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TmLE V. Evaluation of the scattering integrals for
zero magnetic Geld.

where

P

X(P,0)
L,(p,0)

x(p,o)
L, (p,o)

0.01

0.98134
0.92426
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0.65662
0.37777

analysis are:
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0.95779
0.85843
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0.47220
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0.05114
0.00395

p =61'r,

'/iver',

y"=—(9x/16) (IJ,r,'H/c)' (B4)

&(P,~)-~(P,0)+(~&/»), o~ =(v«1), (»)
L(p,~)-1-(p,0)+(~1/»).=o~ (7&&1) (B6)

These integrals have been numerically integrated and
tabulated by Beer, Armstrong, and Greenberg. "How-

ever, they do not include the case for zero magnetic
field, which is needed when evaluating Ro/R„and the
experimental values of g..

The integrals E(P,y) and 1.(P,y) can be evaluated
for p=o by considering the Taylor-series expansions:

L(p v')—= dx~
("+p)'+~"

(82)
Table V can now be constructed.
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High-resolution measurements of the optical absorption edge of pure crystals of AgBr and AgC1 are in good
agreement with the theory of phonon-assisted indirect transitions. The indirect optical absorption of
AgCl-AgBr mixed crystals has been studied between 4.2 and 77'K. At 4.2'K, the addition of AgBr to AgC1
causes the absorption edge to shift continuously from the pure AgCl threshold at 3.252 eV to the pure AgBr
threshold at 2.691 eV. Above 5.7 mole 'Po AgBr in AgC1, the absorption coefBcient increases steeply to values
considerably greater than that of pure AgBr at the same wavelength. The effect of the alloying on the pure-
crystal absorption spectra is somewhat different for the two extremes of mixing. In AgBr-rich mixed crystals
(&90 mole jo AgBr in AgC1), a temperature-independent component with a sharp threshold is observed at
an energy precisely halfway between the indirect phonon-emission and phonon-absorption thresholds (which
still appear with phonon energy 0.0082 eV as in pure AgBr). This suggests that nonvertical transitions can
occur in the alloy without the aid of phonons to conserve crystal momentum. The zero-phonon threshold is
not so evident for dilute concentrations of AgBr in AgCl, where a weak shoulder and tail extends approxi-
mately 0.07 eV to longer wavelengths. Some comparison with theory is given, but present understanding of
the band structure of alloys is rather incomplete.

I. INTRODUCTION

'HE optical-absorption spectra of AgCl and AgBr
differ in a fundamental way from those of the

alkali halides. The alkali halides are strongly ionic ma-
terials which are transparent throughout the visible and
near-ultraviolet regions of the spectrum when sufFici-
ently free of F centers and other imperfections. In the
vicinity of 2000 A the fundamental absorption edge
rises steeply to above 10' cm. ' because of excitation
from the ground state of the crystal to exciton states. '

~ Supported in part by U. S. Army Research OKce, Durham,
North Carolina under contract No. DA-31-124-ARO(D)-217

~Worked performed in partial ful6llment of requirements for
the Ph. D. degree, University of Illinois.

' J. E. Eby, K. J. Teegarden, and D. B. Dutton, Phys. Rev.
116, 1099 (1959).

Moreover, the first peak of the absorption spectra is a
doublet due to the spin-orbit coupling of the hole on
the halogen ion. Although AgCl and AgBr are less ionic
compounds with considerable covalent bonding, they
also have strong, direct exciton spectra showing the
influence of the spin-orbit doublet of the halogen ion. ' '
However, in contrast to the alkali halides, AgCl and
AgBr have optical absorption tails which extend to-
wards longer wavelengths, approximately 2 eV from the
direct exciton spectra. ' The origin of these long wave-
length absorption tails has been a matter of speculation
for many years.

' Y. Okamoto, Nachr. Akad. Kiss. Goettingen, Math. -Physik.
Kl. , IIa No. 14, 275 (1956).' S. Tutihasi, Phys. Rev, 105, 882 (1957).

