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Eight distinct types of triplet-state optically detected magnetic resonance (ODMR) spectra have
been obtained at 2 K by monitoring the intensity of a broad emission band (peak wavelength 720
nm) observed for undoped, vapor-phase CdS crystals. Several of the ODMR spectra show hyperfine
structure due to copper. The signals are attributed to exchange-coupled pairs consisting of a shal-
lowly bound electron and a hole that is localized in the 3d shell of a copper ion. The copper ion is
part of an associate center CuX, which can be oriented either parallel to or at 109° to the crystal ¢
axis. The eight different spectra correspond to different geometrical arrangements of this center
and of a nearby donor impurity. Recombination of the electron bound to this complex defect with
the copper-center hole gives rise to the optical emission. It is shown how the hyperfine and g ten-
sors for the triplet centers can be related to the corresponding quantities for the individual S= %

electron and hole centers from which they are constructed.

I. INTRODUCTION

The recombination of electrons from shallow donors
with holes from deep acceptors is now recognized to be re-

sponsible for many of the broad emission bands observed

in II-VI semiconducting materials. Many of these bands
have been the subject of optically detected magnetic reso-
nance (ODMR) investigations, and in such experiments it
has often been possible to obtain detailed information
about the structure of the recombining centers. The
ODMR spectra from such systems are usually dominated
by contributions from recombining donor-acceptor pairs
in which the intrapair separation is large. The donors and
acceptors in such pairs are only weakly interacting and
two types of ODMR signal are then observed, one due to
isolated donors and one due to isolated acceptors (e.g.,
Refs. 1 and 2).

In contrast, when the distance separating the donor and
acceptor is small, so that the interaction is stronger, the
donor-acceptor spin-exchange coupling splits the com-
bined spin states and leads, for the case when both donor
and acceptor spins are +, to a singlet and a triplet which
are well separated in energy from each other. ODMR sig-
nals from the spin-triplet states are expected, the g factor
being equal to the mean of the values for the isolated
donors and acceptors. This has been demonstrated’® in
ZnS where sharp ODMR lines from strongly coupled
shallow-donor—deep-acceptor (A4 center) pairs were ob-
tained at the mean g value of the donors and A4 centers.

For even smaller donor-acceptor separations, additional
interactions having the form of an anisotropic exchange
coupling will produce a zero-field splitting of the three
levels of the triplet. The ODMR signal at the average g
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value will then become a pair of signals whose separation
depends on the magnitude of the zero-field splitting and
on the direction of the magnetic field. In this paper we
report a series of ODMR spectra of this type which we
have observed for certain -samples of CdS. These ODMR
spectra are associated with emission in the visible-red and
near-infrared regions and are attributed to the triplet state
of very strongly interacting pairs, each consisting of a
shallowly bound donor electron and a deeply bound accep-
tor hole. The observation of hyperfine structure and the
values of the g tensor lead us to conclude that the deep ac-
ceptors are copper ions complexed with other impurities.
The properties of our ODMR spectra are in some ways
similar to those reported for the triplet states of bound ex-
citons in GaSe,* GaP,> GaS,° and SiC.” However, the
present results are of particular interest because they ap-
pear to be the first cases of ODMR triplet-state spectra in
semiconductors in which the values of the g tensor and of
the hyperfine tensor can be related directly to those of the
individual centers from which the pair is composed.

II. EXPERIMENTAL DETAILS

The crystals used for most of the work were cut from a
hexagonal prism (~6 mmX3 mm?) grown by vapor
transport in a closed tube by M. Moulin at the Labora-
toire Central de Recherches of Thomson CSF, Corbeville,
France.® The material was not deliberately doped nor did
the growth method involve any halogen or other trans-
porting agent. We obtained similar but weaker ODMR
spectra from a vapor-phase sample of different origin sup-
plied by us by G. Bastide.’

In the ODMR experiments the intensity of the lumines-
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cence was monitored with S20 response and multi-
alkaline photomultipliers, and, as the magnetic field was
swept, microwave-induced changes in intensity were
detected with a lock-in system. Most of the experiments
were done at Centre d’Etudes Nucléaires (CEN) de Greno-
ble with an apparatus working at 8.7 GHz. This ap-
paratus was usually operated in a time-resolved mode'® in
which the laser was pulsed and the photomultiplier
switched on by a gating pulse after a predetermined delay.
A typical pulse sequence is shown later in the inset of Fig.
2: Microwaves were applied during alternate gating
pulses and the difference between alternate photomulti-
plier output pulses was extracted with lock-in detection.
This time-resolved technique was not essential in the
‘present work, but was helpful in separating the spectra of
centers with differing optical lifetimes or spin-relaxation
times. This was achieved simply by changing the repeti-
tion rate of the pulse sequence. The parameters of the
spin Hamiltonian were cross-checked at 23 GHz with an
apparatus at Hull University similar to that described by
Nicholls et al.;? here, the laser excitation was continuous
and the microwaves were chopped at about 10 kHz.

In all the experiments the CdS crystals were in direct
contact with liquid helium at 2 K; they were mounted on
natural-growth faces with the ¢ axis either vertical or in a
horizontal plane containing the magnetic field, and could
be rotated about the vertical axis. The precision of the
orientation setting and measurement was +3°. The
luminescence was monitored in a direction perpendicular
to the magnetic field.

III. OPTICAL SPECTRA

Intense luminescence was obtained under laser excita-
tion at 2 K. A spectrum'obtained with 488-nm excitation
is shown in Fig. 1. The spectrum contains three main
features:

(i) A series of relatively narrow bands at high energy
(515—560 nm) that result from the well-known process of
shallow-donor—to—shallow-acceptor, distant-pair recom-
bination.!! These bands have been the subject of previous
ODMR studies.!>!3

(ii) A broad, structureless band in the visible-orange re-
gion with a peak wavelength at about 600 nm. This may
be the band associated with silver impurities mentioned in
the older luminescence literature;'* it disappears if the
laser wavelength is shifted to 514 nm.

