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A new analysis of direct exciton data is presented and applied to the EO, ED+40 transi-
tions in GaP. A curve-fitting procedure is used to compare both the discrete and con-
tinuum structure in the data with theoretical curves. Good agreement is obtained for
the binding energies, broadening, strengths, and shapes. It is shown that the binding
energy of Eo is 11+1 meV rather than the 5-6-meV value previously obtained from the
conventional analysis.

We have reexamined the absorption data of
Dean, Kaminsky, and Zetterstrom' for the direct
exciton (E,) and the spin-orbit split-off exciton
(E, +b,,) in GaP. In our new analysis the exciton
binding energy and the broadening are deter-
mined from a comparison of the data with the
theoretical spectrum including both the discrete
and continuum contributions. We show that the
experimental shapes, strengths, and binding en-
ergies of these excitons are well accounted for
by recent refinements' of the simple Wannier ex-
citon theory. ' A new value of 11 meV is obtained
for the Eo exciton binding energy which is con-
siderably larger than the previous estimates of
5-6 meV."We believe that our results convinc-
ingly demonstrate that this new, but yet very
basic, method of analysis can provide a stringent
comparison between theory and experiment.

The 25-K absorption data of Dean, Kaminsky,
and Zetterstrom' are shown as the solid curve in
Fig. 1. This structure results from electronic
transitions from the highest valence band to the
lowest conduction band near k' =0. The splitting
between Eo and ED+4, is caused by the well-
known spin-orbit splitting of the six valence
states into a fourfold (Eo) and a twofold (Eo+bo)
degenerate state at k =0. In addition to these di-
rect transitions, we estimate that indirect transi-
tions (I'-X) contribute a rather flat background
absorption of approximately 1000 cm ' in this
region.

The Eo+6, structure is an example of the well-

where E is the band gap, p. is the reduced mass
[ p, '=m, * '+m, , * ' for the conduction (m, *)
and split-off (m, , *) bands], e, is the static di-
electric constant, and R,* is the effective Ryd-
berg. The total absorption coefficient (for no
broadening) consists of the discrete lines (among
which the Is state predominates) plus the exciton
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FIG. 1. Direct Eo and Eo+&0 exciton absorption of
GaP at 25 K. The solid curve is the data of Dean, Ka-
minsky, and Zetterstrom, Ref. 1. The dotted curves
are the various theoretical fits discussed in the text.

known "textbook" case of a Wannier exciton with
a hydrogenic series of discrete levels with ener-
gies

E„=E~-pe/2e, 5'n =E~-Ro*/n,
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continuum'.

(2 p, )'~'e'f,„~»,0(E-E„) 2wRo*'"u(E E~—)

p
(2)

where f,„

is the oscillator strength, N is the re-
fractive index (at energy E), m, is the free elec-
tron mass, Z'=R, */(E E,)-, and u(x) is the unit
step function.

To obtain realistic curves which can be com-
pared with experiment we convolute n(E) with a
Lorentzian function I'w '(E'+ I') ', where I' is
the half width at half-maximum of the Lorentzian
and the associated lifetime is (2I') '. The result-
ing broadened absorption profiles for various
values of G= I'/R, * are shown in Fig. 2. Here a
normalized energy scale has been used such that
Rp*= &, and the terms within the square brackets
in Eq. (2) are used for the unbroadened absorp-
tion coefficient. These broadened curves form
the basis for our comparison of theory and ex-
periment. These curves and their counterparts
e„e„d~,/dE, and d~, /dE are also useful for
studies concerned directly with the broadening
mechanisms for optical structure. This will be
discussed elsewhere. '

The E, exciton is not a "textbook" case (even
though it is often treated as one) because of the
light-heavy-hole band degeneracy. Baldereschi
and Lipari' have recently developed a perturba-
tion method to obtain the 1s and 2s energy levels
of the fourfold-degenerate Ep exciton. From
their results and from our estimate of similar
effects of degeneracy upon the continuum states,
we conclude that for GaP, Eqs. (1) and (2) can
also be used (with an accuracy of approximately
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FIG. 2. Theoretical exciton-absorption curves for
several values of the broadening parameter G = I'/Rp*.
The units are such that the 1s-exciton binding energy
is -0.5. The absorption strength at the band gap ( 0.0)
is &2v.

2%) to describe the E, excitons if two modifica-
tions are made: (1) Equation (2) must be multi-
plied by a factor of 2 to account for the addition-
al degeneracy, and (2) an effective reduced mass
p, must be used. ' For GaP, this effective re-
duced mass is approximately 10% greater than
the simple isotropic light- and heavy-hole aver-
age (p, , of Ref. 2). From another point of view,
the good fit which we obtain for E, also justifies
the use of Eq. (2) to describe the E, absorption.

