
matrix element sum

(C1)

and thus we consider H2=0. The value of II~ is not
known for CiaSb. In InSb, IIg is of the order —5.."For
the purpose of evaluating terms in I, we assume
II~= —5, and therefore, M= —5. The quantity I,' is
defined as

M= Hi+II„—

where Hi is defined in Eq. (45) and

(C2)

where the summation is over all states I,. transforming
like I'l5. The prime on the summation means that
states in the four-dimensional subspace are not summed
over. E, is the energy of the I"~ state at the bottom of
the conduction band. The x component of the momen-
'tilni operator is i'epl'eseilted hy P, aild s represents a
function transforming like an atomic s function under
the tetrahedral group. By using values of M and I'
determined for InSb, we can estimate the values of
b4s3f and c4sL'. The quantity 3E appearing in Eq. (13)
ls dered as

1.'= I'+2—G, (C4)

(C5)

and G was defined in Eq. (46). We assume that F'
makes a negligible contribution to I.'. In InSb, G= —I,3'

and we adopt this value to estimate the size of I'.
Thus, using Eq. (13), a value of I= —2.1 gives A'
= —3.2; and u=+1 gives A'=0. The magnitude of 3'
has not been previously determined experimentally in
any semiconductors. Kane has suggested that 2 ls
small compared to I"/8, . In the work of Groves ef a/. ,

4'

the value of A' in HgTe has been taken as zero. Our
estimates of 2' based on SdH frequency data thus
appear to be reasonable.

4' S. H. Groves, R. N. Brown, and C. R. Pidgeon, Phys. Rev.
The I'25 levels are expected to be far removed from I'q5, 161, 779 (1967).
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Donor-Acceytor Pair Lines in Cadmimln Sulfide
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We report the 6rst observation of donor-acceptor pair lines in CdS. The spectrum correlates with a distant
pair peak at 51 f16 A., an I~ line at 4888.52 A, and an I~ line at 4869.30 A.. Several other pair-line spectra were
observed in the vapor-grown undoped platelets used in these experiments. One of these correlated with the
same I1 line and distant pair peak, but with an I~ line at 4869.1II' A. Zeeman experiments con6rmed that
these lines were donor-acceptor pair lines. The Zeeman pattern of the pair lines could be predicted, using a
crystal 6eld and a j-j coupling constant. These constants were determined by the splittings of the pair lines

in zero field. For 8
~
~c, the hole g value was the same as for an isolated acceptor. A theoretical wurtzite spec-

trum was calculated on the basis of Coulomb interactions. The spectrum was much more complicated than
a theoretical zinc-blende spectrum and was sensitive to both the dielectric-constant ratio cg/f[i and

c/u ratio of the CdS lattice. The experimental lines could not be assigned, but the line densities were in

agreement with what was expected for a pair-line spectrum involving a simple donor and acceptor.

I. INTRODUCTION

'HE edge emission in a semiconductor refers to
the emission bands which occur with energies

within a few tenths of an eV below the band gap. '
Of all the II-VI semiconductors, the edge emission

has been most extensively studied in CdS, where the

'Work on the edge emission in II-VI compounds has been
reviewed by D. C. Reynolds, C. W. Litton, and T. C. Collins,
Phys. Status Solidi 9, 645 (1965};12, 3 (1965); R. E. Halstead,
in The Physics and Chemistry of II-VI Compomnds, edited by
M. Aven and J. S. Prener (John Wiley R Sons, Inc. , New York,
1967).

emission is in the blue and the green. The "blue edge"
consists of sharp line emission from free and bound
excitons and phonon replicas of these emission hnes.
Many of the prominent blue-edge emission lines have
been classified by Thomas and Hopheld. 2 The most
prominent of these are I» lines, which correspond to
excitons bound to neutral acceptors, and I2 lines, which
correspond to excitons bound to neutral donors.

The "green-edge" emission in CdS consists of bands
about 12-meV wide followed by a series of longitudinal.

~D. G. Thomas and J. J. IIop6eld, Phys. Rev. 128, 2135
(1962).
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optical phonon rephcas. Many such bands have been
seen in CdS.'' " They are usually interpreted as
"free-to-bound" transitions, which are thought of as
the recombination of a free electron and a neutra1
acceptor, or as "bound-to-bound" transitions, which
are thought of as donor-acceptor pair-recombination
bands. In undoped vapor-grown CdS platelets, there
are two commonly occurring bands. One of these,
which peaks at 5125 A, is thought to be a free-to-
bound transition. ' ' '0 The other band, which peaks at
5176 A, has been identified as a donor-acceptor pair-
recombination band. ""This identification is, based
upon the observation that, after pulse excitation, the
band decays slowly and nonexponentially and shifts
to lower energy in time in a manner that has been
we11 established for the behavior of donor-acceptor
pairs in GaP."However, the studies of this band and
the other numerous studies of the green-edge emission
in CdS did not reveal the most striking feature of
donor-acceptor pair-recombination bands which is the
series of discrete pair lines due to the c1osely spaced
donor-acceptor pairs. This is in contrast with Gap, the
best understood of the wide bandgap semiconductors,
where pair lines have been found to accompany essen-
tially all of the numerous donor-acceptor pair bands
that have been thus far observed. ""