(iii) A more intense, broad band in the visible-
red—infrared region, peaking at about 720 nm. This band
is the subject of the present paper and will be attributed to
centers involving copper impurities. A very similar band
appears in several published spectra,’>~!7 but the associa-
tion with copper appears not to have been made previous-
ly. Instead, deliberate copper doping produces unex-
plained bands at about 780 and 1000 nm (Ref. 17) (as well
as the well-known 2E-to-2T, internal emission of Cu?* in
the 1.6-um region'®). The band at 720 nm is apparently
characteristic of nominally pure CdS crystals grown by
the vapor-phase method.

For the 720-nm emission band we have made some
studies of the form of the time decay following pulsed
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FIG. 1. Emission spectrum from an undoped CdS crystal
grown by a vapor-phase method by Moulin. The sample is ex-
cited by 488-nm radiation at 2 K. The spectrum has been
corrected for instrumental response and is expressed as intensity
per unit wavelength interval. The same sample was used for the
ODMR spectra of Figs. 2—6, the total emission in the
(620—800)-nm region being monitored.

laser excitation. The decay curve was very complex, being
the sum of many components with lifetimes ranging from
less than our minimum measuring time of 1 us to hun-
dreds of microseconds (the most prominent component
had a lifetime of ~11 us). Application of very small
magnetic fields (~10 mT) strongly reduced the lumines-
cence intensity at long delay times (> 10 us) and increased
the intensity at short times (< 10 us). These changes may
represent shortening of certain radiative decay times by
field-induced mixing of triplet and singlet states.

We observed related changes in time-resolved lumines-
cence spectra. These were obtained with laser-pulse re-
petition rates in the (1—100)-kHz range. Application of
magnetic field produced large increases or decreases of the
height of the 720-nm band, depending on the laser pulse
rate. In the time-resolved spectra, there were also small
shifts in the peak wavelength of the visible-red—infrared
band with magnetic field as well as with laser pulse rate.
These shifts are presumably related to the complex sub-
structure of the optical band that is brought out by the
ODMR studies to be described below. We have noted

~ similar field-induced effects on the visible-orange emis-

sion band (600 nm), which suggests that it too corre-
sponds to triplet-state emission.

IV. ODMR SPECTRA

Our present results concern only the red and infrared
emission (beyond 620 nm), for which we have obtained
eight different ODMR spectra. These eight spectra each
correspond to an S =1 species with its major magnetic
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symmetry axis either close to the c¢ axis or close to a direc-
tion inclined at 109° to the ¢ axis. ODMR signals can
also be obtained from the orange emission near 600 nm,
but these will not be discussed in the present paper.

A. Centers with c-axis symmetry

When the red and infrared radiation between 620 and
800 nm is monitored, the ODMR spectrum for the mag-
netic field along the ¢ axis (Figs. 2—4) is dominated by
four types of signals. At 8.7 GHz the four types are as
follows:

(i) A pair of strong broad lines at 0.208 and 0.413 T
(Fig. 2) showing partly resolved hyperfine structure and of
asymmetric shape as shown on an expanded scale for the

low-field line in Fig. 3. These signals are designated type.

L

(ii) A pair of signals at 0.239 and 0.382 T showing
well-resolved four-line hyperfine structure. These lines
also are shown in Fig. 2 and are designated type IIA. As
the pulse repetition rate is reduced, these signals become
more prominent relative to the type I, as may be seen by
comparing Figs. 4(a) and 4(b) with Fig. 2.

(iii) A pair of signals at 0.248 and 0.374 T also showing
well-resolved four-line hyperfine structure. These lines
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FIG. 2. ODMR spectrum associated with (620—800)-nm
emission from the CdS sample excited by 488-nm radiation at 2

K. The microwave frequency was 8.7 GHz and the field was .
along the crystal ¢ axis. The pulse sequence is shown at top .

right: 1 denotes laser power, 2 denotes microwave power, and 3
denotes photomultiplier gain; the laser-pulse repetition rate was
25 kHz. The ODMR signal is the difference between alternate
photomultiplier output pulses; here and in Figs. 3—8 the upward
direction of the vertical axis represents increases in emission in-
tensity with microwaves applied. The lines labeled I and IT A,
and the central-region lines labeled “c,” are discussed in the
text; lines “A” are unidentified “half field” (“AM = +2”) transi-

tions.
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FIG. 3. Expanded recording of the low-field region of the
ODMR spectrum of Fig. 2 to show the asymmetric line shape

with pronounced shoulders and the hyperfine structure associat-
ed with the type-I spectrum.

are not prominent in Figs. 2 and 4(a), which were obtained
with 488-nm excitation; they are more easily observed
[Fig. 4(b)] when the excitation wavelength is changed to
514 nm. We designate them type I B.

(iv) A complex group of lines in the central region of
the spectrum, 0.30 to 0.34 T, and labeled c¢ in Fig. 2; the
centers responsible for these signals do not have c-axis
symmetry and are discussed in Sec. IV B.
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FIG. 4. ODMR spectra at 2 K and 8.7 GHz with the field
along the c axis for (a) 488-nm and (b) 514-nm excitation. The
pulse sequence was as in Fig. 2, but the laser-pulse rate was re-
duced to 2.5 kHz, causing the type-I spectrum almost to disap-
pear. Lines IIA, IIB, and the central-region lines ¢ are dis-
cussed in the text; line D is a shallow-donor resonance not stud-
ied here.
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In the ODMR experiments using cw-laser excitation the
optimum signal-to-noise ratios for the type-I, -II A, and
-IIB spectra were all obtained at the same microwave
chopping frequency of 10 kHz. In contrast, in the time-
resolved ODMR experiment there was, as noted above, a
marked difference in dependence on pulse rate between
the different types. A further point is that the type-II A
and -IIB ODMR spectra can be enhanced by a factor of
up to 10 by the application of 100-kHz field modulation
of peak-to-peak amplitude 2 mT, while the type-I signals
are not enhanced. The effect occurs®® because the modu-
lation brings into resonance a wide range of the spin pack-
ets that make up the inhomogeneously broadened signal,
but the degree of enhancement depends on the spin-
relaxation times and optical-decay times, which are there-
fore presumed to be different for the type-I and -II
centers.