4 F. Seitz, Rev. Mod. Phys. 23, 328 (1951).



920 B. L. JOESTEN AND F. C. BROWN 148

Experimental and theoretical work now indicate that
the long-wavelength absorption tails arise from phonon-
assisted indirect transitions. Band-structure calculations

by Bassani, Knox, and Fowler' and Scop' show that
the valence bands of both AgC1 and AgBr have at least
one maximum away from the center of the Brillouin
zone. The conduction band on the other hand is of
approximately standard form at the center of the zone.
The temperature dependence of the absorption of AgBr
and AgC1 near 4.2'K, ' has been shown to be character-
istic of indirect transitions. Analysis of the absorption
spectra shows that phonons near 90'K are emitted or
absorbed to conserve crystal momentum for the elec-
tronic transition. The energy corresponding to 90'K is
very near the amximum phonon energy of the acoustic
phonon reported for AgC1 by Cole. '

This paper reports further attempts to clarify the
origin of the structural details observed in the absorp-
tion spectra of AgCl and AgBr at 4.2'K. Both pure
AgC1 and AgBr and mixed AgCl and AgBr have been
studied in this regard. A preliminary report of the data
and structural details for pure crystals and dilute alloys
of AgCl has been given elsewhere. ' A comparison of
the data on pure crystals with the theory of phonon-
assisted, indirect transitions is given in the present
paper. Also, the absorption spectra of mixed AgCl and
AgBr between 4.2 and 77'K in the wavelength region
corresponding to indirect transitions in the pure crystals
are presented. The mixed-crystal results tend to agree
with the theory of indirect transitions but interesting
new features arise. For each of the extremes of mixing
an additional absorption component is observed com-
pared to the spectra of the pure crystals. The AgBr-rich
mixed crystals reveal phonon absorption and emission
thresholds just as pure AgBr does, but the character-
istics of the additional component suggest that non-
vertical transitions also take place milhoNII the aid of
phonons to conserve crystal momentum. On the other
hand, the AgC1-rich mixed crystals exhibit a shoulder
and tail adjacent to the pure AgCl absorption edge
which extends further toward longer wavelengths than
the indirect-phonon-absorption component. The per-
turbing eGect of the Br ion on the AgCl absorption
spectrum is, therefore, considerably different from that
of the Cl ion on AgBr.

II. EXPERIMENTAL METHOD

The pure and mixed crystals were either grown
from the melt in an inert atmosphere by the Kyropoulos

' F. Bassani, R. S. Knox, and W. Beall Fowler, Phys. Rev. 137,
A1217 (1965).' Peter M. Scop, Phys. Rev. 139, A934 (1965).' F. C. Brown, T. Masumi, and H. H. Tippins, J, Phys. Chem.
Solids 22, 101 (1961).' H. Cole, J. Appl. Phys. 24, 482 (1953).

9 B.L. Joesten and F. C. Brown, Phys. Letters 17, 202 (1965);
Bull. Am. Phys. Soc. 11, 1086 (1965), See also F. C. Brown, B.L.
Joesten, and W. B.Fowler, International School of Physics, Enrico
Fermi, Course XXXIV (Academic Press Inc. , New York, to be
published}.

technique or prepared as relatively thin samples (100 p
thick) by growing between quartz plates. ""In either
case high purity AgCl and AgBr was used as starting
material. Although AgCl and AgBr are miscible in all

relative concentrations, "most crystals for the present
work were prepared with concentrations of the minority
constituent less than 10%.AgBr-rich boules were grown
with approximately 0.1, 1.0, 3.9, and 9.0 mole% AgCl
added to the melt. For the AgC1-rich boules, AgBr in

amounts of approximately 0.03, 0.08, 0.3, 0.7, and 1.4
mole% was added to the melt. The various crystals
were found to be homogeneous and good back reAection
x-ray patterns were obtained. Chemical analyses were

later performed in order to determine the alloying con-
centrations. Because of segregation of the mixture be-
tween the liquid and solid phases, the analytical results
differed by 20-50% from the initial concentration of
the melt. The absorption curves shown later are all
identified by the results of chemical analysis. Optical
spectra obtained for samples prepared in diBerent ways
were identical and dependent only upon the alloying
concentration.

