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Here we have used the relationship q~ - (V~,/B), as
discussed in Eq. (13). Note that this is precisely the ob-
served Urbach dependence, with the additional prediction
of the variation of 0 with eo and e„:0 o- (qo/q —1)
This slight variation of 0 is the observed one (the more

with wave vectors near the Brillouin zone boundary; such
zone-boundary phonons generally I'~ve the large electric
fields postulated in the present model. Assertion(ii) as-
sumes that the internal fields are the same order of mag-
nitude in I-VII, II-VI, and III-V compounds; in fact, the
more ionic solids generally have larger internal fields.
When the dependence of internal fields on dielectric func-
tion is taken into account in the Frohlich model [Eq. (cl6) j,
we find that the Urbach exponent (which apart from numeri-
cal constants is E/f) becomes

ionic systems have smaller values of 0.). However, we
caution the reader that this last prediction may depend
on the ad hoc manner in which the wave-vector cutoff has
been introduced; furthermore, the data on 0 are not un-
ambiguous on this question.
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The internal photoconductivity spectrum of single crystals of NaI was investigated over a
wide range of temperatures. A photocurrent threshold was observed which is believed to be
due to the onset of band-to-band transitions. Aside from this threshold, a photoconductivity
band appeared on the low-energy side of the first fundamental absorption band. The existence
of this response is attributed to the ionization of traps via an exciton interaction.

I. INTRODUCTION II. EXPERIMENTAL PROCEDURE

Early work on the intrinsic photoconductivity of
single crystals of KI, KBr, and KCl by Kuwabara
and Aoyagi' indicated that, aside from photocurrents
due to band-to-band transitions, a photoconductivity
response appeared on the low-energy tail of the first
fundamental absorption band. They attributed this
response either to an absorption related to the pres-
ence of an impurity or to impurity ionization via an
exciton energy transfer. Their results favored the
latter mechanism. At the same time, Nakai and
Teegarden reported results on the photoconductivity
of RbI and KI single crystals. Once again, aside
from band-to-band related photocurrents, an addi-
tional band was observed on the low-energy tail of
the corresponding fundamental absorption spectrum.
The authors postulated the photoproduction and de-
struction of color centers as being responsible for
this band, and they indicated the E center as a pos-
sible candidate. In this paper, we present the re-
sults of our photoconductivity studies of NaI and
RbI in the corresponding spectral region.

Single crystals, obtained from the Harshaw Chem-
ical Co. , were cleaved in a dry box. These crys-
tals, typically of 1.0-mm thickness, were then
mounted onto the sample holder, a diagram of which
can be seen in Fig. 1. The sample holder was at-
tached to the end of a —,

' -in. stainless-steel tube
which was then inserted into the sample chamber of
an Andonian exchange-gas cryostat. Because of the
design of the cryostat, it was necessary for the sig-
nal to travel a distance of -3 ft before the photocur-
rent detection system could be connected. Because
of the electrical noise involved due to the generation
of microphonics, a —,'-in. -brass rod was used as the
signal "wire. " This rod, which was held in place
by Teflon spacers within the stainless-steel tube,
was found to effectively reduce the microphonics.

Photocurrents were detected by a Keithley model
No. 640 electrometer with the input shunted by
10' Q. An electric potential of 800 V was supplied
by a combination of dry-cell batteries. Data were
acquired by first recording a background current.
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FIG. 1. Sample holder.

Figure 2 shows a typical photoconducti 'ty spec-
trum of NaI as observed at 10'K Ft . or the sake of
comparison, Fig. 2 contains two curves. The
dashed curve is the liquid-helium temperature fun-

m an is referred todamental absorption spectrum3 d
'

the linear scale of optical density. The l'de so i curve
is e o served photoconductive response and is
referred to the logarithm scale of photocurrent.

