightly stronger
dependence of energy on pressure. This behavior raises ques-
tions about the role of spin-orbit coupling in solely account-
ing for the splitting between this emission doublet.
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