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Theoretical study of the long-wavelength optical properties of NaCl, KCl, KBr, and KI 

J. R. Hardy 
Behlen Laboratory of Physics, University of Nebraska-Lincoln, Lincoln, Nebraska 68588-01 11 

A. M. Karo 
Lawrence Livermore National Laboratory, Livermore, California 94550 
(Received 19 February 1982; revised manuscript received 1 June 1982) 

We have made a detailed theoretical study of the long-wavelength absorption of NaCl, 
KCl, KBr, and KI, associated with two-phonon difference processes caused by third-order 
anharmonic terms in the lattice potential energy. It was found that a simple nearest- 
neighbor approximation to the anharmonicity, combined with lattice-dynamical eigenfre- 
quencies and eigenvectors generated with the use of a deformation dipole model, can gen- 
erally account for most of the observed absorption. This agreement was obtained without 
the use of any disposable parameters, as the form of the first-neighbor potential was 
predetermined. It was also found that discrepancies between theory and experiment can 
generally be explained by invoking three-phonon processes and, when these contributions 
are subtracted from the experimental data, the resultant agreement between theory and 
experiment is excellent. The effects of lifetime broadening of the final-state phonons 
were also considered. At the longer wavelengths these may be responsible for part of the 
discrepancy between theory and experiment. Specifically, for NaCl at 3.09 mm, clear evi- 
dence was found of an anomalous contribution to the measured absorption which could 
have such an origin. However, for KI, which has a "window" in its two-phonon absorp- 
tion at long wavelengths, it is clear that the three-phonon absorption is dominant at low 
frequencies. Our findings enable us to present certain criteria as to the requirements 
necessary for a material to possess high transparency in the millimeter-wavelength region. 
In addition to obtaining theoretical results for the long-wavelength absorption of the four 
crystals studied, we have also calculated their damping functions over the whole two- 
phonon range and we thus present results for both summation and difference processes. 

I. INTRODUCTION 

Some years ago1 there was much interest in 
high-transparency window materials for elec- 
tromagnetic radiation in the micrometer spectral 
region, specifically at 10.6 pm. A similar problem 
has now arisen for the intense millimeter radiation 
produced by such devices as gyrotrons and free- 
electron lasers. In both frequency ranges the ulti- 
mate limit on the performance of any given ma- 
terial is set by its intrinsic absorption. To avoid 
any electronic contribution, either from free car- 
riers or band-to-band transitions, it is necessary to 
use large-band-gap insulators of which the easiest 
to study theoretically are alkali halides. Extensive 
work' has clearly established that the level, tem- 
perature, and frequency dependence of the ob- 
served absorption, for hyperpure materials in the 
micrometer region, are consistent with theoretical 
predictions for intrinsic multiphonon sum band 
(4- 6 depending on the material) absorption. The 
millimeter region has received only cursory 

theoretical attention, although there exists a signifi- 
cant amount of experimental data,2-5 most of it 
15 - 20 years old. The object of this paper is to at- 
tempt a systematic theoretical interpretation of 
these data. The problem differs from that present- 
ed by micrometer absorption, in that intrinsic mil- 
limeter absorption must be associated with differ- 
ence processes: processes in which phonons are 
both created and destroyed. As a consequence, all 
orders of process can, in principle, contribute to 
absorption at a given frequency. This contrasts 
with the situation for micrometer absorption where 
the absorption is generally dominated by one pro- 
cess, the order depending on the frequency. This is 
primarily a consequence of the requirement of en- 
ergy conservation; e.g., if the radiation frequency is 
more than 4 times and less than 5 times the max- 
imum lattice frequency, the lowest order process 
possible is a five-phonon process. This will dom- 
inate the absorption as it is the strongest allowed 
process. 

In the millimeter region, since energy conserva- 
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tion permits all orders to contribute, we expect the 
lowest- (second-, and possibly third-) order process- 
es to be dominant, since the coupling to these is 
strongest. For such processes, and indeed for all 
difference processes, the density of allowed final 
states is radically different from that for the corre- 
sponding summation bands. This combination of 
dominance by low-order processes and radically 
different density of states renders inapplicable the 
approaches developed for theoretical work on mi- 
crometer absorption. Specifically, it rules out the 
use of simple approximations and requires that the 
phonon frequencies and eigenvectors employed be 
derived from a realistic lattice-dynamical model of 
the system under study. 