The metal cryostat which was used for measuring
the absorption spectra is shown in Fig. 1. The Dewar
had a liquid-helium capacity of one-half liter and held
liquid helium for up to three hours under operating con-
ditions. The temperature could be controlled to within
at least two to three degrees of any given temperature
by first boiling the liquid helium from the center tube"
and then regulating the current in the heater. The tem-
perature of the sample was determined by measuring
the resistance of a calibrated Ge thermometer which
was in good contact with the copper sample holder in
close proximity to the sample.

The optical-absorption measurements were carried
out with a Cary model 14R recording spectrophotom-
eter. The usual tungsten source was replaced with a
625-W quartz-iodine light source. "With the intensity
provided by this source, it was possible to make meas-
urements with spectral slit widths of 0.3 A, and under
these conditions the error in the absorption coefjIicients
due to spectral bandwidth is neglibigle. The largest un-
certainty in the absolute value of the absorption co-
efBcient depended upon corrections for the absorption
of multiply rejected radiation, "which were usually less

I The methods for growing the plate crystals and also for puri-
fication are described in The Art and Science of Gromng Crystals,
edited by J.J.Gilman (John Wiley 8z Sons, Inc. , New York, 1963),
p. 214."The authors are indebted to W. West and F. Moser, Research
Laboratories, Eastman Kodak Company, who kindly supplied
several of the materials, especially the plate crystals and analysis.
They are also grateful to Dr. J. Luvalle, Research Laboratory,
Fairchild Space and Defense Systems for some zone-reined AgBr.

"R.B. Wilsey, J. Franklin Inst. 200, 739 (1925).
"T.Timusk, J. Phys. Chem. Solids 26, 849 (1965).
'4 Sun Gun, Sylvania Electric Products Corporation."J.Tauc, in Progress in Semiconductors, edited by A. F. Gibson

and R. E. Burgess (Heywood and Company Ltd, , London, 1965),
Vol. 9.
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than 10//o for the present cases. These corrections were

carefully computed when making comparisons between
theory and experiment.

III. PURE AgC1 AND AgBr

A. Theoretical Discussion

When the extrema of the valence band and conduction
band of a perfect crystal do not have a common posi-
tion in h space, direct optical transitions cannot take
place, because the wave vector of the photon cannot
make up for the change in the crystal momentum of
the electronic state. When the electron-phonon inter-
action is included, however, phonons can be emitted
or absorbed in the transition so as to conserve crystal
momentum. The theory of these phonon-assisted in-
direct transitionswithexcition eBects taken into account
has been given by Elliott. "The eBects of indirect tran-
sitions are most strikingly revealed in the temperature
dependence of the optical-absorption spectrum. For
a single phonon energy and for a given electronic
transition, the absorption coefFicient at a temperature
T should consist of two components K.(hv, T) and
K, (hv, T), due to phonon emission and phonon absorp-
tion, respectively. The process involving phonon ab-
sorption is proportional to the number of available
phonons X= (e"r—1) ' and is given by

K,(hv, T) = (a/hv)(es'r 1) 'g(hv —Es'+ke) )
—(1)
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whereas the process involving phonon emission is pro-
portional to )V+1= (1—e "r) ' and is given by

K,(hv)T) = (b/hv)(1 ever) 'g(hv—Es' k8) . —(2)—

In these equations k is Boltzmann's constant with k8
giving the phonon energy. The function g represents a
basic shape function which rises from a threshold,
hvth= 8,'&k0, with a characteristic shape depending on
the type of transitions taking place. For allowed exciton
states and standard electronic band shapes, the shape
function is of the form

g(hv —E,'&ke) = (hv —E,'Wk )uII. s

L,

iASIS

A
V

l;1
LJ ~- SAMPLE HOLDER

The energy L&','is just the band gap energyless an exciton
binding energy. It will vary with temperature because
the band gap depends on temperature. However, the
separation between the two thresholds remains constant
and equal to 2k8. The quantities a and b above involve
the square of matrix elements for phonon emission and
absorption and are almost but not quite equal. The
phonon-absorption component, (Eq. 1), vanishes as the
temperature goes to zero, and the phonon-emission com-
ponent approaches a basic shape spectrum. The experi-
mental low-temperature spectrum represents the basic
shape function for at least one phonon and one exciton
state. In general, it will be the superposition of basic

"R.J. Elliott, Phys. Rev. 108, 1384 (1957),

FIG. 1. Drawing of liquid-helium-temperature cryostat suitable
for optical measurements in the cell compartment of a Cary
spectrophotometer. Silica windows are waxed onto the rotating-
window assembly and two sample positions are provided. {1)
$-in. o.d. wall Inconel tube. (2) Electrical lead ports. (3) Window
rotating assembly. (4) Inconel bottom. (5) Liquid nitrogen shield.

shape spectra resulting from phonons of more than one
energy as well as several electronic states.