There are several reasons why pair lines should be
more dificult to observe in CdS than in GaP. First,
the pair series in hexagonal (wurtzite) CdS is expected
to contain roughly four times as many lines as the
cubic (zinc-biende) Gap, because the maximum number
of symITlctry-equivalent pairs ls only six fol wurtzltcq
while it is 24 for zinc blende. Second, the luminescence
from excitons bound to donors and acceptors is much
stronger in CdS than in GaP. Phonon replicas and other
broad emission bands associated with the bound
exciton emission tend to overlap and obscure the weaker

' F. A. Kroner, Physica 7, 1 (1940).
4L. S. Pedrotti and D. C. Reynolds, Phys. Rev. 120, 1664

(1960).' S. Ibaki and A. Ohso, J. Phys. Chem. Solids 27, 1/53 (1966).
II G. Condas and J. H. Yee, Appl. Phys. Letters 9, 188 (1966).
7 0. Goede and E. Gutsche, Phys. Status Solidi 17, 911 (1966).' K. Colbow, Phys. Rev. 141, 742 (1966).' S. Iida and M. Toyama, J. Phys. Soc. Japan 22, 343 (1967).
MD. G. Thomas, R. Dingle, and J. D. . Cuthbert, in II-VI

Semiconducting Compounds, edited by D. G. Thomas (W. A.
Benjamin, Inc., New Pork, 1967}p. 863.

"C.Z. van Doom, J. Phys. Chem. Solids 29, 599 {1968).
u D. L. Kingston, L. C. Greene, and W. Craft, J. Appl. Phys.

39, 5949 (1968)."D. G. Thomas, J.J. Hop6eld, and K. Colbow, in Proceedings
of the Symposium on Radiative Recomb&sation in Semiconductors
(Dunod Cie., Paris, 1964), p. 67.

omas J.J. IIQp~eld& and ~.M. Augustynla
Rev. 140, A202 (1965)."D. G. Thomas, M. Gershenzon, and I'. A. Trumbore, Phys.
Rev. 133, A269 (1964).

'6 F. A. Trumbore and D. G. Thomas, Phys. Rev. Di, A1030
(1965}.

'7 P. J. Dean, C. H. Henry, and C. J. I rosch, Phys. Rev. 168,
812 (1968).

'8 P. J. Dean, C. J. Frosch, and C. H. Henry, J. Appl. Phys.
39, 5631 (1968).

pair lines. Third, the emission lines in CdS become
concentration-broadened when impurities are added in
growth. In general, the strain-free samples possessing
sharp lines are samples which have not been intention-
ally doped. In these samples, the bound excitons are
much stronger than the pair bands.

In this pRpcI', wc 1cpoI't tlic first obscrvatlon of
discrete donor-acceptor pair lines in CdS. This is also
the first observation of discrete donor-acceptor pairs
ln hcxRgonR1 II-VI scmlcoIlductol s. Pall lines have
been observed in numerous III-V compounds, '4 20 in
cubic and hexagonal SiC,""and recently in ZnSe, a
cubic II-VI semiconductor. "Wc have observed a num-
ber of diAerent series of pair lines. OUI' two best
examples appear to converge on the distant pair peaks
at 5176 A. In Sec. II, we discuss our experimental
methods. The pair spectrum and its correlation with R
distant pair peak and with bound excitons are discussed
in Sec. III. Section IV and the Appendices dea1 with
the Zecman experiments, confirming that the lines
are close/y spaced donor-acceptor pairs. In Sec. V,
we discuss a theoretical wurtzite pair spectrum and
compare lt wltll what ls found cxpcrlmcntRlly Rnd
with a theoretical zinc-blende spectI'um. Finally, in
Sec. VI wc summarize our results and list some of the
remaining problems concerning donor-acceptor pairs
in CdS.