Several features of the photoconductivi spec-
trum can be noted. At low energies one can see

This current wawas just the current present when the
exciting monochromator was t tse a a wavelength
which was not transmitted by the quart t'quar z optics.

e ac ground current was subtracted from the
measured photocurrent in order to arrive at the
actual photocurrent. In all the measurements re-

pressure in an atomsphere of 'th dei er ry nitrogen
or dry helium gas dependent upon whether liquid

agent
nitrogen or liquid helium was used as the cas e cooling

m. RESULTS

the appearance of a photoconductivity band. This
band occurs slightly on the low-energy side of the
first fundamental absorption band. In addition,
coinciding with the position of th' f'is irst absorption

ocon uc ive response.band is a minimum in the photo d t'

so evi ent at aboutA photocurrent threshold is also 'd t t
5. 8 eV.

The photoconductivity spectrum of NaI as ob-
served at 80'K is given in Fig. 3. The f
a sorption spectrum at liquid-nitrogen temperature4
is also shown here.

The low-energy photoconductivity band has in-
creased in magnitude and sh'ft d t li e o ower energies
as compared to the 10'K spectrum. Once again,
a minimum in the response is found toun o coincide
with the position of the first fundamental ab ta a sorption

an . In addition, a photocurrent threshold is seen
at about 5. 7 eV.

The photoconductive response in the low-
tail of the first f

e in e ow- energy
ai o e first fundamental absorption band of NaI

was investigated for a single crystal over a wide
range of temperatures. The results of this in~es-
iga ion are given in Fig. 4. The curves indicate

that as the tern perature increases a monotonic shift
of the band tooward lower energies occurs. The

s e emperatureintensity of the band increases a th t
increases to about 218 K Ab thove is value, it is
seen that the eff'iciency of the low-energy band de-
creases.
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FIG. 2. Photoc onductivity spectrum of NaI at 10'K d
the fundam ental absorption spectrum of NaI at liquid-

an

helium temperature (Ref. 3).

FIG. 3. Photo oconductivity spectrum of NaI at 80'K
the fundam ental absorption spectrum of NaI at liquid-

a and

nitrogen temperature (Ref. 4).
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FIG. 4. Temperature-dependent behavior of the low-
energy photoconductivity band in NaI.

The first fundamental absorption band is asso-
ciated with the creation of excitons. Since the ex-
citon is an electrically neutral entity, the absorp-
tion of light resulting in their formation is expected
to yield a minimum in the photoconductive response.
This is the condition which was observed in the
photoconductivity spectra at energies corresponding
to the first fundamental absorption band.

The existence of the low-energy photoconductivity
band is attributed to the ionization of shallow traps
via an exciton interaction. This model was first
proposed by Kuwabara and Aoyagi. ' We will base
our analysis on the work of DeVore, ' who per-
formed calculations to determine the equilibrium
concentration of electron-hole pairs in photocon-
ductors.

The equilibrium concentration of pairs (excitons,
in our case) is determined at some point within a
photoconductor of thickness l. The calculations
are based upon the following conditions: (a) con-
stant irradiation of the sample with a photon inten-
sity I (photons/sec), (b) each absorbed photon pro-
duces a pair, (c) a monomolecular recombination
rate within the bulk, (d) a diffusion rate associated
with the pairs, and (e) boundary conditions based
on a recombination current at each of the surfaces.
Since we are considering here the creation of ex-
citons, we will refer to pairs as excitons and, for
the sake of clarity, the term "recombination" will

The half-width of the band remains constant and
has a value of 0. 1 eV over the entire temperature
range investigated. This eff ect is demonstrated
by Fig. 5, in which the low-energy band as ob-
served at various temperatures is plotted. The
curves were normalized to give the same peak in-
tensity, and their energy scales shifted to super-
impose their peaks. The resulting collection of
points demonstrates the lack of any significant de-
viation from a constant half-width of about 0. 1 eV
over the indicated temperature range.

