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Zero-phonon structures of the Fe>* 3d®°E (D)«>’T,(D) transition in absorption and
emission include a coinciding line at 2376 cm~!. Polarized transmission spectra of the
Co** 3d” transition *4,(F)—*T(P) display components split by second-order spin-orbit
coupling and indicate an autoionization effect at the 14 175-cm ™! line. Symmetry argu-
ments support the interpretation of this antiresonance by a Co’*—Co®* charge-transfer
process with a threshold at about 13800 cm~". The *T(F)— *4,(F) luminescence transi-
tion of Co** gives rise to a zero-phonon line at 2867 cm~'. The fine structure of the
3T (F)— T (P) absorption of Ni** 3d® suggests a strong reduction of spin-orbit coupling
by the Jahn-Teller interaction. With Ni?* ions, radiative recombination from the 3T (P),
34,(F), and *T,(F) levels to the *T; ground state is detected, and the first and the last
transitions exhibit zero-phonon lines at 10926 and 3607 cm ™!, respectively. An abundant
novel emission band characterized by a zero-phonon transition at 10170 cm ™! may be re-
lated to an M center, i.e., a (Vg V. )** associated defect.

1 DECEMBER 1981

I. INTRODUCTION

Among the II-VI semiconductors, cadmium
selenide has, up to now, received less attention
than most other members of this family of com-
pounds as far as research on optical properties is
concerned. This may be partly due to the fact that
the band gap of CdSe correcponds to the low-
energy end of the visible spectrum so that infrared
techniques are necessary to study its behavior in
the transmission range. In view of its increasing
importance for applications, e.g., in the production
of thin-film solar cells, however, it seems safe to
forecast an increasing demand for precise data on
the optical properties of this material.

In this paper new results are reported on a
number of impurities in CdSe. Absorption and
emission measurements at low temperatures (2K
< T <5 K) supply further information on absorp-
tion properties of transition metals in CdSe, as re-
ported by Langer and Baranowski' for T =80 K,
and additionally on their emission behavior. In
particular, distinct zero-phonon structures have
been found for several impurities. At two of the
Ni** transitions, viz. *T(F)«< *T(P) and
3T (F)«> *T,(F), and at the Fe’* transition
SE (D)« °T,(D), the zero-phonon lines co-
appeared in absorption and emission. The emis-
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sion spectra, apart from the vanadium emission,
are reported for the first time.

1I. EXPERIMENTAL TECHNIQUE

The experimental arrangements were convention-
al in both emission and absorption. An evacuated
spectrometer (Jarrell-Ash, 1 m focal length) with
various gratings was used to cover the spectral re-
gion extending from the visible range to A =4.5
pm. The imaging beam path before and behind
the monochromator could also be guided in vacu-
um. This was particularly advantageous for mea-
surements in the middle-infrared region where oth-
erwise disturbing atmospheric absorptions occur.
The specimens were cooled in a helium immersion
cryostat so that they could be investigated at tem-
peratures from 2.0 to 4.2 K. In absorption experi-
ments, either a tungsten-halogen lamp or a globar
were employed as a light source. For the excita-
tion of luminescence mostly a xenon high-pressure
lamp with suitable filters was used, or sometimes
an argon laser with 1 W output instead (A=514.5
nm, i.e., v=19440 cm™!).

As detectors, cooled photomultipliers with an S1
cathode and cooled PbS or PbSe photoresistors or
an InSb diode were applied. Owing to the restrict-
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ed spectral ranges and the often rather sharp struc-
tures in the spectra, a correction of the spectra
with regard to the spectral response of the respec-
tive detector and the grating efficiency could, in
general, be avoided. The electric signals were pro-
cessed by means of lock-in technique.

The investigated crystals were partly grown from
the vapor phase and partly from the melt; they
were investigated either as-grown or after being
sawed into small pieces and being surface polished.
The crystals were partly doped intentionally with
vanadium or nickel; other crystals such as the Co-
doped crystal, were only accidentally doped so that
the transitions observed with them were mostly
weak, however, well structured due to the low-
impurity concentrations. The doping with vanadi-
um was carried out by vapor deposition of purified
vanadium onto the crystal and subsequent anneal-
ing of several hours at T'=900°C in vacuum; nick-
el doping was effected by adding nickel to the
starting material before growing the crystal.

III. RESULTS OF MEASUREMENTS
AND DISCUSSION

A. Iron (Fe*t)

The transition *E (D)« >T,(D) of the Fe** ion
(3d*® configuration) was discovered in absorption’
in the spectral range around 2500 cm~!. At 7=8
K the authors of Ref. 1 recorded the rising point of
the absorption band near ¥~ 2260 cm~! as well as
further structures in the following range of higher
photon energies up to about 3500 cm ",

This absorption is investigated in detail in this
paper and, for the first time, an emission of the
Fe?* ion in CdSe is detected at T~4 K. This
emission can be identified by coincidence of the
zero-phonon transition at 2375 cm~! with the nar-
row line in the well-resolved fine-structure spec-
trum in absorption (Fig. 1 and Table I). Here, the
absorption starts with the transition at 2376 cm ™!
and displays satellites at 2391 and 2420 cm .