Experimentally, it appears that both two- and 
three-phonon contributions are generally present in 
the millimeter region for alkali halidesa3-5 In this 
paper we shall present results for the two-phonon 
absorption obtained using a standard set of semi- 
empirical potentials.6 These results set a "base 
line" by effectively specifying how much two- 
phonon absorption must be present at any given 
frequency. Changes in the potential can raise or 
lower the overall level of absorption for a given 
crystal but they cannot change the relative levels at 
different frequencies. Thus, if a given potential 
produces good agreement between theory and ex- 
periment at frequencies where two-phonon absorp- 
tion is clearly dominant, it automatically follows 
that the two-phonon absorption predicted for the 
millimeter region must be present. Moreover, in 
"harder" materials (such as ceramics), which have 
Debye temperatures well above room temperature, 
three-phonon difference band absorption will be 
strongly suppressed and the limiting difference 
band absorption will be dominated by two-phonon 
processes. 

11. THEORY 

The general expression for the dielectric constant 
at a frequency of an ionic crystal with only one 
transverse-optic resonance is7 

where EO and E,  are the static and high-frequency 
dielectric constants, w ( j )  is the transverse-optic 
mode frequency; A and ir are the real and ima- 
ginary parts of the transverse-optic phonon self- 
energy. At low frequencies the imaginary part of 
~ ( f l ) , ~ " ( f i )  is given by 

and the extinction coefficient 

At some of the higher frequencies for which we 
shall present results we did not make the approxi- 
mation of setting a=O when deriving Eq. (2) from 
Eq. (1) and, for consistency, used m) calculated 
from Eq. (11, neglecting A and I', in place of fro. 

Combining Eqs. (2) and (3) we have 

This is the theoretical quantity which will be com- 
pared with experiment. 

Thus far the discussion is general; we become 
specific when we decide which contributions to r 
we include. In this paper we shall only consider 
the lowest order or two-phonon decay. Moreover, 
since we are concentrating our attention on the 
millimeter and submillimeter spectral region, the 
only significant contribution to I' comes from 
two-phonon difference processes in which the vir- 
tual optic phonon, created by the external field, de- 
cays by the simultaneous creation of one phonon 
and the the destruction of a second. 

The total expression for r ,  including both 
creation, destruction, and double creation is (in 
rad/sec) 
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In Eq. (5) m l  and_m2 are the positive and negative 
ion masses, e,(k / iq is the x component of the 
eigenvector for ion k for the jth mode of wave vec- 
tor q, the n's are phonon occupation numbers, N is 
the number of unit cells, and $'"(ro) is the third 
derivative of the first-neighbor potential t+h(r), 
evaluated at r = ro the equilibrium nearest-neighbor 
distance. 

In order to apply this result to a specific system 
two things are needed: the lattice-dynamical eigen- 
data (eigenfrequencies and eigenvectors) and an es- 
timate of the third derivative of the first-neighbor 
interionic potential which appears in Eq. (4). It 
should be noted that, implicit in Eq. (41, is the as- 
sumption that only first-neighbor anharmonicity 
need be considered. We have also retained only 
those anharmonic terms that relate to bond 
compression; those involving anharmonic shears 
are typically an order of magnitude smaller and 
thus comparable with, or less than, the uncertainty 
in the compression terms. While they can be in- 
cluded formally, the additional complication and 
expenditure of computer time is not justified at the 
present level of accuracy, i.e., 1- 10%. It should be 
noted that this does not preclude decays involving 
pairs of transverse phonons. Although their eigen- 
vectors are orthogonal to their propagation direc- 
tions they are not, in general, orthogonal to the 
nearest-neighbor bond axes. Thus, the eigenvector 
component products in Eq. (5) will be finite for 
these processes. 