B. Comparison of Theory and Experiment

The low-level absorption spectra at low temperatures
have bt;en reported for AgCl and AgBr qlsewht:re, ' and
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FIG. 2. The absorption edge for pure
AgBr at several diferent tempera-
tures. The spectra have been corrected
for absorption of multiply reflected
light. I'1' and E1~ denote the thresh-
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it is the intent of this section to illustrate the internal
consistency of interpreting these spectra in terms of
phonon-assisted indirect transitions as discussed in the
previous section. The absorption spectrum of AgBr is
shown for several tempera, tures in Fig. 2. The energies
E and E' refer to the thresholds for structural com-
ponents a,s defined in the 60'K spectrum. The strength
of the component with threshold at E decreases with
the temperature, and the component is not present at
temperatures nea, r 4.2'K. The difference between E'
and E is the same for each temperature v ithin experi-
mental uncertainty and has an average value deter-
mined from several spectra of

(Z' —E ), =0,0161+0.0003 eV.

Thus, E&' and E' can be related to the thresholds of
indirect transitions with the emission or absorption of a
phonon of 0.00805 eV or about 94&2'K.

This value of the phonon energy can be used in Eqs.
(1) and (2) to compare the experimental absorption
spectrum at temperature T with what is obtained by
using the 4.2'K spectrum as the basic shape and the
theoretical temperature dependence. The results of such
a comparison are shown in Fig. 3 for 50'K. So by con-
sidering only one phonon energy rather good agreement
between the experimental spectrum and the constructed
spectrum is obtained. Similar comparisons have been
made for AgCl also. The agreement in this case is not
quite as good as regards the shape, suggesting, perhaps,
that more than one phonon energy should be considered.
It is dificult, of course, to include more than one
phonon energy in the comparison, since the 4.2'K spec-
trum must be decomposed into the various basic shapes
to be used with each of the chosen phonon energies.
The low temperature spectra are quite complex for
both AgCI and AgBr (see, for example, a figure for AgCI,
Ref. 9) making the decomposition all the more difficult.

IV. MIXED AgC1 AND AIBr

A. Theoretical Discussion

Turning now to mixed crystals, the problem of optical
transitions is not so straightforward. The term "mixed
crystal" in its present context refers to a miscible chem-
ical system AgCl-AgBr presumably with a random ar-
rangement of alloy. ing constituent. There are two ex-
amples of mixed-crystal systems which represent what
might be called the extremes of possibilities for optica, l
transitions in mixed crystals. In the Ge-Si system'" the
optical absorption changes gradually from that of pure
silicon to that of pure germanium as a function of con-
centration. The absorption seems to be more character-
istic of the mixed crystal than that of the individual
components. The KCl-KBr system, "on the other hand,
is an example of a case where the individual components
keep their identity in the mixed crystal.

The theoretical problem concerning the band struc-
ture of mixed crystals is very difFicult. Parmenter" has
developed the theory of the virtual crystal model of a
mixed crystal and the results have been used success-
fully" in explaining experimental work on Ge-Si mixed
crystals. Recently des Cloizeaux" presented a theory of
impurity bands in the context of random processes.
This theory when more fully developed may be useful
in understanding optical processes in mixed crystals.
In general, however, it appears that our understanding
of the band structure of alloys leaves much to be desired.

The framework within which the optical absorption
of mixed AgCl and AgBr may be discussed can be stated

"R. Braunstein, A. R. Moore, and F. Herman, Phys. Rev.
109, 695 (1958).