The observation of the donor-acceptor pair lines
was greatly aided by the use of an argon-ion laser. The
pairs were excited with 20—200 mW of focused 4880 A
argon-laser radiation directed along the c axis of the
crystal. The pair lines were observed photographically
using R 2-IQ Bausch Rnd I omb spcctl oglRph with R
dispersion of 1.7 A/mm. The lulninescence was ob-
served through a polarizer crossed to the laser polariza-
tion to reduce the intensity of the rejected laser hght.
Tile 4880 A Iascl IIIlc Is hlgllcl' 111 cllel'gy tllall tllc II
Iine and the close pairs, but 1ower in energy than the I2
lines Rnd other transitions of bound and free cxcitons.
The 4880 A light excited the Il line and the pair lines
selectively, without exciting the other bound excitons.
All the excitons and also the pair lines could be excited
by using the above band gap 4765 A argon-laser line.
However, the pair lines were excited more strongly
relative to a broad background luminescence using the
4880 A IIIle. Evcll wltll flic 4880 A cxcltatloI1, this
broad background luminescence made observation of the
pair lines dificult and in many cases impossible.

The samples were strain-free platcIets of CdS, grown
from the vapor using an argon transport gas. Pair lines

'9 F. M. Ryan and R. C. Miller, Phys. Rev. 148, 858 (1966).'0 M. R. Lorentz, T.N. Morgan, G. D. Pettit, and %.J.Turner,
Phys. Rev. 168, 902 (1968)."W. J. Choyke, D. R. Hamilton, and L. Patrick, Phys. Rev.
138, A1163 (1964).

» %.J. Choyke, Materials Research Bulletin (to be published)."P. J. Dean and J.L. Merz, Phys. Rev. (to be published).
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FIG. j.. Donor-acceptor pair-line spectrum measured at 1.6'K in an undoped CdS platelet. The sample was excited by 20 m% of
focused laser 48803. The lines thought to be pair lines are marked with vertical lines. A and 0 refer to acoustic and optical phonon
replicas of the I1 line.

have only been observed thus fa,r in SRInples in which
no impurities have been intentionally added.

DI. EXPEMMENTAL RESULTS

Figure 1 shows our best example of a spectrum of
donor-acceptor pair lines. The spectrum has nearly
170 resolvable lines. The lines converge into a broad
band at lower energies. Large portions of the spectrum
are obscured by the optical phonon replicas of the I&

line labeled A, LO, and 0 and also by Raman scattering
at Lo and 2LO. Kc were only able to observe the pair
lines in liquid helium pumped below the X transition.
At a helium temperature of 4.2'K, the lines were not
observable and we beHcve that the focused laser
radiation caused the sample to heat up considerably
above 4.2'K.

Moto iii proof: Recently D. C. Reynolds and T. C.
Collins have submitted a paper to the Phys. Rev.
rcpoltlIlg R discrete donor-acceptor palI' llIlc spcctruIQ
in Cds. The spectrum is similar to, but not the same as
the one aeported, here.

Figurc 2 shows the higheI-energy pair lines excited
with (a) focused 4880 A laser light and (b) with
focused 4765 A laser light. This figure demonstrates
that the pair lines are much more strongly excited,
relative to the broad background, by the 4880 A light
than by the 4765 A radiation.

Figure 3 shows the green-edge emission under
focused and unfocused 4880 A excitation. With 10 mW
of unfocused laserHght only, the distant pair bande'0 "
at 5176 A and the band at 5125 A, which is thought to
be a frec-to-bound transition. 4 " show up strongly.
With focused laser radiation, the distant pair band shifts
to higher energy and can no longer be resolved from the
free-to-bound band. The Iq line and its phonon replicas
come in quite strongly and the discrete pair lines can
be observed superimposed upon a broad background.
The background is due, at least in part, to the phonon
replicas of the Ij line. The distant pair peak near
5176 A occurs in all samples showing this pair spectrum.

Figure 4 shows the spectrum of bound excitons in
the sample giving rise to the pair lines. This spectrum
was excited with 40 mW of focused 4765 A laser Hght.
The hnes labeled e-g are closely spaced in energy and
have the appropriate energy to be excitons bound to
neutral donors, i.e., I2 lines. Lines o, 0, o, and f behave
in a magnetic 6eld like the I2 lines studied by Thomas
Rnd Hop6cld~ while g docs not, A survey Qf 47 saIIlplcs
from different growths, all showing the same spectrum
of pair lines, showed that the pair-line spectrum
correlated with the Ii line at 4888.52 A and the I2 line
at 4869.30 A (line b in Fig. 4). Another pair-line spec-
trum, not shown in the 6gures, of which we have
examples fxom three different growths, appears to
correlate with the same I~ line and an I2 line at 4869.17
A. The distant pair peak in these samples was also
near 51/6 A. Several other series of pair lines were
observed in samples having the same I~ line. We did
not have enough examples of these series to correlate
them with an I2 line. Another common Ij, line occurs at
4888.19 A. Thus far we have not been able to find any
pair-line spectra which correlate with this Ii line. (The
wavelengths quoted here are in air at 15'C and mere
measured using an Fe-Ne calibration lamp. )

Wc believe that all the prominent lines in Fig. j. are
due to a single pair spectrum. This is so because the
mc11-resolved high-energy pair lines werc observed in
many samples from diGcrent growths with the same
intensity ratios. It is surprising that me did not observe
many morc pair-line spectra since the undoped vapor-
grown plRtclcts cxhlblt IQRny diGcrcnt I q llDcs ln thclI'
luminescence and two prominent I~ Uncs.