The latter satellite has a distance of 44 cm~! from
the zero-phonon line (ZPL); the emission also
displays a broad satellite in nearly the same dis-
tance, that is at 2330 cm~!. The emission displays
here only three electronic transitions whereas for
ZnS:Fe** four transitions are found, two of which
have a doublet structure (cf. Ref. 2). Though this
doublet splitting at ZnSe:Fe?* is of similar magni-
tude as the splitting in our 2357-2363 cm ™! doub-
let, a self-absorption is probably the cause there,
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FIG. 1. Emission and transmission spectrum of a
CdSe:Fe?t crystal (no. 6028) at T~4 K: °E(D)
—°T,(D) transition. Excitation range in the emission
experiment: 7500 cm ™! <% < 15000 cm~'. Grating
blazed at 3850 cm ™!, cooled PbSe detector with Ge
filter. Emission averaged over 10 scans.

whereas in our case self-absorption can be fairly
well excluded.

The fine structure shown could only be displayed
due to the possibility of evacuating the beam path,
because there are strong disturbing CO, absorption
bands in the 2400-cm ! range. It is, therefore, as-
sumed that the authors of Ref. 1 did not recognize
residua of such influences in their spectra and that
their absorption structure at ¥ <2300 cm ™! is mis-
taken.

Low and Weger® calculated the splitting of the
SE (D) ground term of d® in a tetrahedral crystal
field, including second-order spin-orbit coupling.
They obtained an equidistant quintet of the spacing
6A2/A, with the spin-orbit coupling parameter A
and the crystal field parameter A=10Dg. With a
I's component of the >T,(D) upper term being
lowest, and taking into account that in T, ['s<T,
is forbidden as an electric dipole transition, four
lines can be expected in emission, the one with
highest energy coinciding with the single absorp-
tion line at very low temperatures. This is indeed
the situation observed with cubic ZnS:Fe?* %52
Adopting the same splitting pattern for CdSe in
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TABLE 1. Detected optical transitions in absorption (T'~2 K) and emission (T'~4.2 K) with four different centers
in CdSe. The assignments of the transitions are given as based on crystal-field theory for T; symmetry, with inclusion

of spin-orbit coupling where appropriate. All wave numbers in cm

=1, Zero-phonon transitions are underlined.

Center Absorption Emission Transition
Fe?+ 2330
2357 Is-*T,(D)—>T-E(D)
2363 I's-*T5(D)-»T-*E(D)
2376 2375 Is-*T5(D)—T-*E(D)
2391
2420
Co** 2654 ZPL—LO
2826
2867 AT (F)—*4,(F)
12788 [s-*A,(F)— =T (P)
12 859 [s-*45(F)—T5-*T(P)
12993 ZPL + LO
13060 ZPL + LO
13422 [s-*A5(F)—Tg-*T | (P)
13502
13550
13620 ZPL + LO
14175 [g-*4,(F)—Te-*T (P)
v+ 4300 3T (F)—34,(F)
Intrinsic 9893
defect 9950 ZPL—-L1O
10019 ZPL—-TO
10070
10120
10170 ZPL

cubic approximation, an additional mechanism has
to be assumed by which an expected emission line
near v=2369 cm~! would be quenched. As de-
picted above, A=2400 cm™! would then imply
A~48 cm™!, i.e., approximately a 50% reduction
versus the free-ion value.

If we compare the Fe?* emission spectrum for
crystals with different Fe concentrations (Fig. 2,
here always accidental doping) we can see that the
zero-phonon structures decrease, in relation to the
phonon sideband, with increasing coupling of the
electronic transition to the lattice. Since an in-
creasing strength in the zero-phonon lines with de-
creasing doping had been demonstrated® with
ZnS:Cr*t and ZnS:Fe?*, a transfer of this con-
clusion would imply increasing Fe** concentration
in our crystal sequence nos. 6028, 6015, 6029, and
3s.

One might be tempted to relate the remarkable

“antiresonance” in the emission spectrum of Fig. 1
to the low-temperature behavior of the thermal
conductivity of iron-doped II-VI compounds.® For
some of these materials, a resonant one-phonon
scattering mechanism has been established which
involves the spin-orbit components of the Fe**
ground state. Although for ZnS:Fe?T the resonant
scattering proved to be most pronounced for tem-
peratures well above T=4 K, the small spin-orbit
splitting of only 6 cm™! found here with CdSe
may account for the specific properties of Fe** in
this very material. Since both E and T, mode dis-
tortions of the tetrahedral iron cluster are impor-
tant for one-phonon transitions commencing from
the ['s-type second energy level of the five com-
ponents of the orbital E state,® a detailed treatment
of the processes which are allowed under the selec-
tion rules for this impurity-lattice coupling may
lead to the conditions which invoke the apparent
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FIG. 2. Luminescence of four CdSe:Fe?* crystals
with different unknown concentrations of iron at T =
4 K. Zero lines have been shifted to avoid overlap be-
tween spectra. Spectral slit width A¥=3 cm™!, except
for crystal no. 35, where it was 6 cm ™",

quenching of emission transitions terminating in
this particular level. While Fig. 2 indicates that
the Fe’* concentration has no influence on the
vanishing of this I's (°T,)—T; (°E) transition, the
temperature dependence of the emission spectrum
is expected to yield additional evidence for the pro-
posed interaction. These measurements and experi-
ments on the low-temperature thermal conductivity
of these samples are in preparation here.