» H. Mahr, Phys. Rev. 122, 1464 (1961).
' R. Parmenter, Phys. Rev. 97, 587 (1955)."F. Bassani and D. Brust, Phys. Rev. 131, 1524 (1963)."J.des Cloizeaux, Phys. Rev. 139, A1531 (1965).
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Fzo. 3. Comparison of theory and ex-
periment for the indirect absorption edge
of pure AgBr at 50'K. The solid line is
taken from the spectrophotometer tracing
(corrected for the absorption of multiply
reflected light} for a crystal 0.284 cm thick
at 50'K. The basic shape was determined
from the phonon-emission curve ob-
served at 4.2'K; then the components E,
and E were constructed according to
theory for 50'K assuming a single phonon
of 0.008-eV energy. The dots are the sum
of E, and E, and it can be seen that they
agree quite well with experimental tracing.
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as follows": The basic question to consider when an
impurity is placed in a solid is whether or not there are
localized energy states associated with the impurity.
A localized energy state is not degenerate with the band
states of the pure material and can be thought of sepa-
rately from the usual electronic band structure. A local-
ized energy state may give rise to an optical absorption,
and in this case it is useful to consider the degree of
localization by estimating an oscillator strength for the
absorption band. The oscillator strength of an absorp-
tion band is strictly de6ned in terms of a dipole matrix
element between two states of the impurity but in prac-
tice can be estimated from the integrated absorption
with the help of Smaku]. a's formula. »

On the other hand, the energy states of the impurity
may mix so thoroughly with those of the host that a
band structure can still be calculated for the mixed
crystal. Such a ca,lculation can be made using the vir-
tual-crysta. l model. "In this model the potential at each
lattice site of the actual crystal is replaced with an
average potential taking into account the relative con-
centration of the constituents of the real crystal. The
one-electron energy eigenvalues are then calculated us-
ing the average potential. Of the t~o systems originally
cited, the Ge-Si mixed crystals can evidently be under-
stood on the basis of the virtual-crystal model. But
the results of the KCl-KBr system cannot be explained
using the virtual crystal model.

Materials in which indirect transitions are observed

"W. Beall Fov ler (private communication}.' A. Smakula, Z. Physik 59, 603 (1940).

should provide a sensitive test for the validity of the
virtual-crystal model. In a pure crystal indirect tran-
sitions may occur with the emission or absorption of
phonons to conserve crystal momentum. The require-
ment that crystal momentum be conserved is a result
of the periodicity of the lattice. On the basis of the
virtual-crystal model, a nonvertical transition still re-
quires a phonon to conserve crystal momentum since
the virtual crystal is periodic. But a mixed crystal does
not, in general, have translational symmetry since, for
example, a translation may put a Cl ion at the site of
a Br ion. The disorder in the mixed crystal can thus
conceivably make previously forbidden transitions pos-
sible, assuming that the disorder is not so great as to
completely destroy the concept of a band structure.
The result of such relaxation of the conservation of
crystal momentum would be nonvertical transitions
without the emission or absorption of a phonon. The
addition of such a component to the regular absorption
spectrum should be easily observed since it would be
independent of temperature, except for the usual shift
due to the temperature dependence of the energy gap,
and it should have a threshold E,' exactly halfway be-
tween the indirect phonon-emission and phonon-absorp-
tion thresholds.

The shape of the disorder-induced nonvertical ab-
sorption can be indicated in the following way: Suppose
an optical matrix element can be calculated which con-
nects two points of k space for a mixed crystal without
the aid of the electron-phonon interaction. Call this
matrix element H(k', k") where k' and k" represent
the points of k space connected by the interaction. The
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FiG. 5. The absorption spectra at
different temperatures for AgBr con-
taining 1 mole % AgCl. Comparison
of this figure with Fig. 2 shows that a
disorder-induced component sets in
exactly halfway between the edges
associated with phonon emission and
phonon absorption.
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sition takes place without the emission or absorption
of a phonon.