MRny of the ploIQlncnt pai' llncs showD lD Flg.
lying between I~ and I~—Lo, are strong enough and
sufliciently well isolated from neighboring pair lines to
give an observable Zeeman pattern. A good example
of such a Zeeman pattern is shown in Fig. 5 for Hiio
and HJ e. A given donor-acceptor pair mQ have an
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4765 A. The Ii line and line {b) of the I~ lines correlate with the
presence of the pair lines.
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respect to the external magnetic Geld."On the basis of
symnmtry, therefore, the magnetic splittings could be
dreadfully complicated. This was not observed, how-

ever. Each of the crystallographically equiva]ent
donor-acceptor pairs gave the same splitting in a
magnetic Geld. That is, each pair ("pair" hereafter refers
to the set of crystallographically equivalent pairs)
splits into four lines, as shown in Figs. 5 and 6. The
data in these figures were Gtted quite adequately by
the solid theoretical curves. The theory of the Zeernan
splittings is presented in Appendix A. The splittings of
the pair lines are due to the j-j coupling between the
electron and hole and the Zeeman interactions of the

FIG. 2. Comparison of the donor-acceptor pair-line spectrum
measured with 4880 and 4765 A. The same pair lines are found
in both cases, but the lines excited with 4880 A stand out much
stronger relative to the broad background.

2.5065 .—

(a) HJ. C

electronic degeneracy of 4 L(2 for the electron) X (2 for
the hole)). For the CdS wurtzite lattice, there can be
as many as 12 pairs which are crystallographically
equivalent, but which have diferent orientations wraith
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Fro. 5. Magnetic splittings of a typical pair line. The solid and
dashed lines are calculated from Eqs. (4.1)—(4.4).

FIG. 3. Comparison of donor-acceptor pairs excited with
focused and unfocused laser light. For unfocused excitation the
distant pair peak at 5176 A and the free-to-bound transition at
5125 A stand out. For focused excitation, the distant pair peak
shifts to higher energies and the spectra are dominated by the
phonon replicas of the I» line.

~The number 12 results because there are six symmetry
operations in the C3, point group of a substitutional donor
(acceptor) which bring symmetry-equivalent pair sites into each
other and because there are two inequivalent donor (acceptor)
sites in the unit cell which are identical except for a rotation of the
crystal by 60' about the c axis and a nonprimitive translation.
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fb) H rlc separated by A. As a result of the mixing of the hole
states by the crystal 6eld the matrix elements of
angular momentum of the hole J to the c axis are no
longer zero, as they are for an isolated acceptor. This
results in an additional j-j coupling term, which splits
the»lowed doul let by ID I in z«o f eid For H parallel
to the c axis, the states split as

E=-,'rA+L(g „—g,)'(pH)'+iDi'7''), allowed (4.1)
2.5 l50 E=-,'t —A+(gq~&+g. )PH7, forbidden (4.2)

2.5 145

whcI c g(,= I.76 Rnd ghi r
—2-76 aI c thc g values of Rn

isolated donor and acceptor. For II perpendicular to
the c axis, the behavior is more complicated. As the
6eld is turned on, both transitions become allowed.
The calculated splittings are given by

2.5 I30

J J

E5

2.5r00 '-
le

2.5 l00

(J . A

~=- P'+(g.PH) 7'"
2

['A —(2u/A) (g.PH)'7-
+[D[ &+-, (43)

P'+(g pH)'7'"—

E=—
t
A'+ (g.pH)'7t"

2
fA (2n/A) (g—.PH)'7-

a(D) 1— (4.4)
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FIG. 6, Magnetic splittings of nine consecutive pair lines. The
dashed and solid curves are calculated from Eqs. (4.1)-(4.4).

electron and the hole with the external magnetic
6eld. In e6'cct, because the donor is close to the accep-
tor, it acts as a perturbing crystal field which lowers
the syIIiinetry of the acceptor site and causes a mixing
of the low-lying acceptor excited states into the ground
state. This mixing was suKciently weak that the g
value of the acceptor for H~~(c axis) was unchanged
from its value for an isola, ted acceptor. We were able
to predict the magnetic behavior of the pair lines using
two parameters: A, the j-j coupling constant and
[D(, a crystal-field splitting. Constants 2 and (D(
were evaluated from the zero-6cld splittings. In zero
field, the electron and hole j-j coupling splits the four
states into an allowed doublet and a forbidden doublet