The photoconductivity exhibited a linear response
with respect to the magnitude of the applied electric
field. This linear behavior occurred for irradiation
at high energies (& 6. 0 eV) as well as for irradia-
tion in the region of the low-energy photoconduc-
tivity band. In addition, the photocurrent as a func-
tion of exciting light intensity was determined to
be linear.
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IV. ANALYSIS OF RESULTS

Both Figs. 2 and 3 show photoconductivity thresh-
olds (at - 5. 8 eV) which is in close agreement with
the corresponding position of the optical absorption
"step. " It is this threshold which is attributed to
the onset of electronic band-to-band transitions
associated with excitation of electrons situated at
the I" point in the first Brillouin zone of the upper-
most valence band.

o o

I I I I 0
+ O.l 2 +0.08 +0.04 0 -0.04 -008 -O.l 2

E Eo (eV~

FIG. 5. Temperature dependence of the half-width of the
low-energy photoconductivity band in NaI.
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be referred to as annihilation. The extension of
DeVore's analysis is well suited to our case in
several respects. Photocurrents were measured
by constant irradiation of the samples. In addition,
the annihilation rate of excitons is known to obey a
monomolecular law. The existence of an applied
electric field is not considered in the analysis.
Since the exciton is an electrically neutral entity,
the omission of this consideration is particularly
applicable to our experiments. Using these condi-
tions, an equilibrium concentration of excitons,
n(x), is then determined. The parameters incor-
porated in n(x) are the diffusion constant D, the
absorption coefficient n, the bulk lifetime 7, and a
surface annihilation velocity S. Assuming that the
photoconductivity is proportional to the total num-
ber of excitons present, this number is then deter-
mir. ed by

X= f, n(x)dx,

which yields

er
&t „) &&&tee")~ t'&t-e"))

1 —g' 1+ $ coth-', X

The parametric definitions made by DeVore are

l/(Dv) =—), (-thickness of photoconductor),

o&(D7')'l ~ -=0 (- absorption coefficient),

S(7/D)~~2 =- g (- ratio of surface-to-volume re-
combination rates, equivalent in
our case to exciton annihilation
rates).

By redefining z —= ),P = col and by writing the photo-
conductivity in the form P=N/I7, we arrive at a
final expression:

t —e' tl &teeth-'t —e coth-', e)
)I =

1+ $ coth-, X
1 1+

X —z

DeVore proceeds to analyze several limiting
cases. In particular, it was found that as the ratio
of surface-to-volume annihilation rates g increased,
a photoconductivity band would appear at some
given value of the absorption coefficient. For the
condition $» 1, the photoconductiviiy equation re-
duces to

t —e'(t th
)

The value of a for which the photocurrent maxi-
mizes is obtained by setting BP/ez =0. The peak
position is then determined by the appropriate
values of the involved parameters. In any case,
for a single crystal this peak occurs at an absorp-
tion coefficient which would appear on the tail of
the fundamental absorption spectrum.

The above analysis appears to be applicable to

our case if one considers the experimental evidence
available which demonstrates exciton migration and
interaction with impurities or def ects. In addition,
the peak position of the observed photoconductivity
band is also consistent with the model. The analy-
sis between the experimental observations and the
above theory can be carried even further. Specifi-
cally, a prediction can be made as to the energy
location of the photoconductivity band as a function
of temperature using DeVore's analysis in conjunc-
tion with the behavior of the absorption coefficient
in the low-energy tail of the first fundamental ab-
sorption band.