B. Cobalt (Co**)

Among the known Co** 3d” absorption bands,’
because of the low Co-doping, mainly the strongest
transition “4,(F)—*T|(P) has been investigated
here for reasons of intensity. At T =2 K zero-
phonon transitions could be resolved, cf. Fig. 3.
Three groups of absorption transitions can be dis-
tinguished in this range: near v~12 800, 13 400,
and 14200 cm~!. This triplet structure was ob-
served by Langer and Baranowski' at 7 =80 K;
the splitting has been assigned to first-order spin-
orbit coupling at *T,(P) (see level scheme in Fig.
3).

The triplet transition of smallest energy I's-
44,(F)—T,T4-*T(P) is further split by second-
order spin-orbit coupling; the observed doublet
spacing is Av=71 cm~! (cf. Table I). [If spin-orbit
coupling is considered, the energy levels are classi-
fied according to the irreducible representations of
the double group T; which are here named T';
(after Ref. 8).] The doublet is repeated in a
blurred manner near ¥~13000 cm !, i.e.,
displaced by one LO phonon energy. These satel-
lites, as some other structures to be dealt with, are
hardly discernible in Fig. 3 because of the broad
energy range depicted but they can safely be identi-
fied in a scan of a narrow region.

The next higher triplet transition at ¥=13 400
cm™ !, ie., Tg-*4,(F)—T-*T,(P), displays only
one zero-phonon line, corresponding with the Co**
model. The secondary maxima occur in distances
of 80, 128, and 198 cm~' from the ZPL and can
be ascribed to coupling with lattice vibrations;
some of the noted energy differences do not, how-
ever, agree with phonons of the CdSe host lattice
(cf. Table II).

The transition of highest energy, i.e., T'g-*4,(F)
—Te-*T(P) at ¥~14175' cm™!, displays a pecu-
liarity as to its polarization behavior; moreover,
only one individual line occurs without any phonon
satellites. For E||c the spectrum shows a pro-
nounced absorption line whereas for Elc the line
appears as a negative absorption at the same place.

Donor-acceptor pairs could, possibly, be involved
in this effect, since their zero-phonon transitions
could be situated in this energy range.”!® Yet
charge-transfer transitions are also apt to intervene
here in the vicinity of the band edge. The position
of cobalt centers in the energy gap has recently
been determined for a number of II-VI semiconduc-
tors.!! Since Radlinski could not detect an ir
luminescence of Co®*t in CdSe, however, his con-
clusion!! on the ground-state position is based on a
false presumption in this case.

The consideration of charge-transfer processes
leads to a most tempting explanation of the “nega-
tive absorption,” that is, the potentiality of an
antiresonance.'> This effect, which corresponds to
the autoionization in atomic physics, would occur
if a discrete state is degenerate with a continuum of
states. Indications of Co?* excitation levels with
¥<10100 cm™~! (at T~80 K) in CdSe being de-
generate with the conduction band have been
derived earlier!® from photoconductivity spectra.
We therefore imagine the “positive dip” in the Elc
spectrum of Fig. 3 to be correlated with this type
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FIG. 3. Transmission spectrum of a CdSe:Co’* crystal (no. 6029) at T =2 K for two orientations of the incident
light E vector with respect to the ¢ axis of the crystal. Zero lines have been shifted to avoid overlap between spectra.
Each of the spectra covers approximately the range of 0 to 90% transmission. Inset: Relevant part of the splitting
scheme of the energy levels of the 3d7 electron configuration in a tetrahedral crystal field. Grating blazed near 6200
cm~!, used in second order. Cooled photomultiplier with S1-type cathode (EMI 9684B).

of interaction. It is interesting to note that the rest of the splitting behavior of the Co** levels is
spectral position of this transition is slightly vary- explicable by means of a T, crystal field, it is like-
ing for different crystals. This observation may be ly that the Cg, band structure of the host lattice is
related to distortions of the charge-transfer band here involved in the form of a symmetry selection
with changing cobalt concentration. rule. To advance such a relation, we assume a lo-
The most striking feature of the antiresonance is cal C;, symmetry for the environment of the ion
its absence in one polarization direction. Since the and take the compatibility between T,; (Co*™* ion

TABLE II. Some characteristic phonon energies of the CdSe lattice.

Designation %:— (cm™1) Reference
TA 60 Geick et al.'® 1966
LA 110 Geick et al.'® 1966
TO 155 Geick et al.'® 1966
TO(|]) 166 Beserman'” 1969; Plotnichenko et al.'® 1977
TO(L) 169,171 Beserman'!’ 1969; Plotnichenko et al.'® 1977
LO 196 Fukumoto et al.'® 1972
LO 200 Geick et al.'® 1966
LO(|],1) 209212 Plotnichenko et al.'® 1977

Beserman'” 1969; Yu® 1976
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with its next-nearest neighbors) and Cg, (CdSe lat-
tice) into account. In principle, there are two dif-
ferent possibilities for a charge-transfer process at

the Co** ion:
(i) Co*td7 +hv—Co*tdb+egp ,
(ii) Co*td+eyg+hv—Cot db.