The type-I, -IIA, and -IIB spectra correspond to
centers having spin S =1, the pair of signals in each case
corresponding to the allowed microwave transitions
M=0->M=—1 and M=0-M=+1, which are
separated from each other as a result of the zero-field
splitting of the triplet. The type-II A spectrum appears to
correspond to exactly cylindrical symmetry about the
crystal ¢ axis, while, as discussed below, there is evidence
that the type-I and -IIB spectra have small additional
nonaxial components in the zero-field splitting. We dis-
cuss below the details of these three spectra, beginning
with type II A, which is the simplest.

1. Type-IIA .ODMR spectrum

This spectrum can be described by the spin Hamiltoni-
an

#=g,BB,S; +8,B(BySy +B,S,)+ D[S}~ L5(S +1)]
+ A4S, I, +A,(S;I,+S,1,) , (1
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with $ =1, I =2, and the z direction along the crystal ¢
axis. The values of the parameters found experimentally
are given in Table I; the results obtained at the two mi-
crowave frequencies were in excellent agreement. When
the c¢ axis is rotated away from the magnetic field direc-
tion, the lines gradually become weaker and move in
among the central group of signals of Fig. 2. They be-
come unobservable at angles greater than ~40°, but can

- be observed again as the field approaches a direction per-

pendicular to the ¢ axis (see later in Fig. 6). In the per-
pendicular orientation the hyperfine structure is un-
resolved and only an upper limit for | A, | can be de-
duced from the observed linewidth.

2. Type-II B ODMR spectrum

At first sight this spectrum is similar to the type-Il A
spectrum. However, as the magnetic field is rotated away
from the c axis, the signals disappear for angles greater
than 15°. The signals can again be observed when the
field is perpendicular to the c axis (see later in Fig. 6), but,
as for the type-II A spectrum, the splitting due to 4, is
not resolved. For this orientation, the type-IIB signals
are wider than the type-II A signals, and, unlike the type-
IT A signals, they change shape slightly as the field is ro-

. tated in the (0001) plane. These changes are attributed to

the presence of small nonaxial components in the zero-
field-splitting terms [for example, of form E(S?2 —Syz)].
Since the departure from axial symmetry about the ¢ axis
is small, we have again used the spin Hamiltonian of Eq.
(1), the appropriate parameters being given in Table I.

3. Type-I ODMR spectrum

The behavior of the type-I spectra differs in several
respects from that of types IIA and IIB. For example,
the type-I signals are unaffected by the 100-kHz field

TABLE 1. Spin-Hamiltonian parameters for the eight S =1 ODMR spectra studied in this paper. Measurement precision was
generally +0.001 for g factors, +1 mT for D /g8, and £2X10~* cm~! for A, (when the hyperfine splitting is resolved). (For the
type-III spectrum, poor signal-to-noise ratio prevented meaningful g-factor measurements, and D /g8, measured to +4 mT, was
converted to energy units taking g, =2.000.) The parameters for the centers with z axes at 109° to the ¢ axis are determined in the
approximation of cylindrical symmetry about these axes (see text). Parameter Ape is the emission wavelength that maximizes the
ODMR signal. At right, g factors for the copper centers are derived taking g(Cu)=2g (pair)—g (D), where g (D) is the shallow-

. donor g factor.

Apeak | D | wm | Ay | g)(Cu) g1(Cu)
[nm (eV)] gl gL “(10* cm™1) (calc.)

c-axis symmetry

Type 1 719 (1.72) 2.002 961 33 2.216

Type ITA 675 (1.83) 2.001 1.851 669 34 <7 2214 1.930

Type 1IB 688 (1.80) 1.998 1.872 588 33 2.208 1.971
109°-axis symmetry :

Type III 1120

Type IVA 2.001 695 33 2.228

Type IVB 1.986 1.874 487 29 2.198 1.976

Type VA 708 (1.75) 1.981 1.880 379 10 2.188 1.988

Type VB 680 (1.82) 1.967 1.886 313 <4 2.160 2.000
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modulation. Furthermore, as the ¢ axis is rotated away
from the magnetic field direction, the intensity of the
high-field signal decreases rapidly and becomes negative
(i.e., it corresponds to a decrease in emission intensity) at
angles greater than 5°. The intensity of the low-field sig-
nal decreases less rapidly and always remains positive.
Neither signal is observable at angles greater than ~20°.

Both the low- (Fig. 3) and high-field signals have a
complex, asymmetric shape. With the magnetic field
parallel to the ¢ axis, the high-field signal is the mirror
image of the low-field one except for an amplitude differ-
ence (see Fig. 2). To account for the overall shape of these
signals, we propose that they are the superposition of the
spectra of S =1 centers, all with the same g factor, but
with a range of slightly differing values of the zero-field-
splitting -parameters. The spectral-dependence data dis-
cussed in Sec. V provide further evidence that we are deal-
ing with a distribution of centers.

The structure which is partly resolved at the peaks of
the broad type-I signals (Figs. 2 and 3) corresponds to a
hyperfine interaction of about 33X 10™* cm™!. The
structure is associated with the type-I signals and is not
due to a different type of spectrum accidentally superim-
posed. Its presence indicates that the distribution of
zero-field-splitting parameters must be sharply peaked;
that is, a large number of centers must have very similar
D values. In applying the axial spin Hamiltonian of Eq.
(1), we have used the centers of the hyperfine patterns to
determine g, and D, whose values are given, together
with that of 4, in Table I. Because of the disappearance
of the signals away from the ¢ axis, values of g, and 4,
could not be determined.