To the best of the authors' knowledge, no detailed
analysis is available on the absorption coefficient
in the low-energy tail of NaI. It has been found,
however, that in several other alkali halides the
structure in this region can be closely approximated
by Urbach's rule. According to Urbach'srule,

o& = o.o exp[o(E —Eo)/k T *],
where

T*= T, cot (T, /T),
a is the absorption coefficient at some energy E,
T is the temperature (' K), and the other quantities
are constants. Solving the above for F, we get

E = (uT*/o) ln(o&/no)+ E&),

or in terms of T

E = ()t, To /o) 1n(n/no) coth(TO /T) + Eo .
The prediction of DeVore's theory is that the photo-
conductivity band's peak position is determined by
some given value of n. Using this premise, then,
the energy is calculated from the latter equation
over a range of temperatures, keeping the value of
n constant. The results of this calculation are
then compared to the experimentally obtained peak
positions of the low-energy photoconductivity band.
This comparison is indicated in Fig. 6. As can be
seen, close agreement is obtained between the ex-
perimental points and the curve describing the cal-
culated values. In the calculation, it was necessary
to assign appropriate values to (To /o) in(n/no) and

Eo. The fit in Fig. 6 was obtained with Eo= 5. 6 eV
and with a value for (To/o) in(n/no) which could be
broken down into To=60 K, o =0. 65, and &x/o. o
= 10 ~. These parametric values are consistent
with the values used for the alkali halides whose
structure in this region has been analyzed.

It will be recalled that the half-width of the low-
energy photoconductivity band remained essentially
constant at 0. 1 eV over the range of temperatures
investigated. The following discussion demon-
strates the consistence of this observation with the
analysis put forth by DeVore. The predicted photo-
conductivity curves indicate that the half-width is
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determined by the difference in the absorption coef-
ficient at half-height. If one assumes that there is
a negligible temperature dependence of the param-
eters involved in the calculation, then the half-
width should be determined by some constant ~n.

The half-width of a band (in terms of o.) is no
—n~ —= An. From Urbach's rule this corresponds to

~&.(E.—E,) .(E, -E,)no. = ao exp~ —exp

and at another effective temperature denoted by
T* we have

I O' E 2 Eo O' Eg E()

400—

300—

200-

X
0 i00—
4J
K 80-
k-

60-
4J
Q.

~ Oo-I-

By substituting for E~= E& + &E and for E2= E& + &E
and by equating 4 n = 4 n we arrive at

&(Ei —Eo) i s~zykr* l)

20-

to—
I I I I

59 5e4 5.3 5 2 5.l
I

5.0

0 (elks' /kT l)
o(E~I E )

kT+

where ~E and ~E are the energy half-widths at
the two different temperatures. A valid approxi-
mation at these temperatures is

GEE /K' )) y

Utilizing this approximation and further reducing
the equation the result is, upon solving for E„

T+ (E~+ n. E) —T~(Eg+ &E )
0

TABLE I. Calculated values of Eo using the experimental
parameters of the indicated temperatures.

10
80

132
166
216
255
270

E p (av)

10

5.60
5.58
5.62
5.60
5.63
5.65
5.61

80

5.60

5.56
5.65
5.60
5.63
5.68
5.62

The self-consistency of the model is checked by
inserting into the latter equation the appropriate
experimental values in order to determine the con-
stant Eo. In the calculations &E= ~E =0. I eV for
all temperatures, Eo was calculated by using the
parameters of the 10 'K results with the parameters
as obtained from the higher-temperature curves
(Fig. 6). These calculations were also performed
using the 80 K results with the appropriate param-
eters from the higher-temperature curves. Table
I gives the computed values of Eo determined by

E NE R GY of PEAK (eV)

FIG. 6. Theoretical-experimental comparison of the
peak position of the low-energy band as a function of tem-
perature.

using the experimental parameters of the tempera-
tures indicated.

It will be recalled that the value of Eo used in the
theoretical fit of Fig. 6 was 5.6 eV. As the calcu-
lations are extended to include the parameters as-
sociated with the higher -temperature observations,
the agreement with Eo becomes poorer. However,
all sets of calculations yield an average value of

E,=5.6 eV+3% .
Additional support for the applicability of

DeVore's calculations is realized if one considers
the case of thin photoconductors. In the limit as
X-O, we have

S - (~/2~)(l —e ') .
This equation predicts that no peak will be observed
in the photoconductive response. In the photocon-
ductivity study of thin films by Huggett and Teegar-
den' no low-energy band was reported for samples
which did possess this band in a single-crystal
state. ' However, they do report a photoconduc-
tivity band on the high-energy side of the first fun-
damental absorption band. That this is, in fact, a
separate response is verified later in this paper.