In the notation of Ref. 8, for the irreducible repre-
sentations of the double group Cs,, the electric di-
pole moment operator transforms in this group ac-
cording to 'y for E||c and as I’ for Elc. In pro-
cess (i), the ground state of Co** and the
conduction-band (CB) minimum are involved,
hence we allow for the compatibility relations:

Co*t: FS(T“d)—>I‘4+F5+F6(C_3,,)
and
CB: F7(56U)—>I“4(53v) .

Correspondingly, for process (ii) we take into ac-
count (VB denotes valence band):

VB: 119((_/;(,0 )—>r5 + F6(63v)
and
Co*t: T'(Cs,) .

By forming the relevant inner Kronecker products
of the noted irreducible representations, the transi-
tion (ii) proves to be forbidden for both E||c and
Elc. On the other hand, process (i) is symmetry
allowed from I'y for both polarization directions
but from the Kramer’s doublet I's, I'¢ only in E Lc
orientation of the incident light.

Obviously, this inference gives the clue to
analyze the observations. If the final state in the
g *4,(F)—T¢ *T,(P) absorption of Co** in Ty is
degenerate with the quasicontinuum of conduc-
tion-band states involved in the charge-transfer
process (i), and if we postulate the Co’* ground
state to be of T's, I'g type in the Cj;, axial distor-
tion, then only the Ele component of the internal
transition, which originally has no polarization
preference, will experience the antiresonant interac-
tion. Hence, by means of process (i) not only an
unconstrained explanation of the “positive dip”
emerges but also the position of the Co** ground
state is fixed in a distance of 13800+ 300 cm~!
from the bottom of the conduction band. Both
conclusions are in an overall agreement with the
observations of Ref. 13.

Qualitatively, the d” level scheme is suitable to
interpret the splitting behavior of the *F—*P tran-

sitions of Co?*. There are, however, some diffi-
culties concerning the quantitative determination
of the spin-orbit (so) coupling parameter A. The
total splitting of the “T';(P) level by so coupling is
AV ~1350 cm ! (see Table I); this should, accord-
ing to the static crystal-field theory, correspond to
a value of 4| A |. Hence, A~—350 cm ™', which is
almost twice the value for the free Co** ion [Aq
=—178 cm ™! (cf. 14)]. This discrepancy occurs
with the Co’* ion in other II-VI compounds as
well (e.g., 15) and cannot, up to now, be explained.
Owing to the low phonon energies in CdSe

(#iw <220 cm ™!, see Table II) an alternative inter-
pretation of the triplet by phonon coupling is also
out of question.

The transition *T,(F)—*4,(F) of the Co>* ion
has been known to be accompanied with emission
in other II-VI compounds, e.g., ZnS and CdS (cf.,
for instance Refs. 11 and 21). Therefore, those
CdSe crystals which display the absorption of Fig.
3 were searched for any luminescence in the spec-
tral region around A=3 um. In fact, a Co’* emis-
sion is detected (Fig. 4) which is characterized at
low temperature by a zero-phonon line at v=2867
cm™!. Tt is followed by a vibronic side wing whose
main peak is at 2824 cm~!. Thus, a characteristic
eigenfrequency of about 43 cm ™! occurs which is
similar to the value at CdSe:Fe** found here (cf.
Table I). This emission has been sought, but not
found, by Radlinski,'! who attributes its absence to
a degeneracy of “T,(F) with the conduction band.
According to our findings on the above-discussed
*4,(F)—*T(P) absorption and to Baranowski
et al.,'>' however, only the components of “P (and
higher levels) are degenerate with the conduction
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FIG. 4. Luminescence of a CdSe:Co?* crystal (no.
6029) at T=4 K. *T,(F)-—*4,(F) transition. Cooled

PbSe detector with Ge filter. Range of excitation: 7500

em™! <¥< 15000 cm™.
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band. Therefore, in agreement with our results, the
4T, (F)—*4,(F) transition is radiative.

The forbidden transition *T,(F)—*4,(F) is
turned into an allowed one by spin-orbit coupling,
because the inner Kronecker products of the
representations of the simple group T, with I'g of
the double group T; must be formed to allow for
the spin S =%. In doing so, T, splits like T'; so
that now, between the resulting I'¢, I'5, and T'g
components of T, and the 'y ground state, all
transitions are allowed in absorption and emission.

C. Nickel (Ni**)

In the absorption spectrum of CdSe:Ni** all the
expected crystal-field transitions occur, viz., from
the 3T, (F) ground state to the *T,(F), 34,(F),
1T,(D), and *T;(P) levels.! Although no zero-
phonon structures were resolved at T~80 K it
could already be concluded! that the static crystal-
field theory can only interpret the general splitting
pattern of the energy levels, not even the relatively
rough structural details in these spectra could be
explained.