In order to evaluate the necessary third deriva- 
tive we follow the approach of Eldridge and ~taal ,*  
which they found to give good agreement between 
the theoretical and experimental optical constants 
of sodium chloride in the region of the fundamen- 
tal optical absorption frequency. We consider the 
first-neighbor potential to be composed of the at- 
tractive Coulomb interaction between the two ions 
and a short-range Born-Mayer repulsion. We fur- 
ther assume that the latter potential is the only 
short-range interaction present and that its two 
disposable parameters may be determined from the 
observed lattice constant and compressibility as- 
suming that the lattice is in static equilibrium. 
The resultant parameters are given by ~ o s i ~  for all 
the alkali halides, and those for sodium chloride 
were used by Eldridge and Staal. A more refined 
approach would be to allow for short-range in- 
teractions between more distant neighbors and to 
take appropriate derivatives of the free energy. 
However, this would be much more laborious and 
Eldridge and Staal's results suggest that the effects 
of these refinements tend to cancel. Our main pur- 

pose is to present a consistent set of calculations 
for a sequence of crystals, and thus we must use 
the same procedure for each; that of Eldridge and 
Staal is both simple and, at least for sodium 
chloride, proven. Moreover, the effect of second- 
neighbor anharmonicity on r is only secondary, 
since it can be shown that it provides no direct 
contribution to the matrix element in Eq. (5). 

In order to generate the eigendata we used a de- 
formation dipole model with short range forces 
acting between first neighbors and between 
second-neighbor negative ions. The various model 
parameters are determined by fitting the following 
observed data: the high and low-frequency dielec- 
tric constants, the lattice constant, the compressi- 
bility, the infrared dispersion frequency, and the 
elastic constant C44. The details of these calcula- 
tions are described extensively el~ewhere.~ 

111. SPECIFIC STUDIES 

As was mentioned in the Introduction, experi- 
mental data on optical constants in the millimeter 
and submillimeter regions are sparse; our choice of 
materials to study was largely dictated by the ex- 
istence of such data. We thus selected sodium 
chloride (NaCl), potassium chloride (KCl), potassi- 
um bromide (KBr), and potassium iodide (KI). 
Also, this sequence provides an excellent sample of 
typical ionic pairs within the alkali halide se- 
quence; specifically, the former pair have compar- 
able ionic masses, while the latter show a wide 
disparity. 

The calculations of contributions to r were 
made for a sample of 64 000 wave vectors a, 
within the first Brillouin zone, and the results were 
"binned" into histogram steps of 0.03 X 1013 
rad/sec along the frequency axis. The results for 
the four crystals, each at a temperature of 300 K, 
are shown in Fig. 1 for the frequency range from 0 
to -0.7X 1013 rad/sec. Over this spectral range 
the contributions come entirely from two-phonon 
difference processes. The two final-state phonons 
are unbroadened, except artificially by the width of 
the histogram steps. This artificial width can, in 
principle, be reduced to arbitrarily low limits by in- 
creasing the density of sample wave vectors; the 
limitation is solely a practical matter of computer 
time. In practice, we have found in the past that 
infinite crystal results can be obtained by smooth- 
ing a curve through histograms of the type 
presented here; indeed such a curve for NaCl has 
already been published as part of a standard com- 
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FIG. 1. Low-frequency damping functions due to two-phonon difference processes for NaCI, KCI, KBr, and KI at 
300 K. 

pilation [Ref. 9; Fig. 36(b)]. However, for the shapes. This would lead to finite absorption for 
present purposes, it is necessary to use the histo- negative frequencies. This is unphysical, and im- 
gram data since, certainly in the millimeter region plies incorrect behavior of the predicted absorption 
(W 5 1012 rad/sec), one needs to average out for small positive frequencies. It is thus better to 
"chatter" due to finite mesh size. Moreover, in use the histogram data which have the correct lim- 
this spectral range, one cannot smooth by using iting behavior I?-+ 0 as w+ 0. This point should 
Lorentzians instead of delta functions for the line be stressed since, should lifetime effects for the 
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final-state phonons be significant, then they will 
have to be treated in a manner which ensures 
overall energy conservation. The presence of nega- 
tive frequency absorption reflects the failure of a 
Lorentzian convolution of r to satisfy this require- 
ment. More generally, it would seem that such a 
convolution is only reliable when w z y  where y is 
the Lorentzian half-width. Eldridge and staa18 
appear to have addressed this problem by convolut- 
ing with a Lorentzian of variable width such that 
y-+ 0 as w-+ 0. Thus in the very low-frequency 
region, the effect of convolution, or final-state 
broadening, becomes increasingly less important. 