Some earlier explanations accorded the low-ener-
gy band were based upon a photoproduction and de-
struction of defect centers, the I' center being a
possible candidate. This possibility was based
partially on an observed nonlinear dependence of
the photocurrent in this region with respect to the
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our experiments conducted on RbI. The photocon-
ductivity spectrum of a single crystal of RbI at
250 K is given in Fig. 9 for two different polarities.
These results show the simultaneous appearance of
both photoconductivity bands when the illuminated
side of the crystal is at the positive potential.

The effects of polarity reversal on the photocon-
ductivity spectrum of NaI were also investigated.
The results obtained could not conclusively verify
the existence of a second photoconductivity band. A

typical photoconductivity spectrum under both polar-
ities is given in the 250 K response of Fig. 10.

V. SUMMARY

5.9
t

5.7 5.5

the reduced field would be frozen in as the tempera-
ture is lowered while the field is still applied. To
see if this condition existed, the photocurrent was
monitored continuously as a function of time as the
temperature was raised and then lowered through
the temperature region of interest. During this
experiment, the electric field was applied at all
times. The results of this experiment are given in

Fig. 8. As Fig. 8 indicates, the temperature-de-
pendent behavior of the photoconductivity appears
to be independent of the direction of the changing
temperature. Specifically, there is no indication
of freezing in some reduced field as the tempera-
ture is lowered.

It was mentioned above that the spectral response
of thin-film photoconductivity measurements indi-
cated a band appearing at energies below the band-
to -band threshold. Sydor"' had demonstrated,
for RbI, that this response is due to a surface con-
ductivity resulting from exciton migration and sub-
sequent interaction with surface states. One of the
observations upon which this conclusion was based
was that the band appeared only when the illuminated
surface of the crystal was at the positive potential.
This was true for single crystals of appropriate
thickness. That this response is different from the
photoconductivity band reported here is verified by

ENERGY (e V)

FIG. 10.Effect of polarity reversal on the photoconductivity
response of NaI at 250'K.

A photoconductivity band was observed on the
low-energy tail of the first fundamental absorption
band in both NaI and RbI. This band had the follow-
ing characteristics: (i) a monotonic shift to lower
energies with increasing temperature, (ii) an in-
crease in intensity of over two orders of magnitude
as the temperature was raised from 10 to 218 'K,
(iii) a decrease in intensity as the temperature was
raised above 218 'K, and (iv) a constant half-width
of 0. 1 eV over the entire temperature range investi-
gated.

The existence of this band is believed to be due to
the ionization of shallow traps within the bulk of the
crystal as a result of an exciton interaction. A

combination of DeVore's theory'and Urbach's rule '

is used to describe the position of the band as well
as its temperature dependence. It was found that
the constant half-width was consistent with the anal-
ysis. The reduction in the efficiency of the band at
high temperatures is thought to be due to a reduc-
tion in the number of shallow-trapped electrons as
a consequence of thermal ionization.

That there exist two photoconductivity bands in

the region of the first fundamental absorption band
was demonstrated in the case of RbI. It was found
that aside from the low-energy response, a second
response appeared on the high-energy side of the
first fundamental absorption band. This second
band occurred only when the illuminated surface
was at the high potential and is believed to be the
same response as has been previously analyzed by
Sydor ' '"

ACKNOWLEDGMENTS

The authors wish to thank Dr. W. Beall Fowler
and Dr. Frank J. Feigl for their helpful discussions
and suggestions during the course of this research.