B. Centers with symmetry axes at 109°

The other major lines in our ODMR spectra correspond
to five more S =1 centers, which we shall label III, IV A,
IVB, VA, and V B in order of decreasing zero-field split-
ting. The spin Hamiltonians for these centers are still ap-
proximately cylindrical, but their z axes are now inclined
at 109°+3° to the ¢ axis. These inclined z axes lie in the
{1120} planes (or so close to these planes that we cannot
tell the difference). Thus, they lie close to the Cd—S bond
directions that are inclined at 107.4° to the c axis.

Since each type of center can be orientated in the lattice
in six magnetically nonequivalent ways (or more if the
symmetry is not exactly C;), the ODMR spectra are, in
general, extremely complex. Figure 5 shows a spectrum
taken with B along the 109° direction, while a spectrum
with B perpendicular to this direction in the (0001) plane
is shown in Fig. 6. In Fig. 5 we can distinguish four pairs
of low-field—high-field transitions corresponding to those
sites of centers IVA, IVB, VA, and V B that have their z
axes parallel to B. The type-III spectrum, not visible in
Figs. 5 and 6, appears at higher pulse repetition rate and
has larger splitting (240 mT for B along the 109° direc-
tion) than the type-IV A, -IVB, -V A, and -V B spectra.

For none of these centers have we been able to identify
the lines for enough orientations to deduce the parameters
of the true orthorhombic spin Hamiltonians. Therefore,
and because our available data show that Eq. (1) is a good
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FIG. 5. ODMR spectrum at 2 K and 8.7 GHz for 514-nm
excitation with the field at 109° to the c axis in a {1120} plane.
The pulse sequence was as in Fig. 2 with a laser-pulse rate of 2.5
kHz. The labels indicate lines for sites of type-IV and -V
centers having their z axes along the field for this orientation.

The unlabeled lines in the central region correspond to other
sites of these centers.

-+

approximation, we give our results in a form that assumes
g, A, and zero-field-splitting tensors with cylindrical sym-
metry about a 109° direction. In Table I the parameters
8> 4, and D come from measurements with B set at
109° to the c axis in a {1120} plane, and g, comes from

1— — VB — —1
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1
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300 350

FIG. 6. ODMR spectrum as in Fig. 5, but with the field per-
pendicular to the ¢ axis in a {1100} plane. The labels indicate
lines for sites of type-IV B, -V A, and -V B centers having their z
axes perpendicular to the field. The type-II A and -IIB lines,
not visible in Fig. 5, have reappeared in this orientation.
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FIG. 7. Dependences of the ODMR signal intensities on emission wavelength for the type-I, -IL A, -II B, -V A, and -V B spectra.
The curves have been corrected for instrumental response and are expressed as changes in emission intensity per unit wavelength in-
terval, normalized to the same maximum height in each case. They are to be compared with the emission spectrum of the same sam-
ple (Fig. 1). All data were obtained at 2 K and 8.7 GHz with 514-nm excitation.

measurements with B perpendicular to this direction in
the (0001) plane.

Some of these spectra appear analogous to the spectra
described in Sec. IV A. In particular, except for the dif-
ferent orientation of the z axis, the type-III spectrum is in
several ways strikingly similar to the type-I spectrum:
firstly, the type-III spectrum requires high pulse repeti-
tion rates to be observed; secondly, the lines are very
broad (27 mT at half height); and thirdly, they disappear
very quickly when B is rotated away from the z axis, be-
ing undetectable +3° away from the 109° direction.

The type-IV spectra resemble the type-1I spectra in that
they have well-resolved hyperfine splittings of order 3 mT
(see Fig. 5). The type-IV A spectrum disappears if B-is
rotated more than +10° away from the 109° direction.
The type-IVB spectrum can be followed over a wider
range until it becomes lost among other lines; it appears
again in spectra with B set perpendicular to the z axis (see
Fig. 6). We note also that the spin-Hamiltonian parame-
ters of the type-III and -IV spectra are very similar to
those of the type-I and -II spectra (see Table I).

The type-V A and -V B spectra do not appear to have
any c-axis—symmetry counterparts. In particular, these
lines show no resolved hyperfine structure and the zero-
field splittings are small (see Figs. 5 and 6, and Table I).
These lines can be followed over most field orientations,
disappearing only when the magnetic field makes an angle
of between 45° and 65° with the z axis. The type-V A lines
have strongly-orientation-dependent widths. We attribute
this to an unresolved hyperfine interaction and (assuming
I =%) deduce an approximate value for | A) | (Table I).
The type-V B lines are narrow at all field orientations.

V. DEPENDENCE OF ODMR INTENSITY
ON EMISSION WAVELENGTH

The manner in which each of the five strongest types of
ODMR spectra depends on the emission wavelength is
shown in Fig. 7. The diagrams were obtained by interpos-

ing a monochromator between the sample and the pho-
tomultiplier, and measuring the peak intensity of each
ODMR spectrum as a function of emission wavelength.
The dependences of the type-1, -II A, -IIB, -V A, and -VB
ODMR signals have their maxima at wavelengths of
(719£5) nm (1.72 eV), (675%5) nm (1.83 eV), (688+5)
nm (1.80 eV), (708+5) nm (1.75 eV), and (680+5) nm
(1.82 eV), respectively. We have been unable to obtain ac-
curate values for the maxima for the weaker type-III,
-IVA, and -IVB spectra, but use of color filters shows
that these are also associated with the red-infrared band.