A linear least-squares curve-fitting procedure
has been used to compare the theoretical and ex-
perimental curves:

a =C,n—r(I', R, *)+ C„
where n denotes the data. , nr(I, R,*) denotes the
broadened theoretical curve for a given value of
I" and Rp*, and C, and C, are the coefficients
which give the best fit. The constant term C, is
included to account for the background and is ex-
pected to be realistically small (&10' cm '). The
parameters 1 and Rp* are then varied to obtain
the best fit to the data, i.e., to minimize the
rms error. This procedure can be handled in a
rather simple, straightforward manner on a dig-
ital computer.

The results of this curve fitting are shown in
Fig. 1 and are tabulated in Table I. The dotted
curve marked A is obtained for Rp*=11 meV, I'
=6 meV (G=0.54). The curve fitting has been
carried out over the energy interval 2.864 to
2.890 eV which includes the exciton peak and the
beginning of the continuum. Since the fit for E~
=10 or 12 meV is noticeably worse, we are quite
conf ident that the binding energy is Rp* = 11+ 1
meV and that previous estimates'4 of Rp*-5-6
meV are incorrect.

The reason why the previous value is too small
is clear from Fig. 1. In the earlier work the
binding energy was determined from the slope of
the continuum in the 2.89- to 2.92-eV region.
%e find, however, that this slope has contribu-
tions from three sources: the continuum of E,

„

the broadened leading structure of Ep+4p aIlct

the effects of nonparabolicity (discussed below).
Thus the slope of the data is considerably great-
er than that of curve A which repre'sents the Ep-
exciton continuum for parabolic bands.

Now let us consider the Ep+6p structure. This
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Table I. Comparison bebveen experimental and theoretical values. The follow-
ing parameters were used: m&/m, ~=5.8,' mo/m„~ +=4.18, y&

——4.20, y2
——0.98,

73=1.66,' f =5.1, %=4 O,b. e, =10.75.~

Theory Expt.
&o+&o

Theory

tRo P
~o (IncV
I' (meV)

Z, (eV)
u N~& (cm ')

11+1
6y1

2.884 g0.001
21 700

9.17
12.8

24400

10 y2
12+2

2.962 y 0.002
10200

9.93
11.9

14

10 200

Ref. 8.
Extrapolated from values in Ref. 1.

'Ref. 11.

case is more complicated than Ep because of the
large background from Ep and because the broad-
er line shape is not as distinctive. As a first ap-
proach, assume that curve A represents the Ep
continuum and subtract it from the original data
to obtain the n of Eq. (3) for E, +~0. The values
R,*= 10 meV and I' = 12 meV give a reasonably
good fit (not shown in Fig. 1) except that the
slope of the theoretical continuum curve is less
than that of the data in the 2.98-eV region. A re-
lated problem is that the overall strength of the
absorption of approximately 14000 cm ' at the
band gap (2.962 eV) is somewhat larger than the
value 10200 cm ' obtained from Eq. (2) for rea-
sonable parameters.

We believe that the answer to both of these
problems is that the valence bands are quite non-
parabolic as was pointed out by Wiley and DiDo-
menico. ' For increasing A' vector the light- and
heavy-hole masses tend to increase. This tends
to increase the slope of the Ep-continuum back-
ground. Since it is difficult to calculate the ef-
fect of the nonparabolicity, we have attempted to
account for it in the following way. Starting at
2.90 eV, the linear background curve 8 has been
introduced with a slope such that the E,+6p am-
plitude is 10 200 cm ', the theoretical value, at
2.962 eV. For this background, the fit to E, +b, p

shown in Fig. 1 is obtained for the parameters
R,*=10 meV and I'=11 meV. It is seen that the
binding energy is not particularly sensitive to
the choice of background, but that the broadening
parameter is somewhat smaller for curve B than
for curve A. Thus for the split-off band we con-
clude R,*= 10~ 2 meV, I' = 12 ~ 2 meV. This is
the first experimental value for the E, +6p bind-
ing energy in GaP.