Work supported by the U. S. Atomic Energy Commis-
sion Contract No. AT(30-1)-3408.

TPresent address: Pennsylvania State University,
Allentown Campus, Fogelsville, Pa, .

~G. Kuwabara and K. Aoyagi, J. Phys. Chem. Solids

22, 333 (1961).
2Y. Nakai and K. Teegarden, J. Phys. Chem. Solids

22, 327 (1961).
K. J. Teegarden and G. Baldini, Phys. Rev. 155, 896

(1967).



PHOTOCONDUC TIVITY DUE TO EXCITONIC -ENERGY. . .

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

H. B. DeVore, Phys. Rev. 102, 86 (1956).
6F. Urbach, Phys. Rev. 92, 1324 (1953).
'D. L. Dexter, Nuovo Cimento 7, 245 (1958).

W. Martienssen, Phys. Chem. Solids 2, 257 (1957).
~G. R. Huggett and K. Teegarden, Phys. Rev. 141, 797

(1966).
M. Sydor, Phys. Rev. 163, 873 (1967).

~~M. Sydor, Phys. Rev. 183„846 (1969).

PHYSICAL BEVIE% B VOLUME 5, NUMBER 2 15 JA NUAB Y 1972

Noncollinear Attenuation of Transverse Acoustic Waves in A1203$
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For transverse waves propagated along an even-fold axis, the phonon-phonon coupling
parameters are zero for collinear interactions. This necessitates a consideration of the
angular dependence of the coupling parameter. The angle at which these parameters peak
affects the minimum energy deficit possible on interactions. A calculation including both the
angular dependence of the coupling parameters and the uncertainty of phonon energy due to
thermal-phonon lifetimes is done for the case of A1203 along the a axis. The calculated attenu-
ation fits the experimentally observed attenuation.

I. INTRODUCTION

The agreement of theoretical calculations of
ultrasonic attenuation in insulators at low temper-
atures with experimental observation has greatly
improved since the uncertainty in energy of the
thermal phonons has been included. '2 This un-
certainty in energy arises because of the extremely
short lifetime of thermal phonons due to their in-
teractions with other thermal phonons and/or de-
fects. The uncertainty in energy allows processes
to occur which are not included in the Golden Rule
calculation of Landau and Rumer. '

Although these non-energy- conserving processes
are reduced in probability over strictly conserving
processes, in many materials no conserving pro-
cesses are possible, and in addition there are so
many such nonconserving processes possible that
their total effect on the attenuation can be the
greater. In such cases one can get attenuation con-
siderably different than that predicted by Landau
and Burner.

In this paper, we consider the measurements by
de Klerk of the attenuation along an even-fold axis
in Al&03. He has found the attenuation to have a
T, T', and T' temperature dependence for the
longitudinal, fast transverse, and slow transverse
waves, respectively, at lowest temperatures. The
first two of these dependences are clearly in dis-

agreement with the predictions of the Landau-
Rumer theory. We will consider the attenuation of
the transverse waves in detail in Secs. III and IV.

The equation for calculating the three-phonon
interaction in the presence of finite lifetimes de-
veloped by Simons~ replaces the energy-conserving
6 function by

(sinnt/0) = J "e ' t "sinn dt/0 ) e 't 'dt

1+037'

Here v is the thermal-phonon lifetime and 0 is the
energy deficit

where co2 is the frequency of the final thermal
phonon, co, the frequency of initial thermal phonon,
and v the frequency of the acoustic wave. The
integral in the numerator allows for the decay of
the coherent state (through other channels) and re
duces the interaction considered. The denominator
corrects for the fact that the thermal phonons are
not depopulated by the thermalizing collisions. It
essentially normalizes the population of the thermal
phonons to their equilibrium value. The range of
validity ot Eq. (1) has been investigated by Leggett
and ter Haar. '

One can consider Eq. (2) to be a weighting func-