Now for the first time a sharply structured spec-
trum is found for the absorption transition 3T’ (F)
—3T(P), i.e., in the region around ¥ ~ 11000
cm~! at T~2 K. The resolved zero-phonon tran-
sitions are partly polarized (Fig. 5) as could be ex-
pected for a substitutional Nig& ion in Cs, sym-
metry. Except for the cobalt transition at 14 175
cm~! the other previously treated processes did
not require the inclusion of axial fields, partly be-
cause it was not possible to secure polarization
phenomena with their faint spectral structures. A
schematic splitting diagram for the P term of the
Ni** ion is also given in Fig. 5 where the T}
crystal-field, the spin-orbit, and the axial field (C,,)
contributions are considered successively. (The
spin-orbit components have in this case been ap-
pointed in Mulliken’s notation because the T'; la-
bels were reserved for the irreducible representa-
tions of C3,.) In Cj,, five transitions are allowed
for the electric dipole operator from the T';
ground state, whereas in T, it was only 4 ,-
3T\(F)— T,-3T|(P). The transmission curves in
Fig. 5 display clearly a doublet a;-a, at v =
10926-10931 cm™! which is strongly but not total-
ly polarized and a number of further less pro-
nounced transitions, see also Table III.

The corresponding emission spectrum of the
same crystal in this region (Fig. 6) starts out with a
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FIG. 5. Transmission spectrum of a CdSe:Ni’* crys-
tal (no. 6026) at T=2 K and relevant part of the split-
ting scheme of the energy levels of the 3d® electron con-
figuration in T4 and C;, crystal fields, respectively. The
spectra for the E||c and ELc orientations have been
shifted vertically to avoid overlap. The plot is linear in
transmission. In the main line a; at ¥=10926 cm ™! in
E||c, the residual transmission is about 30%. Grating
blazed near 6200 cm ™', used in second order. Cooled
photomultiplier (EMI type 9684B) with S1 photo-
cathode.

narrow line near ¥=10926 cm ™}, which is accom-
panied by a series of subsidiary peaks superimposed
on a broad vibronic band. The annexed lumines-
cence structure at wave numbers v < 10200 em™!
will be dealt with in Sec. IIIE. The coincidence
between the zero-phonon lines in absorption and
emission can be derived by comparing Figs. 5 and
6. It can be verified additionally by the appearance
of a pronounced self-absorption in the emission
spectrum of more strongly activated specimens.
This is especially so in polarized emission scans
which are not shown here. For instance, in the
luminescence of crystal no. 6026, a dip is superim-
posed onto the 10926-cm ™! line so that it assumes
a doublet structure in the E| |c polarization. This
effect is observed on exciting the crystal from the
“rear” surface, that is, the one which is averted
from the entrance slit of the monochromator.
Consequently, for such crystals the undisturbed
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TABLE III. Absorption and emission peaks of Ni** in CdSe crystal no. 6026. In some cases, where the relevant
structure could be more distinctly resolved with other crystals, the line positions have been derived by averaging mea-
surements on several crystals. All data in vacuum wave numbers (cm ™).

Shift relative

to zero-phonon Interpretation
line. (see text)
Emission Absorption Polarization AV (cm™!) ) (I
(i) 3T(F)<T;(P) band
10702 [l —224 a-LO
10730 —196
10752 —174
10781 — 145
10810 | —116 a;-LA
10840 11 —86
10865 [I(L) —6l1 a-TA
10898 ”(_U —28 al-ﬁ103
10926 10926 [l +0 a ay
10931 1 5 a a
10934 ()L 8 a3 a;
10948 [](L) 22 a, ay
10966 ||L 40 a; +fiw, as
10997 H 71 a1+ﬁco2 al—i—ﬁwz
11040 []L 114 a;+ LA as+fiw,
11070 H 144 al—f—Zﬁwz al+2’ﬁ(02
11113 |l 187
11139 /| 213 a;+LO a;+ 3w,
11187 265 as+ 3w,
11225 303
11274 352 a;+2TO
(ii) 3T(F)<>’4,(F) band
7472 0
7519 47
7588 116
7650 178
(iii) *T,(F)«<>>T,(F) band
3607 3607 0
3646 39
3700 93

zero-phonon structure must be obtained by excita-
tion of the “front” surface. Crystals with random
Ni doping exhibit, in general, the same spectral
features but with lesser clarity, e.g., only about four
vibronic side peaks. To sum up, the transition

3T (P) 3T,(F) is detected with CdSe in emission
as well as in absorption.