The constant a =0.78 is calculated in Appendix A. In
zero 6eM the allowed transition is split by (D[, while
the forbidden transition has no splitting. As Hj ls
increased the allowed. lines move together and cross at
about 28 ko, while the forbidden lines move apart.
This feature, which is shown most clearly in Fig. 5(a),
was observed for a11 the pair lines studied. A common
value of A =0.20 meV was used for the splitting by j-j
coupling. The value of the crystal-field splitting ~D~

wRS diferent foI' cRch pail studied Rnd wRs found from
the zero-6eld splitting of the allowed doublet. It varied
from 0 to 0.25 meV. We are unable to predict how the
splitting ~D~ varies from one pair to the next. In Fig.
6 we show the Zeeman splittings of nine consecutive
pair lines. Only three lines in Fig. 6(a) are not verified
with data points. In all cases they are lines of relatively
weak pairs, which are forbidden for B&=0. The higher-

energy line of the forbidden doublets become weak,
apparently due to thermalization, as 8& was turned up
and the doublet split apart. This C6ect we believe
accounts for why we could not observe the hncs near
2.5130 and 2.5149 eV.

Thomas and Hop6eld' studied the IB transition,
which is an exciton bound to an ionized donor. This
transition is analogous to the high-energy pair transi-
tions. Both centers consist of an electron a,nd hole
bound to an ionized site. The magnetic behavior of the
I3 line is the same as it is for the pair lines, except for
I3 there is no crystal-Acid spllttlng Rnd thc liolc g VRluc

is g~» = 1.76 instead of the acceptor g value of g~» = 2.76.
The j-j coupling for the Is line has the same sign as for
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a= 5.837 A. for zinc blende. The breaks in the vertical lines distinguish between inequivalent pair lines with the same Coulomb energy.

the pair lines and gives a splitting of 2=0.31 meV
between the allowed and forbidden doublets. Thomas
and Hopfield argue that this splitting is proportional
to the probability of finding the electron and hole on
the same atom. For the high-energy pair lines, the
donor-acceptor separation of roughly 10 A is small
compared to the donor Bohr radius of 25 A."Since, for
these pair lines, the electron and hole envelope functions
are greatly overlapping, it is not surprising that the
j-j coupling for the pair is only slightly less than for a
weakly bound exciton. In Appendix 8, we roughly
estimate

2 (pair)/A (exciton) =0.45.

The observed ratio is 0.64.

V. CALCULATION OF COULOMB SHIFT
OF PAIR LINES

In this section we present a calculation of the pair-
line spectrum for wurtzite CdS, taking into account
Coulomb interactions only. %e will compare this spec-
trum to a zinc-blende pair spectrum and with experi-
ment. A wurtzite pair spectrum is more complicated
than a zinc-blende pair spectrum because of two factors.
The first is simply geometrical, in that the number of
symmetry-equivalent pairs is greatly reduced in wurtz-
ite, where a substitutional impurity has Cs„symmetry
as opposed to Td symmetry for a substitutional impurity
in a zinc-blende lattice. The maximum number of
symmetry-equivalent pairs in C3, is only six, as con-
trasted with 24 for Tq. The second factor is the aniso-

'~ D. Schecter, Phys. Letters 26A, 622 (1968).

R=Nltr+ Izsts+ Izsts,

or, more symbolically,

(5.3)

(5.4)

Within the primitive cell, using CdS for example,
two cadmium atoms are located at (s,—'„0) and (s,s,—z')

and two sulfur atoms are located at (s, sz,m) and (s,s,l).
The constant u is very close to 8 for all wurtzite crystals.

26 J. J. Hopfield and D. G. Thomas, Phys. Rev. j22, 35 (1961).
2' J. C. Slater, Qguwtgm Theory of M olecules and Solids

.(McGraw-HiH Book Co., New York, 1965) Vol. 2, p. 60.

tropy of the dielectric constant. The Coulomb energy
of a pair of point charges in a uniaxial crystal like CdS
is given by2'

E=es/$e, e„(x'+ys)+ erss']'", (5.1)

where e& is the dielectric constant perpendicular to the
c axis and e» is the dielectric constant parallel to the
e axis (here taken along the s direction).

It is impossible to catalog the D-A separations in
wurtzite simply according to shell numbers as in zinc
kllcndc hccR11sc tllc sepal'Rtlolls dcpcIld 011 thc e/8 I'Rt10.

For any particular c/a ratio, however, it is straightfor-
ward to generate all desired separation vectors.