3 I
T

B (mT)> 200 2'40

FIG. 8. Type-I low-field ODMR line as in Fig. 3 (but with
higher microwave power, which reduces the resolution of the
hyperfine structure. A monochromator restricts the monitored
emission to an 1.8-nm band centered at 650 nm (solid curve) and
700 nm (dashed curve). The small shift observed corresponds to
an increase in the zero-field-splitting parameter | D | with in-
creasing wavelength.
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Experiments were also carried out to distinguish be-
tween the different parts of the distribution of centers that
are responsible for the broad type-I ODMR spectrum. In
Fig. 8 we show two type-I spectra, one recorded at an
emission wavelength of 650 nm and the other at 700 nm.
‘There is a small but reproducible shift in the ODMR
spectrum corresponding to an increase in | D | of about
25%10* cm~—!. The observation of this shift is strong evi-
dence for the existence of the postulated range of centers
for the type-I spectra.

VI. DISCUSSION

A. Exchange-coupled model

We begin with the type-II A spectrum, which is the best
characterized. The hyperfine structure shown in Figs.
2—4 immediately suggests a center involving copper, a
common impurity in II-VI semiconductors. This attribu-
tion is confirmed by the consideration of the g values
given later. There are two naturally occurring copper iso-
topes, both with I =% (®*Cu, 69% abundant; **Cu, 35%
abundant); the slight difference in nuclear magnetic mo-
ments (%:%1=0.933) is too small to be resolved in the
present experiments. The hyperfine interaction of the
type-IL A centers is in the range characteristic of copper in
the 3d® configuration in II-VI materials.?! > For CdS,
the EPR spectra of three such centers have been reported
(with S =73 ), as summarized in Table II.

Table II also gives the g values for shallow donors with

=+ in CdS.® It is at once apparent (Tables I and II)
that the value of g, for the type-II A center is very close
to the mean of g, for the copper center reported by
Schulz?®* and g for a shallow-donor center; the same is
true for the values of g;. This key feature leads us to
conclude that the type-IL A centers are exchange-coupled
pairs, each consisting of a shallow-donor electron and the
copper center reported by Schulz.

The spin Hamiltonian appropriate to an exchange-
coupled pair can be written as**?°

9, =J81"834 D, (351,52, —81°5) + Eo (1,82 — 51,83
+BBg, 'S +BB8,S,+8,-4,° 11,

J. J. DAVIES, R. T. COX, AND J. E. NICHOLLS 30

where the subscript 1 refers to the copper center and the
subscript 2 refers to the donor electron. The first term
represents the isotropic component of the exchange in-
teraction, while D, and E, represent the anisotropic com-
ponents which arise because of spin-orbit coupling (mag-
netic dipole-dipole interactions between the two spins are
also contained in D, and E,). For axial symmetry,
E,=0. Hyperfine interaction between the spin I, of the
copper nucleus and the spin S, of the donor electron is as-
sumed to be small and is not included in this equation.

When J is large compared with the other terms, the
combined spin states form a singlet (S =0, where
S =S,+S,) and a triplet (S =1). Within the triplet, the
effective spin Hamiltonian becomes

Hr=D[S}—LS(S+1)]+E(S2—5})
+ﬁ§'§.§+§'Z'T1 >

where g=(§,+8,)/2, A=A4,/2, D=D,/2, and
E=E,/2, provided that terms of the form
[(g, —g2)BB]*/J, which mix the singlet and triplet states,
are small.?*?*> At 23 GHz this requires | J | >>0.3 cm™.
It is the spin Hamiltonian #°; (with E =0) that describes
the type-Il A ODMR spectrum.

We have already noted that the observed g tensor for
the type-IIA centers is the mean of those for shallow-
donor electrons and Schulz-type copper centers. The
components of A should, as a first approximation, be
equal to half of the values observed for the copper center
when isolated. The value of 4, is indeed about one-half
of the value of A4, observed by Schulz (Table II). The
value of 4, has not been determined, but the linewidth of
the type-II A spectrum in the perpendicular orientation
sets an upper limit to this quantity that is consistent with

“half of the value of 4, obtained by Schulz.® The values

of the hyperfine interaction thus strengthen the con-
clusion that the type-II A centers are exchange-coupled
pairs consisting of a shallow-donor electron and the axial
copper center of Schulz.? ,

The energy-level scheme for an S =1 axially symmetric
center such as type IT A is shown in Fig. 9 (B parallel to
z). For ODMR to be observed the emission transition
probabilities R, and R, must differ. For example, for a
large singlet-triplet splitting [relative to (g; —g,)BB], one

TABLE II. Spin-Hamiltonian parameters for some S = % centers in CdS. The mean values calculat-
ed in the last line are to be compared with data for the c-axis—symmetry S =1 centers (Table I).

| 4y | 4]
gl g1 (10~* cm™1) (10~* cm™1)
Cu-42 2.240 +0.005 1.75 +0.05 105 %5 28
Cu-B? 1.93 2.14 21
Cu® 2.2206+0.0005 1.924 +0.002 77.2+0.2 23+10
D¢ 1.7877+0.0005 1.7720+£0.0007
Mean of D¢ and Cu® 2.0043+0.0005 1.844 +0.002 38.61+0.1 12+5

' 2Morigaki, Ref. 22.
bSchulz, Ref. 23.
¢Shallow donor, Ref. 13.
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FIG. 9. Energy—versus—magnetic-field diagram for a
copper-center—donor pair. The diagram is drawn for the case
‘of strictly axial symmetry with the field along the z axis. In the
excited state, combination of the two spins S =% produces a
triplet S =1 and a singlet S =0. The singlet is taken arbitrarily
to have the higher energy, and the zero-field splitting of the
triplet, D, is taken to be positive. Ry and R, are the transition
probabilities for the indicated optical transitions to the singlet
ground state. The allowed microwave transitions (AM ==1)
within the triplet are also shown.

expects Ry >>R, and, if spin relaxation is slow, the pop-
ulation in |0) will exceed that in | £1). At resonance,
microwave transitions will transfer spin from the slowly
emitting state |0) to the more quickly emitting states
| £1), and increases in emission will be observed. A
similar situation is encountered if Ro>>R, as expected
for a small singlet-triplet splitting: Our present data can-
not distinguish which of the two situations applies.