Trying to interpret, as Langer and Baranowski'
did, the structure of the *T';(F)—>*T(P) transition
with static crystal-field theory on inclusion of only
the first-order spin-orbit interaction, the difficulties
arise which were already reported by these authors.
The resulting spin-orbit coupling constant A
= —380 cm~! compared to Ag= —325 cm ™! of

the free Ni** ion'* would be too large. Using this
model for an interpretation of our absorption data,
a;—ay [see Table I1I, interpretation (II)] would
have to be regarded as transitions to components of
T,-*T(P). It would be impossible to interpret the
splitting and polarization behavior of these lines by
axial terms in the crystal field. a3 and a, could
perhaps be ascribed to structural lattice defects.
The line as, shifted by A¥=40 cm ™!, would be the
forbidden A ,-*T(F)—E-*T(P) transition. The
doublet a;-a;5 split by second-order spin-orbit cou-
pling would reoccur threefold in the spectrum,
shifted by Av=71 cm ™!, possibly due to coupling
of a reduced acoustic CdSe phonon.
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FIG. 6. Emission spectrum of a CdSe crystal (no.
6026) at T=4 K. In the 9600 cm'lsvs 10200 cm™!
region, an emission is displayed, which is tentatively re-
lated to an M center, in the 10200 cm~' <v< 11000
cm™! region, the 3T;(P)—>T(F) transition of Ni** ap-
pears. Range of excitation: 15500 cm~' <% < 30000
cm~!. Grating blazed near 6200 cm ™!, used in second
order. Cooled PbS detector. Corrections have been
made for grating efficiency, detector response, and
change of abscissa. Some residual first-order back-
ground.

With regard to the many discrepancies in these
considerations, we favor the interpretation of the
3T (F)—>T(P) transition in terms of a model
suggested by Kaufmann and Koidl?? for ZnS:Ni
where the electron-phonon interaction is con-
sidered. We did not explicitly repeat these calcula-
tions for CdSe:Ni but we can suggest an interpre-
tation of our data based upon analogy conclusions
[cf. Table III, interpretation (I)]. The proposed in-
terpretation is, by the way, further corroborated by
a recent study of the Zeeman splitting of the corre-
sponding T (F)—>T,(P) absorption lines in
CdS:Ni?+.2

Owing to electron-phonon interaction it is possi-
ble that the “zero-phonon states” T, E, Ty, and
Ay of 3T, (P) mix with the “single-phonon states”
T,, E', T}, and A, or higher excited states.
Hence, so-called quasi-zero-phonon states result
whose energy distances are changed considerably
compared to the static case. As has been shown in
Ref. 22, even with consideration of this electron-
phonon interaction, again the quartet T, E, T,
and A4, occurs. The energy differences are, howev-
er, reduced by a factor of about 10, i.e., there is a
strong reduction of the spin-orbit coupling parame-
ter A. Moreover, the levels T; and 4, can, at suit-
able mode coupling, interchange, and finally, also
the phonon energies are reduced in coupling to

these terms.

We ascribe the first four absorption lines
(ay—ay) to such a reduced spin-orbit quartet.
Based on the observed polarization properties it can
be concluded that the “natural” sequence of the
quartet (T5, E, Ty, and 4) is maintained. The
polarization properties can be derived by consider-
ing the trigonal field. However, the Cj, splitting
of the transition ajy, i.e., 4;- *T{(F)— T,- *T(P),
is not resolved due to its smallness (the C3, split-
ting is about 1 or 2 orders of magnitude smaller
than the spin-orbit splitting).

The phonon satellites in absorption (Fig. 5) can
be interpreted partly by reduced phonons and part-
ly by intrinsic CdSe phonons. The first secondary
maximum at ¥=10966 cm ™! is produced by a re-
duced TA phonon (see Tables II and III), the
second secondary maximum at ¥=10997 cm~! by
a reduced LA phonon. The reduction is 35% in
both cases. The polarization of the secondary
maxima can be interpreted by the selection rules
for phonon coupling, i.e., TA excitation is favored
in Elc orientation and LA in E||c. The following
secondary maxima cannot definitely be assigned;

both multiples of the reduced acoustic phonons
and optical phonons can couple (see Tables II and
III). The secondary maxima found in Ref. 1 in the
region up to ¥=12500 cm~! at 7=80 K, which
were attributed to a splitting by spin-orbit cou-
pling, would, according to our model, have to be
ascribed rather to transitions into singlet terms, as
they have also been found®* with ZnS:Ni**.

With unintentionally Ni-doped crystals, in emis-
sion only four or five phonon satellites of the zero-
phonon line occur; at the deliberately doped crys-
tals there are, however, more. The maxima of the
weakly deped crystals agree with the pronounced
peaks of the strongly doped crystals (cf. Fig. 6).

As stated before in discussing the absorption satel-
lites, in the emission spectrum, too, in addition to
the prominent LO-phonon satellite at 10702 cm ™!,
energy differences have been observed which can-
not be ascribed to any of the pure lattice phonons.
This could be expected because of the Jahn-Teller
coupling observed in absorption. A definite con-
clusion on the influence of the Jahn-Teller effect in
emission cannot be drawn as yet; indeed, the mea-
sured phonon :nergies are generally different for
absorption anc¢ emission so that a different lattice
coupling must be expected in the ground and excit-
ed states, respectively.

In the mentioned paper,' the absorption bands at
80 K which correspond to transitions from the
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FIG. 7. Transmission spectrum of a CdSe:Ni** crys- 0 3500 4000 7500 o
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tal (no. 6026) at T'=2 K in the region of the 3T (F)
—34,(F) absorption. Grating blazed near 6200 cm ™,
vsed in first order. Cooled PbS detector.