Qur results are compared with theoretical val-
ues in Table I. The theoretical binding energies

were obtained from the appropriate expressions
in Ref. 2 using the mass parameters calculated
by Lawaetz' which are given in Table I. The ab-
sorption strengths at the band gaps were calculat-
ed from Eq. (2). It is seen that the agreement is
generally quite good. The small discrepancies
between experimental and theoretical binding en-
ergies are probably caused by exchange effects'
which tend to lower the binding energy of the ob-
served 1s excitons. It will be shown elsewhere'
that it is also possible to account for the addition-
al width of E, +4p relative to E, in terms of non-
polar optical scattering of the holes in the split-
off valence band into the upper valence bands.
Thus, the shape, strength, and binding energy of
both excitons as well as the width of E, +4p are
all accounted for. The width of E, is the only ex-
perimental quantity that is not compared with
theory (the difficulty being that the conduction-
band density of states is not accurately known
for large values of k). Our results indicate a
spin-orbit splitting parameter hp = 78+ 2 meV as
the energy separation between the band edges.

Finally, it is worthwhile to compare the pres-
ent analysis with two previous approaches. Qne
of these concentrates upon the discrete lines of
Eqs. (1) and (2). If these lines are resolved,
their energy separation can be used to determine
R,*. The other approach concentrates upon the
slope of the continuum term in Eq. (2) to deter-
mine R,*. The advantage of our approach is that
it makes use of both the discrete and continuum
data and provides a more stringent test of theo-
ry. We have shown here that the continuum-
slope method can give rather erroneous results.
Another example of this is that the continuum-
slope method tends to predict for both GaP and
GaAs" that R,* decreases as the temperature in-
creases. From Fig. 2 it can be seen that the ad-
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ditional broadening at higher temperatures must
be taken into account.

We gratefully thank E. Q. Kane for several
helpful discussions and for providing the comput-
er program used to calculate the curves in Fig.
2, and P. J. Dean for allowing us to use his oI ig-
inal data.
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Four emission bands related to the A. and C excited states, A@II, Azg, Czz, and CzD,
have been observed in KI:Sn2+ at 4.2'K, and the degree of polarization has been studied.
The results indicate that the 1"z (3T«and 2'&„)excited states are tetragonally distorted
by a strong Jahn-Teller effect and are also perturbed by a charge-compensating vacancy
located in the nearest-neighbor position.

The 'T,„and 'T,„(a,t,8„)excited states of Tl'-
type centers in alkali halides are characterized
by a strong Jahn-Teller effect (JTE).' Most in-
vestigators' ' believe that the polarized lumines-
cence from the monovalent impurity-ion (Tl',
In', and Ga') centers is caused by the JTE. How-

ever, many of them' "still believe that the po-
larized luminescence from the divalent impurity-
ion (Pb" and Sn") centers is mainly due to a
charge-compensating vacancy, ' they have consid-
ered the effect of the vacancy to be more impor-
tant than the JTE. The analysis of the absorption-
band shape has, however, shown that the JTE in
the divalent lmpurlty-1on centeI's 18 much stron-
ger than in the monovalent ones. " " In this I et-
ter we report the polarization spectra, of lumines-
cence from the I', ('T, „and 'T,„)excited states in
KI:Sn" at 4.2 K, which clearly demonstrate a
strong JTE and an effect due to the vacancy that
ls weRkel than the JTE. Luminescence %'Rs ob-
served with an EMI 9558QB photomultiplier after
being dispersed by a single-grating monochro-
mator' excltatlon w'Rs Rccompllshed with R xenon
lamp in combination with a double-prism mono-
chromator. Sample cx ystals were always quenched
from 650 C onto an aluminum foil at room tem-

peI'RtuI'e.
Excitation in the A absorption band produces

two emission bands, A&„(2.23 eV) and Arz (2.40
eV); the ratio of intensities between them de-
pends on the photon energy of the exciting light. '
The degree of polarization for A~& or A»,

(Ill IJ.)l(1ll+IJ.)i

depends on the direction of polarization and the
photon energy of the exciting light, where I~~ and
I& are the intensities of &&z or A&z polarized
parallel and perpendicular to the direction of po-
larization of the exciting light, respectively. We
used the exciting light incident upon the (100)
plane perpendicularly so that the direction of po-
larization ls spec1f led by the azimuthal Rngle A

in the (100) plane. The degrees of polarization
I'(n;Ar„) and P(a;Arz) as functions of n have a
maximum at n = 0 and 90' (in the [001] and [010]
directions) and become zero at n =+45 (in the
[011]and [OI1] directions), irrespective of the
photon eneI gy of exciting light, hm. In Fig. 1 are
shown the degrees of polarization P(h~;Ar„) and

P(k~;A») as functions of kc (the polarization
spectra) at o =0' for Arz, and Arz. Characteris-
tic features are as follows: (Al) P(hm;Ar„) is