As the magnetic field is rotated away from the ¢ axis,
mixing among the triplet states occurs and the differences
in emissive-transition probabilities become less marked.
The ODMR signal intensities are expected to decrease
gradually, as is indeed observed for the type-II A centers.
This behavior is typical of ODMR spectra from triplet
states in strictly axial symmetry.>’

. The spin-Hamiltonian parameters for the type-I and
-II B spectra are similar to those of the type-II A spectra,
and this strongly suggests that pairs consisting of
shallow-donor electrons and Schulz-type copper centers
are again involved. To account for the differences be-
tween the type-II A and the other spectra, it is necessary
to assume that the relative positions of the donor and
copper center are different in each type of pair. The sym-
metry of the type-I and -IIB spectra is almost certainly
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lower than axial. While we have no direct evidence that
this is so for the type-I spectra, it would be extremely dif-
ficult to account for the range of pairs required to give the
distribution of D values observed for these signals if all
such pairs were required to have axial symmetry. A
marked difference between the behavior of the type-I and
-II A spectra is the very rapid decrease in intensity of the
type-I signals as the field direction is rotated away from
the c axis, and the eventual reversal in sign of the high-
field component. This reversal appears to signify a popu-
lation distribution dominated by thermalization within the
triplet sublevels rather than a distribution dominated by a
difference between the recombination probabilities Ry and
R,. The thermalization appears to be more effective for
field directions away from the ¢ axis. We do not under-
stand this behavior at present, but it may be associated
with additional mixing of the pair states by low-symmetry
terms in the Hamiltonian. ) ,

For the type-II B pairs, we have already noted (Sec. IV)
the possible existence of low-symmetry terms in the spin
Hamiltonian, and these may account for the disappear-
ance of these signals at field angles of greater than 15° to
the c axis. »

A model in which a shallow-donor electron is strongly
coupled to a hole in the 3d shell of the copper center re-
ported by Schulz thus accounts well for the spin-
Hamiltonian parameters obtained for the type-I, -IL A,
and -IIB ODMR spectra. The similarity between these
c-axis centers and the centers with z axes at 109° to the ¢
axis means that the latter centers can almost certainly be
explained within the same framework of the strongly-
coupled—pair model. We assume that the donor-electron
radius is so large that the electron density is practically
constant over the region occupied by the highly localized
hole. Then the anisotropic component of the electron-
hole—exchange interaction, due mainly to the copper-ion
spin-orbit coupling, should have essentially cylindrical
symmetry with its axis along that of the copper center,
the position of the donor having only a relatively small ef-
fect. Thus, for the type-III, -IVA, -IVB, -VA, and -VB
pairs the copper center that is coupled to the donor must
itself have its symmetry axis along the 109° direction; as
before, we presume that the relative positions of the donor
and the copper center are different for each type of pair.
Within this framework the g values of the copper centers
themselves can be deduced from the pair g values given in
Table I and the g values of the donor electrons given in
Table II by means of the expression 2g(pair)— g(donor).
These values are given in Table 1.

B. Nature of the S =3 copper centers

A major question posed by Schulz’s EPR work is
whether the copper ion in axial symmetry is isolated or
associated with another impurity or defect. For cubic II-
VI compounds, convincing arguments for the impossibili-
ty of observing magnetic resonance from isolated substitu-
tional Cu®* ions because of the strong spin-lattice cou-
pling have been put forward by the Clerjaud and
Gélineau.”® However, in wurtzite-structure compounds
there is a trigonal crystal field to reduce the orbital degen-
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eracy, and the EPR of isolated Cu?* appears definitely to
have been identified in ZnO (Ref. 27) and possibly in hex-
agonal ZnS (Refs. 21 and 28) and in BeO (Ref. 29).

Schulz’s center has the proper symmetry to be an isolat-
ed Cu®* ion, but at least two other trigonal-symmetry
centers are known in CdS (see Table II). Of the three
centers, it is Morigaki’s B center that is the best candidate
to be an isolated Cu®*: This center has g, <g, as in the
above-mentioned centers in ZnO, ZnS, and BeO. In con-
trast, Schulz’s center has g, >g,. The latter ordering of
the g values suggests a very different crystal field, one
that might be produced by another defect situated along
the c axis from the Cu?* ion. Moreover, in Schulz’s pub-
lished EPR spectrum?® and in figures given in Ref. 30
there appear other resonances which are due to copper
ions in lower symmetry. Schulz did not analyze these
spectra, but at least some of them must be due to the for-
mation of associates.

Our ODMR work provides further evidence for associ-
ation effects. For example, for the type-IV A pairs, the
center that is coupled to the donor is deduced to have g
factors and hyperfine interactions very close to those of
Schulz’s center, but with the major axis (z axis) inclined at
109° to the c axis. This is surely just a different geometri-
cal configuration of the same basic center. One possible
explanation is.that these different configurations corre-
spond to static trigonal Jahn-Teller distortions; however,
there is much evidence from data for transition-metal ions
in other tetrahedral surroundings that ¢,-symmetry d or-
bitals interact strongly only with tetragonal distortions of
the coordination tetrahedron.’! We therefore conclude
that the copper centers are associate centers.