The AgCl edge is affected by alloying diGerently than
the AgBr absorption. For example, the spectrum of
AgCl+0. 1 mole% AgBr at 30'K is shown in Fig. 9.
The 30'K spectrum for pure AgCl is also shown in Fig.
9 for comparison. A distinct shoulder and tail are ob-
served adjacent to the threshold associated with pure
AgCl. The absorption tail in the mixed crystal extends
about 0.05 eV to higher wavelength, several times the
energy of the phonon important for indirect transitions
in the pure crystal. Furthermore, this absorption in
dilute AgCl:AgSr is much more sensitive to the mixing
than at the other extreme. A significant change is de-
tected in the AgCl spectrum for an addition of O.I
mole'%%up AgBr, whereas for the same concentration of
AgCl in AgBr, no change could be detected. The strength
of the shoulder and tail in the AgCI-rich samples in-
creases with mixing, and at 5.7%%up the absorption rises
steeply to values which exceed the absorption coe%cient
of pure AgBr at the same wavelength. The shoulder
seems to have a Qat portion which ends approximately
halfway between the energies corresponding to the
phonon-emission and absorption thresholds. Therefore,
some disorder-induced indirect transitions may be tak-
ing place in the AgCI-rich mixed crystals also. However,
most of the absorption produced by mixing appears to
be dominated by the mechanism which gives rise to
the extended tail.

The exact origin of the shoulder and tail in the AgC1-
rich system is difFicult to determine without the infor-
mation provided by additional experiments such as
photoconductivity. There would seem to be at least
two possible alternatives, however, The first alternative
treats the shoulder and tail as part of an absorption
band such as might result from a localized state of the

PHOTON ENERGY (eV)

g4
8

456 458

WAVELENGTH (mp)

I

46R

FIG, 6. The disorder-induced component of the AgBr-rich
alloy at 4.7'K for three different concentrations.

Br ion. The second alternative considers the possible
perturbations of the Br ion on the band states of the
pure crystal.

The possibility of a localized state can be discussed
with respect to the oscillator strength of the shoulder
and tail. The position of the peak of the band in the
present case is rather arbitrary, but when a pure crystal
spectrum is subtracted from a mixed crystal spectrum
for the same temperature, the shoulder bends over
slightly, but de6nitely, at the position of the absorption
edge of the pure crystal. Although this additional com-

ponent does not fall to zero on the high-energy side
the spectrum in Fig. 9 suggests a band with a peak
absorption coefficient of 6 cm ' and a width at half-
maximum of 0.026 eV. The oscillator strength for such
a band is 0.5X10 4. using an index of refraction of 2
for AgC1 and an impurity concentration of 2.3&(10"/cc
in Smakula's formula.
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FIG. 9. Showing the tail which oc-
curs for a AgCl-rich alloy. The lower
curve is for pure AgC1; the upper for
AgCl containing 0.1 mole /0 AgBr.
Both curves are for a temperature of
30'K.
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in the GaAs-GaP system. "No evidence for this has yet
appeared, however.

V. SUMMARY

A disorder-induced optical-absorption component ap-
pears in AgBr-rich-mixed crystals of AgCl and AgBr.
The additional component has characteristics which can
be associated with the breakdown of the regular-crystal
momentum selection rules for a periodic structure. The
additional absorption can be described in terms of the
pure-crystal band structure as arising from transitions
which are nonvertical since different points of the Bril-
louin zone are involved. The disorder brought about
by the presence of the Cl ion in the AgBr lattice seems
to have the e6ect of relaxing the requirement that crys-
tal momentum be conserved without destroying the
other concepts associated with a periodic crystal. This
disorder-induced absorption component is a new phe-
nomenon and should be found in other alloy systems

25 Y. S. Chen and G. L. Pearson, Bull. Am. Phys. Soc. 10, 269
(196&};H. %.Verleur and A. S. Barker, ibid. 11, 73 (1966}.

where an indirect edge cocurs and where a lighter or
smaller impurity ion is incorporated.

On the other hand, AgCl-rich mixed crystals of AgC1
and AgBr have an optical absorption component which
cannot be understood entirely in terms of the disorder
of the mixed crystals. The perturbation of replacing
Cl ion with the larger Br ion in small concentrations
(as small as 0.03 mole%) is reflected by the appearance
of a shoulder and tail adjacent to the regular pure AgC1
optical absorption edge at 4.7'K. The characteristics
of the shoulder and tail do not necessarily suggest that
the Br ion has a localized state in AgCl.
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