The primitive lattice vectoI's foI' wultzlte ale

tl ———z'II (V3i—j), ts ——aj, ts ——ek, (5.2)

where i, j, k are unit vectors along the x, y, s directions,
respectively. Any lattice vector is a simple linear
combination of these primitive vectors with integer
coefFicients.
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For a type-I pair spectrum, in which both the donor
and the acceptor occupy the same type lattice site
(the Cd site or the S site), the separation vectors are
given by the two expressions

Rr ——(n r,ns,ns),
Rs (nt+ s~ns s)ns+ s) &

(5.5)

where e~, e2, and n3 run over all integer values.
Fol R type-II spcct1'u111 1n which thc donoI' occupies

the opposite type site from that occupied by the
acceptor, the separation vectors are given by

Rt——(n„ns,ns+I),
Rs ——(n t——-'„ns—-'„ns+n+-', ) . (5.6)

FIgure 7 shows theoret1cal type-I and type-II pa1r
spectra for CdS along with the corresponding spectra
in a hypothetical zinc-blende CdS crystal for compari-
soIl. Thc blcRks 1D a vcltlcRI linc 1ndicRtc that thc line
is a superposition of several syrrunetry-inequivalent
pair lines with the same Coulomb energy. In the real
crystal, these synnnetry-inequivalent pair lines wiH

split apart.
We werc not able to identify the pair lines observed.

experimentally. Such an identification, which has been
done many times for pair-like spectra in zinc-blende
crystals, is much more dBBcult for pair lines in wurtzite
CdS, for several reasons. First, Fig. 7 clearly shows that
the pair-line spectrum due to Coulomb interactions is
much more complicated for wurtzitc than for zinc-
blende. The calculated. wurtzitc spectrum is sensitive to
the ratio of e,/e&&, which may not be accurately known
for CdS. The symmetry-inequivalent pair lines split
and shift about because of short-range non-Coulomb
interactions. In the numerous studies of pair lines in
GaP and other zinc-blende crystals, these interactions
have been suSciently small that the pair lines have
been left in the same order as is predicted by calculations
of the Coulomb energy. In other words, the pair lines
of different radial shells do not overlap. This may not
be the case in CdS, where the Coulomb spectrum is
much more complicated and the resolvable pair lines
correspond to strongly overlapping donor-acceptor
pairs. Finally, identification was dBBcult because the
phonon replicas from the I~ line obscured much of the
experimental spectrum.

Not being Rblc to ldcnt1fy tile pRlI' lines wc hRve
settled for a cruder comparison of theory and experi-
ment. Wc have measured the density of pair lines in
Fig. 1 in R 20-mcV interval near 2.513 eV and in a

10-meV interval near 2.473 meV. These are the two
regions of the spectrum where the donor-acceptor
pair lines stand out most clearly. Ke wish to compare
these densities with the calculated pair-line densities
at the same Coulomb energy. If we take the distant pair
peak to be at 8= 2.395 eV (51/6 A) and estimate the
Coulomb energy for the pairs contributing to this peak
to be about 10 meV, then the Coulomb energies asso-
ciated with the pair lines mill be 128 and 88 meV where
we measured the pair-line densities. Table I compares
the measured a,nd calculated pair-line densities at these
energies. The measured number of pa, ir lines at 88 meV
is smaller than expected, indicating that we were not
able to rcsolvc Rll of the palI' 11ncs ln this 1eg1on. The
comparison between theory and experiment is rough
because of the uncertainties in the values of e, and. ~it."
The magnitude of the pair-line densities agrees roughly
with what is predicted. It should be emphasized, that
the observed line densities were not greater than the
theoretical line densities. This confirms that we are
dealing with a single pair-line spectrum. It also shows
that both the donor and acceptor sites have C3, sym-
metry. If the symmetry of the sites were lower, for
example, if the acceptor were a complex not oriented
along thc c axis, the calculated spectrum would have had
about three times as many lines and would not have
agreed with experiment.

We report the first observation of discrete donor-
acceptor pair lines in CdS. This is the 6rst time that
discrete pair lines have been studied in a II-VI com-

pound of wurtrite structure. Ke were able to correlate
the pair spectrum with the distant pair peak at 5176 A
and with a single It line and a single Is line. A second
pair spectrum, which was observed in fewer different
growths, correlated with the same distant pair peak,
with the same I~ line and with a different I2 line. Wc
were not able to identify the pair lines. We were able
to show, however, that the density of pair lines was

roughly in agreement with what was predicted theoret-
ically for a single pair spectrum. The Zeeman experi-
ments con6rmed that we were dealing with donor-

acceptor pairs. It showed that many of the high-energy

pair lines were doublets in zero 6CM. The Zeeman mea-

surements allowed as to measure the j-j coupling for
the higher-energy pair lines. Ke showed that the
magnitude of this coupling was reasonable for pa, irs in

"In the calculated spectrum we have used the room-tempera-
ture dielectric constants for CdS nfl

——10.33 and can= 9.35 measured
by D. Berlincourt, H. JaGe, and L. R. Shiozawa, Phys. Rev. 129,
f009 (f963). The agreement is worse if one uses the values of
~11 and eq measured at liquid-nitrogen temperature, which are
about 9% smaller. However,

'

it has been the experience in both
GaP and ZnSe that for close pairs the measured Coulomb energy
is smalier than that given by s'jeaR. Hence, the effective dielectric
constant for close pairs is greater than the static dielectric con-
stant 60 and it is reasonable that room-temperature dielectric
constants Gt the data better than the low-temperature values.
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which the donor strongly overlaps the acceptor, which
is what is expected for the high-energy pair lines. YVe

are able to fit the observed magnetic splittings with a
relatively simple theory.