We are thus led to propose that all of the S =+ centers
consist of substitutional Cu?* ions, each associated with
an impurity or defect X in the near vicinity. In some
cases X lies on the ¢ axis passing through the copper ion,
thus giving Schulz’s center, while in other cases the sym-
metry properties suggest that it lies near a 109° direction.
The obvious position for X is then one of the four sulfur
sites nearest the copper ion. In the CdS structure one
.bond direction lies along the ¢ axis, while the other three
are directed at 107.4° to this axis. Because of the proximi-
ty of defect X to the copper ion, the principal axis of the
g tensor will lie close to the appropriate Cu—X bond
direction. Likely possibilities for X are halogen impuri-
ties, with charge Q =1 relative to the lattice, or chalcogen
impurities (e.g., oxygen), with Q =0.

C. Pair configurations

The pair model that we consider is one in which the
CuX associate lies close to a donor, as represented in Fig.
10(a). We assign our different ODMR spectra to different
configurations of the donor-CuX pairs, and discuss if the
different emission wavelengths observed in Fig. 7 are con-
sistent with this model.

In the excited state (i.e., before emission) the shallow-
donor electron is exchange-coupled to the hole in the
copper 3d shell, the copper being in the divalent 3d° state,
that is, neutral with respect to the lattice. In the final
state (after emission), the electron has annihilated the
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FIG. 10. Two possible models for the S =1 centers described
in this paper. Donor core D lies near a neutral copper accep-
tor Cu. An unidentified defect X occupies the sulfur site along
the z direction from the Cu acceptor (z is the ¢ axis for type-I
and -II centers; z is the 109° axis for type-III, -IV, and -V
centers). In model (a), X is neutral and the electron orbital is
centered on D*. In model (b), X is charged and the electron is
trapped in a smaller-radius orbital by the combined fields of D+
and X*. Recombination of the electron with the acceptor hole
produces the visible-red-infrared luminescence. All the charges
are expressed relative to the normal charges at the correspond-
ing lattice points.

hole, giving a singlet ground state, as represented in Fig.
9. The copper is now in the monovalent 3d'° state, that
is, negatively charged with respect to the lattice. We as-
sume that the separation between the donor impurity and
the CuX associate is small in comparison with the dimen-
sions of the orbital occupied by the electron, as represent-
ed schematically in Fig. 10. We also assume that the
donor impurity does not occupy one of the nearest-

" neighbor sulfur sites to the copper ion since the simultane-

ous presence of X and D in this shell would result in
centers of symmetry different from those observed.

Because of the Coulomb interaction between the posi-
tively charged donor core D* and the monovalent copper
in the final state, the expression for the emission energy
contains a term of the form!!

E,=(e*/4meyr) €€, sin®0+ €] cos?0) /2, )

where 7 and 0 represent the polar coordinates of Dt with
respect to the copper ion.

If the effective charge Q of impurity X is zero, this is
the only significant distance-dependent term in the emis-
sion energy. If Q=-+1, the problem is slightly more
complicated. The electron will now be bound to the pair
of cores Dt and X [Fig. 10(b)] and its binding energy
will depend on the separation of D and X*. If the
effective-mass model remains valid (and we assume this is
so, for the electron g factor deduced in Sec. VIA is
characteristic of a shallowly bound electron), the energy
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involved here is not very large. For small separation of
X* and D, the combination of these two charges will
act as a double-donor core, binding a single electron by, at
most, 4Ep, where Ep is the single-donor binding energy
of about 30 meV.>%33 The radius of the orbital occupied
by the electron will then be half of the single-donor ra-
dius, that is, taking ap=3.0 nm, about 1.5 nm. We ex-
pect the electron binding energy to be relatively insensitive
to the exact positions of X+ and D* as long as their
separation is much less than this distance. The Coulomb
term will therefore still be the only significant distance-
dependent term in the expression for the emission energy.
We have calculated E, for the possible values of r and
6 in the CdS structure, using €,;=9.00 and €, =8.37;*
some values are given in Table III. These values are sub-
ject to uncertainty: Firstly, because the values of €, and
€, are known only to within +2%;* secondly, because the
concept of a macroscopic dielectric constant may not be
valid at small values of 7; and thirdly, because the envi-
ronment of the impurities may be significantly distorted
from the idealized lattice configuration. For all these

TABLE III. Coulomb interactions between a charge — | e |
on a cadmium site at the origin and a charge + | e | on neigh-
boring sites at positions r and 0 in the CdS structure; n is the
number of equivalent sites. The calculation uses the macroscop-
ic dielectric constants €;;=9.00 and €, =8.37 (Ref. 34), and the
values @ =0.414 nm, ¢ =0.671 nm, and u =0.261 nm for the
CdS lattice parameters [Joint Committee on Powder Diffraction
Standards File No. 6-0314 (International Center for Diffraction
Data, Swarthmore, Pennsylvania, 1982)]. All pairs of sites are
listed out to 0.827 nm separation. In our model the copper ion
occupies the central cadmium site, defect X occupies one of the
first-neighbor sulfur sites (first two lines of table), and donor
core D* occupies various sites in the next few shells.

(a) Charge + |e| at sulfur sites

r (nm) 6 (deg) E (meV) n
0.250* 107.4 665 3
0.261° 0 659 1
0.410 180 419 1
0.483 98.9 344 3
0.489 57.7 343 6
0.583 134.8 290 6
0.643 21.8 266 3
0.636 96.7 261 6
0.764 38.7 222 3
0.783 162.2 219 3
0.762 70.0 218 6
0.826 119.8 203 6
(b) Charge + | e | at cadmium sites
0.412 354, 144.6 412 3,3
0.414 90 401 6
0.584 - 549, 125.1 288 3,3
0.671 0, 180 256 1, 1
0.715 62.0, 118.0 234 6, 6
0.716 90 . 232 6
0.788 31.6, 1484 216 6, 6
0.827 - 90 201 6

It is assumed that D* cannot occupy these positions and these
two rows are given for completeness only.
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reasons the values given in Table III will be considered
only as a rough guide as to whether or not it is possible to
account for the spread in emission energies associated
with the different pairs.