3T\ (F) ground state to the other components of °F,
i.e., °T, and %4, (cf. inset of Fig. 5), were also re-
ported. In particular, *4,(F) gives rise to a broad
band between 7400 and 8600 cm~! at liquid-
nitrogen temperature. Lowering the temperature
reveals here a zero-phonon line at ¥=7472 cm ™!
and several satellite structures on the annexed ab-
sorption band (Fig. 7 and Table III). A search for
a corresponding transition in emission indicated a
band in the adjacent 7000—7500-cm ™! range; a
high-resolution experiment could, however, not be
realized due to filtering difficulties. It proved to be
impracticable to suppress strong second-order radi-
ation from the 13000— 15000 cm~'-edge emis-
sion-exciton region. For this reason we are not
able to present an emission spectrum of the
34, (F)—>T,(F) transition though it is radiative.
The lowest-energy absorption of Ni2*, 3T, (F)
—3T,(F), arises at about 3900 cm ™! according to
Ref. 1. Here, again, in the low-temperature
transmission spectrum of a CdSe crystal, a distinct
but weak zero-phonon line could now be resolved
at the low-energy slope of the band at v=3607
cm~! (Fig. 8). As for the rest, the course of the
absorption spectrum is, however, poor in structure.
In emission, a corresponding line could be
detected as a tiny peak at the brink of a broad
band with a maximum at 3390 cm~—!. Hence, the
3T, (F)—>T(F) transition which is allowed in T
symmetry is definitely radiative and is character-
ized here by a fairly well-pronounced lattice cou-
pling. This same transition has recently been stu-
died®* in luminescence with ZnS:Ni** where a
number of sharp lines could be resolved. The stat-
ed observations on CdSe:Ni’>* provide the first
known example of a transition-metal ion in a II-VI

FIG. 8. Emission and transmission spectrum of a
CdSe:Ni** crystal (no. 6026) at T=2 K in the region of
the 3T, (F)—3T,(F) absorption transition. Excitation
range in the emission experiment: 16600 cm~! <v
< 28500 cm~!. Grating blazed near 3850 cm ™', used
in first order. Cooled PbS detector. The same correc-
tions were applied as in Fig. 6.

semiconductor with more than one electronic tran-
sition from a crystal-field level to the ground state
being radiative.

D. Vanadium

Whereas in absorption several crystal-field tran-
sitions have been observed! at vanadium centers in
CdSe, in emission only one band has been detect-
ed.”> This emission band is situated in the spectral
region around 4500 cm ™! as in other II-VI com-
pounds (cf. Ref. 26). The respective luminescence
has been investigated by us recently?’ in CdS:V,Cu;
in this host lattice, however, a further emission
band appeared near 8500 cm~!. In that paper?’” we
concluded that in cadmium sulfide the investigated
optical effects take place at the three-valent vanadi-
um ion (d? configuration). The earlier measure-
ments of other authors on CdSe:V are usually in-
terpreted in a V2t model (d?). Most of the data
are, however, lacking completeness, and interpreta-
tions were possible only with reservations.

In this study, with vanadium-doped CdSe crys-
tals an emission band appears with a maximum
near 4300 cm ™! at liquid-helium temperatures.
This is the spectral region where Le Manh Hoang
and Baranowski?® also found an emission max-
imum at about 4 K. Taking as a basis the V3*
model, as in the case of CdS:V, the emission corre-
sponds to the transition 3T,(F)—>4,(F) (see Table
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I). The additional transition 3T (F) —>4,(F)
would be situated in CdSe:V>+ near ¥=6000
cm™!. In this region, however, most of the avail-
able CdSe crystals exhibit the tail of a strong broad
emission band peaking near 6500 cm ™!, which is
probably due to copper. This band prevented a
clear decision if the luminescence which we actual-
ly detected with vanadium-activated CdSe in this
range was definitely related to V3*. It is, there-
fore, still unclear whether the charge state V>* or
rather V2* prevails in CdSe.

E. Further transitions

A new emission occurs near ¥=10000 cm ™! (see
the left-hand part of Fig. 6 and Table I). We have
observed this emission in all investigated crystals,
but with differing relative spectral radiant intensi-
ty. The spectral position of the band seems to in-
dicate at first glance that it may be the zero-pho-
non structure of the familiar’®® broad band near
8500 cm~!. Various imperfections may be able to
form the luminescent centers for the broad bands
which often occur there in CdSe (cf. Refs. 29 and
30), so for example intrinsic defects®! or a copper
impurity.> The large interspace of the 10170
cm~! ZPL from the 8500-cm ™' band and the ob-
served variations in the relative intensities of these
structures as recorded with different crystals, how-
ever, render an association of these phenomena via
phonon coupling rather improbable.