A number of problems remain concerning the pair
lines and the green-edge emission in CdS. First and
foremost, the chemical nature of most of the donors
and acceptors in CdS remains unknown. There appear
to be very many I2 lines in these undoped CdS crystals.
It is not clear why we did not observe more than a
few pair spectra. The band at 5126 A is thought to be
free to bound, yct we were able to observe this band at
I.6'K under conditions of weak excitation. It is dificult
to understand why a free-to-bound transition shouM be
present at I.6 K and why this transition is as broad as
a pair band.
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constants are unimportant since g, and gI, are deter-
mined experimentally from magnetic studies of the Ij
and I2 lines and ug will be determined from our experi-
mental data.

Consider the effect of bringing the donor ion close to
the acceptor. First of all, this will increase the j-j
coupling constant ug, which depends upon the overlap
of the electron and hole wave function. We estimate the
magnitude of this constant in Appendix S.The electro-
static Coulomb interaction between the donor and the
acceptor shifts the energies of the donor and acceptor
ground states and thereby gives rise to the pair lines.
This interaction cannot split these ground states which
are Kramer's doublets. The major effect of this inter-
action will be to lower the symmetry of the acceptor
site and to mix the low-lying excited state of the accep-
tor with the ground state; such an admixture will not
alter the Hamiltonian. If we denote the ground state
of the isolated acceptor as

I +~~) and the acceptor states
split off from the ground state by strain as

I
&-,'&, we

can write the perturbed acceptor ground state
I q~a~s):

APPENDIX A: THEORY OF THE ZEEMAN
SPLITTINGS GF THE PAIR LINES

Lct us begin by considering a. distant donor-acceptor
pair in a cubic zinc-blende semiconductor, such as
cubic CdS or GaP. The valence band is split by spin-
orbit coupling into an upper fourfold++degenerate
valence band (J'= —,') and a lower twofold degenerate
valence band with J=-,'. We may write an CGective
Hamiltonian which describes the coupling of the
electron and the hole:

x=-',ggH e+ggPH J+ugJ e, (A1)

where J is the angular momentum of the J= +& hole and
the spin of the electron is —,'e.29 The terms included in
(A1) are the Zeeman interaction of the electron, the
Zccman interaction of the hole, and the j-j coupling of
the electron and hole, discussed by Thomas aud Hop-
field. ' Hopficld has discussed the zone-center valence-
band wave functions for wurtzite in the quasicubic
approximation. In this approximation, the wurtzitc
crystal is thought of as a strained zinc-blende crystal.
To represent CdS, the strain splitting of the valence
band must be 15 mcV. We may expect that the strain
will split the acceptor ground state by a similar amount.
The strain splitting will also mix excited states of the
acceptor into the Fs ground-state manifold. Such
admixtures will alter thc constants and the form of the
Hamiltonian. These changes should be small, because
the strain splitting is small compared to the binding
energy of the acceptor ( 170 meV). Changes in the

'I This is not the most general Hamiltonian, which can include
terms linear in H but nonlinear in J and e. For example, see
Y. Yafet and D. G. Thomas, Phys. Rev. 131, 2405 (1963). Such
terms are small and can be usually neglected, except in re6ned
experiments.

s~(&alml J
I v'3/i&

D=~~&~ ~el J-I ~v2&.

(A4)

We take g, to be 1.76, the known g value of the electron.
For an isolated acceptor matrix elements C and D would
be zero. The CBect of the perturbing donor is to produce

where 6 is the strain splitting of the isolated acceptor
ground state and V is an effective crystal 6cld duc to
the presence of the neighboring donor. The states
I &3s& and

I &2& are eigenstates of J,. Potential V can
also alter the Hamiltonian by mixing the ground state
of the acceptor with higher excited states. For example,
the g splitting of the acceptor ground state for HI c axis
(taken in the s direction) could change. We And experi-
mentally that g~«and g, are the same for the pair lines
as for isolated donors and acceptors. The stability of
the hole g value is quite surprising, but it indicates
that thc mixing of cxcltcd states of thc acceptor into
the ground state is small and that X I Kq. (A1)j still
applies. We may write K more explicitly:

&=2g.PH*~.+2g4(kH+~ +R' ~+)+g4-H*J.+2s~&
)&(H J +HM )+a (J, .+,'J + ',J ), -(A3)-

where B~=H &iH„, etc. The splittings of the pair
lines are given by the eigenvalues of X. The problem
reduces to evaluating the matrix elements of J, and
J~ within the states I @+A&. Some of these matrix
elements are related, while others are considered to be
parameters and have to be determined by experiment.
The parameters are
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nonzero matrix elements of J+. To first order in V/A,
(&/&3/., I J, I q;«,)=(PJ,

I 2).Thismatrix element isrelat:ed
to the g value of an isolated acceptor, gzll =2.76 by

/, =2 76=2g~(-'I J I-')= —2g A/ug (A5)

For IIJ c axis, the matrix. elements of the hole Zeeman
interaction can be written in terms of the electron
Zeeman interaction

2g/&pH+(0 —8 /21 J Iv -3/2) 2gl&pH+D/aJ

n(-', g—,pII+)D/A, (A6)

n=g/, „/2g, =2.76/2(1. 76) =0.78. (A7)

Similarly, the diagonal matrix element

lg.P(.„,l J,H +J~,
l ..„)=--(lg.PH, )C/A

+c.c.= —n(gg/A)Re(CHp). (AS)

If we writeH+ ——He'"/r and C= ICIe'"r& matrix element
(AS) will be pl opol'tlolial to cos (+H+ pv). Simple
models of the electrostatic interaction show that qy
depends upon the orientation of the pairs, whereas ID I
and ICI do not. Because of this matrix element, there
may be as many as 12 crystallographically equivalent
pairs, all having different orientations, which will have
dÃerent Zeeman splittings. This is not what is observed.
Experimentally, each pair line splits into four lines
when a magnetic Geld is applied, i.e., pairs of different
orientations have the same Zeeman splittings. From
this we can only conclude that

I Cl must be negligible
compared to IDI and we will drop this term in the
remainder of our calculations. The matrix of X in the
basis

I y, /, ,-', ), etc., where the second quantum number
refers to the electron wave function which is an eigen-
state of fr„ is given by

I v~n, —k)

6
(g/ » —g.)PH.+A

D
nDG./A—

1 (g/»+g. )pH. A-
G.

—nDG. /A2
0

( D&&:/A )G

( g/»+g —)PH +A
G.

I w—3/&,
—2)

0
—nD*G.*/A

(—g„,—g,)pH, —A

&/&w2&k)
1%

&P3/2)

0 —8/2&+ 2)
&/ —'3/» k)

where G,=g,PH~ For HII(c .axis) or HJ (&, axis), the

quartic eigenvalue equation can be solved analytically.
The solutions are presented in Sec. IV, ~here they are
shown to agree well with the data.

motion of the free exciton. In this case

A(excit») =el v (o) I'
I f(R) I' «=vl ~(0) I' (B3)

For the case of a pair, we can write the pair

APPENDIX 8:ESTIMATE OF THE j-j COUPLING
FOR A DONOR-ACCEPTOR PAIR In this case

P(r„r,)= f, (r,)g„(r„). (B4)

According to Thomas and Hop6eld, ' the j-j coupling

is proportional to the probability of finding the electron

and hole on the same atom. If the envelope function for

the electron and hole is P(r„r„), then

A(p»r) =~ If (r) I'Ig~(r) I'«(B5)
If we assume that the hole envelope function is highly
localized compared to that of the electron,

A =y I P(r, r) I
'dr, (81) A(pair) =~If.(0) I'e-»/' Ig (r) I'dr

where y is a constant of proportionality. Equation

(B1)should apply both to a wealdy bound exciton such

as that giving rise to I3 and to the donor-acceptor pair

lines, if we make the approximation that in both cases

the hole wave function is derived from the uppermost

valence band. For a weakly bound exciton, '0

0 (r.,*.)= f(R) V (r.—r~)

where R is the c.m. coordinate of the exciton and

y(r, —r„) is the wave function describing the internal

~ E. I. Rashba and G. E. Gurgenishvili, Fiz. Tverd. Tela 4,
1029 (1962) LEnglish transl. : Soviet Phys. —Solid State 4, 759
{i9O2)g,

&If (0) I2e 2z/~—(B6)

where E. is the separation between the donor and accep-
tor and a is the Bohr radius of the donor.

I f, (0) I'
=

I y, (0) I~, since both the donor and the exciton have
about the same binding energy. The Bohr radius of
the donor is about 25 A. For the high-energy pairs we
are considering, R=10 A, so that from (83) and (B6)
we find

A(pair)/A(exciton)=e 's/ =0.45. (B'/)

This crude estimate roughly agrees with the experi-
mentally observed ratio of A (pair)/A (I3)=0.20 meV/
0.31 meV=0. 64, where A(I3) was measured from the
data of Thomas and Hopfield. '