The type-IIA center has the highest emission energy
and is of strictly axial symmetry. A possible model for
this center is thus one in which the donor D lies at the po-
sition (0.410 nm, 180°) relative to the Schulz CuX associ-
ate (for which we recall that the Cu-X axis is itself along
the c axis). Models for the other c-axis pairs (type-IIB
and the range of type-I centers) would then involve plac-
ing the donor at other nearby sulfur sites (the Cu-X axis
still being along the ¢ axis). The data of Table III(a) show
that the Coulomb shifts when the donor is placed at dif-
ferent sulfur sites differ by amounts which are of the or-
der of the 0.11-eV spread in the emission-energy depen-
dences of the ODMR spectra. The configuration postu-
lated above for the type-II A center is at highest energy, as
required, although for the reasons discussed in the preced-
ing paragraph we cannot expect better than order-of-
magnitude agreement between the observed and calculated
shifts in emission wavelength between different types of
pairs. A similar conclusion is arrived at for the 109° spec-
tra; here the donors are envisaged to be placed at different
values of 7 and 6 relative to CuX associates whose axes
are in bond directions other than [0001].

In Table III(b) are given the Coulomb energies corre-
sponding to the donor D being placed at cadmium sites.
In this case it is more difficult to account for the
emission-energy dependences of the different ODMR sig-
nals: For example, the highest emission energy should
correspond to a pair which does not have strictly axial
symmetry about the ¢ axis, and which could not therefore
give the type-IIA ODMR spectrum. The placing of the
donors at sulfur sites therefore appears more likely.

D. Further discussion of the pair parameters

Many properties of the pairs remain unexplained and
we review some of them in this section. We have not
made any attempt to obtain theoretical values for the
zero-field-splitting parameter D; any such calculation
would be extremely complicated and the result is likely to
depend not only on the intrapair separation but also on
the pair orientation. The spectral-dependence data for the
different types of centers (Table I) and the shift of the
type-I ODMR line with emission wavelength (Fig. 8)

" show that, for both c-axis—symmetry spectra and 109°-

direction—symmetry spectra, the zero-field splitting de-
creases with increasing optical energy (the only exception
is the relative order of the type-IIA and -IIB centers).
From the above discussion of Coulomb shifts, this implies
that D decreases as the pair separation becomes smaller..
We can offer no explanation of this puzzling point. Table
I also highlights another interesting point, namely that as
D becomes smaller, g, decreases while g, increases slight-
ly; A, also decreases. This suggests that the model in
which the parameters of the S =1 center are taken to be
the average of the parameters for the relevant isolated

=+ centers is beginning to break down for the very
closest separations. We have no explanation for this at
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present, particularly because we lack a theory for the
spin-Hamiltonian parameters of the copper centers. Ac-
cording to static crystal-field theory,* values of |g |
slightly greater than 2 and of | g, | slightly less than 2
can only be obtained for trigonal-field-splitting parame-
ters much smaller than the spin-orbit—coupling constant.

This is inconsistent with a model of a copper ion strongly -

perturbed by an adjacent defect X. However, it is known
that the magnetic properties of copper in trigonal symme-
try can be profoundly modified by dynamic Jahn-Teller
effects. The relevant theory has been applied in some de-
tail to cases for which g, >g;;;**?’ its extension to the op-
posite situation could help to explain our résults. We note
also that the Jahn-Teller effect may strongly influence the
values of the zero-field-splitting parameter D since this
involves the copper-center spin-orbit coupling.

VII. CONCLUSIONS

ODMR signals from eight types of spin-triplet systems
have been observed for CdS. The type-IIA spectrum
shows well-resolved hyperfine structure due to copper nu-
clei and has axial symmetry. The parameters of the spin
Hamiltonian are readily accounted for by attributing the
spectrum to pairs each consisting of a shallow-donor elec-
tron strongly coupled to a hole in the 3d shell of the
copper ion in the axial center that was previously reported
by Schulz.®* The values of § and D for the type-I and
-II B centers are similar to those of type II A, and similar
pair models are also proposed for these spectra. The
slight differences in spin-Hamiltonian parameters and the
differences in optical emission energies are accounted for
by geometrically different configurations of the pair. In a
similar way the ODMR spectra with symmetry axes in
the 109° directions are attributed to pairs formed by
shallow-donor electrons and variants of the Schulz copper
center in which the CuX axes are along bond directions
other than [0001]. Again, different geometrical arrange-
ments of the pair are assumed to be responsible for the
range of spectra observed.
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Several of the previously reported triplet-state ODMR
signals in semiconductors have been for species that are
analogous to those reported here.*~7 These species have
usually been referred to as bound excitons. This could
also be considered an appropriate name for our strongly
coupled electron-hole pairs, but we have preferred to em-
phasize a description in terms of the properties of a
copper-center—donor pair in the limit of very small
separation This is because our results represent the first
case in which the g factors and hyperfine parameters can
be related directly to those of the individual S = centers
from which the triplet is created.

In the early studies of II-VI—compound phosphors (see,
e.g., the reviews in Ref. 38), electron-hole recombination
at near-neighbor donor-acceptor pairs was a popular
model for explaining many of the broad luminescence
bands given by these materials. However, time-resolved
luminescence measurements, and, more recently, a large
number of ODMR studies, have shown that most of the
well-known - bands correspond to distant-pair electron-
hole—recombination processes. The present work is the
first case in any II-VI compound in which deep-center
luminescence has been unambiguously identified as being
due to recombination at close donor-acceptor pairs. The .
emission from CdS at 720 nm is remarkably intense, im-
plying a high quantum efficiency for the process, even
though the defects involved are accidental impurities.
This suggests that recombination at close pairs could
indeed be important in II-VI compounds. If the electron-
hole states involved are spin triplets, as in the case we
have studied in CdS, ODMR should prove to be the most
useful technique for identifying such recombination pro-
cesses.
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