The external appearance of the novel emission
structure is notable. It is commensurate for all in-
vestigated crystals, i.e., the ratios of the spectral in-
tensities and the half-widths of the individual max-
ima are equal throughout. The first sharp line at
¥=10170 cm~! which must obviously be ascribed
to a zero-phonon transition is still rather broad
(half-width Av=14 cm™!), it is preferentially po-
larized with Elc. The first secondary peak is also
broad (see Table I), not even with smaller spectral
slit widths could it be resolved into components.
We, therefore, assume that this emission involves
an intrinsic lattice property, for instance, an imper-
fection or possibly a radiative charge-transfer tran-
sition involving some unspecified center. The spec-
tral position, as mentioned above, also seems to
suggest such an intrinsic defect.

Interestingly enough, a corresponding narrow ab-
sorption transition at the same place is missing.
Several authors report, however, broad absorption
effects in this region (cf. Ref. 1), sometimes mea-
sured in the photoconductivity spectra.’*** These

features are usually attributed to charge transfer
transitions at copper centers involving the release
of electrons from the center to the conduction
band. A connection with the described Ni** emis-
sion at 10926 cm~! is not plausible, since, firstly,
the energy distance is larger than is the highest
characteristic phonon energy, and secondly, the
overall appearance of the bands is completely dif-
ferent. A pure transition-metal effect can fairly
well be excluded anyway, since the spectral posi-
tion does not correspond with the known positions
of internal transition-metal absorption bands.

The spectral position and the spectral shape of
the new luminescence suggest a tentative interpre-
tation in terms of inner transitions of an M center,
i.e., an associative defect comprising two adjacent
anion vacancies each with positive effective charge:
(Vs Vs.)**. The presence of this type of imper-
fection has recently been demonstrated for ZnS.%
A transfer of the arguments given in that study
starts from a;=0.43 nm, the distance of Se neigh-
bors in the hexagonal CdSe lattice. By means of
an intermediate permittivity €,, =(e_ +€!/2)/2, an
effective distance R =a, /¢, is calculated for the
two positive charges of an H, molecular model and
the resulting singlet-triplet transition energy E(H,)
for this particular R value is then reduced by a fac-
tor of ee—ffZE e;l to obtain the corresponding tran-
sitional energy for the solid.*® In our case, with
€ =6.1," an E(H,)=7.5 eV is obtained from Ref.
38 which yields an estimate of ¥(M)=10100 cm~!
for the postulated M center in CdSe. Though the
striking “accuracy” of this consideration is certain-
ly merely incidental, one is encouraged to pursue
the idea of an M center being involved.

The shape of the emission band of CdSe (cf. Fig.
6) resembles the M-center spectrum‘ of ZnS indeed,
provided that the pronounced fine structures in the
ZnS spectrurh are averaged to some extent, in the
present case due to a lower structural purity of the
CdSe crystals. The main line at 10170 cm™!
should correspond to the main doublet near 11950
cm ™! (lines 10 and 11) of ZnS, the main CdSe sa-
tellite near 10 120 cm™! to the zero-phonon line 20
and the satellites 21 and 22 of ZnS. The shift A,
=50 cm ™! (CdSe) compares with the 125-cm™!
shift of ZnS. The region from 1000 to 10070
cm ™! in the present spectrum with surmised LA-
and TO-phonon coupling seems to match with nos.
28 —31 structures of ZnS and, finally, an LO satel-
lite is prominent with CdSe (¥v=9950 cm ™!, cf.
Table I) as with ZnS (lines 34, 35, and 37). To
conclude, if the prevalence of Se vacancies in as-
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grown CdSe is also considered, which has been
demonstrated by a number of investigators,®~*! an
interpretation of the new luminescence band as an
internal transition of M centers is the most likely
hypothesis at present.

Some further broad emission bands have been
observed in the spectral region ¥ < 8000 cm ! with
a number of crystals. They cannot, however, yet
be ascribed definitely to specific impurities. This
requires more detailed investigations.

IV. CONCLUSIONS

The data gained at low temperatures yield, in the
case of the Fe’*, Ni**+, and Co?* absorptions, re-
markable new facts and allow a revision of some
previous interpretations. For the first time, pro-
nounced zero-phonon structures are observed for
Fe?t, Co*t, and Ni**. In the case of the Fe’* ab-
sorption, the energy position of the zero-phonon
lines is revised. The too-high value of the spin-
orbit coupling parameter A was confirmed for
Co?**, the estimated splitting by second-order
spin-orbit coupling is also new. Evidence for an
autoionization effect related to the charge transfer
Co**—Co’* is presented by an analysis of a po-
larized transmission spectrum of CdSe:Co?*. With
the 3T (F)—>T,(P) transition at the Ni** center,
for the first time, a Jahn-Teller effect can be in-

ferred for an impurity center in CdSe. The spin-
orbit coupling parameter A is, due to electron-
phonon interaction, strongly reduced.

In emission, apart from the known vanadium
band, several novel bands have been measured
which are partly caused also by transition metals.
These are the Fe?>t emission at 2375 cm ™!, the
Co?* emission at 2867 cm ™!, and the Ni2* emis-
sions at 10926, around 7200 cm ™! and at 3607
cm™!, as well as another emission band at 10170
cm™!, which is tentatively related to an M center.
Mostly, the luminescent bands exhibit zero-phonon
structures which enabled us to supplement the
findings which were obtained from absorption data
for the involved imperfections.
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