Most recently Sparks et al.1° have invoked this 
final-state broadening as a means of relaxing the 
rather stringent selection rules imposed by strict 
energy and momentum conservation. 

It can be seen from Fig. 1 that there is a drastic 
and surprising change in behavior for KBr and KI, 
as compared with NaCl and KC1. The latter pair 
of crystals show broadly similar behavior; the only 
significant difference occurs at the lowest frequen- 
cies, where I' for NaCl drops (in relative terms) 
somewhat more rapidly. This can be traced to the 
fact that, for KCl, the calculated dispersion 
curvesg reflect the near-equality of the ionic masses 
and show a number of points of near-contact be- 
tween optic and acoustic branches of the same 
symmetry. As a consequence "interband" transi- 
tions, involving an optic and an acoustic phonon, 
become allowed at lower frequencies than is the 
case for NaCl, for which the more disparate 
masses introduce somewhat wider gaps. Such tran- 
sitions, if energetically allowed, are in general not 
suppressed by other selection rules and beome 
dominant at higher frequencies. However, once 
the frequency is reduced below that of the lowest 
optic-acoustic gap at any specific wave vector, the 
only transitions allowed are "forbidden" transi- 
tions: intraband optic-optic and acoustic-acoustic 
and forbidden interband transitions, e.g., TO- LA. 
Any such differences must involve phonons from 
different branches close to some degeneracy line (or 
point) and their total contribution can only be ob- 
tained accurately by the present type of numerical 
calculation. This is evident if one examines the 
dispersion curves along symmetry directions for ei- 
ther NaCl or KC1. The number of line and point 
degeneracies is vast; each represents a potential 
contribution and many such contributions (e.g., 
forbidden interband transitions) may be weighted 
by matrix elements which have to be known pre- 
cisely; i.e., they cannot be approximated by the 

symmetry line (or point) value since that is zero. 
Given these factors, any analytic approximation to 
these forbidden processes would appear to be ex- 
tremely difficult and unreliable. Since these 
represent the only allowed processes at millimeter 
frequencies, it would appear that calculations of 
the present type are essential to establish the intrin- 
sic two-phonon absorption in this spectral range, 
for both these systems and any other system. 

The behavior for KBr represents an interesting 
"transition regime." The frequency spectrum now 
has a small absolute gap and, at frequencies below 
the width of this gap, all interband transitions are 
forbidden by energy conservation. The effect of 
this is to further depress the damping at low fre- 
quencies, and one starts to see a hint of the drastic 
change that is manifest for KI. For this latter ma- 
terial the magnitude of the absolute gap width is 
much larger and coincides with that at which the 
damping becomes almost negligible. This implies 
that intraband transitions are drastically 
suppressed. The reason for this is that the ionic 
masses have become so different that "optic" vi- 
brations involve almost exclusively motions of the 
light atoms and "acoustic" vibrations are confined 
mainly to the heavy atoms. In these circumstances 
the eigenvector products in Eq. ( 5 )  will be very 
small for either optic-optic or acoustic-acoustic 
combinations. (This is graphically illustrated by 
Figs. 9- 1 2  of Ref. 9, where the two densities of 
states, weighted respectively by the squares of the 
positive-ion and negative-ion eigenvector com- 
ponents, are shown for the sodium halides.) This 
effect should be starting to show in KBr, or, for 
that matter, in NaC1. However, the effects of 
mass disparity in these systems may well be par- 
tially offset by force constant changes. For KI the 
3: l  mass ratio dominates and, possibly assisted by 
the "softness" and polarizability of the I-, pro- 
duces a large measure of sublattice "decoupling" in 
optic and acoustic motions. 

In Figs. 2 and 3 we show the full two-phonon 
damping functions for all four crystals; the former 
displaying the difference bands and the latter the 
summation bands. The data in Fig. 1 represent 
much magnified displays of the low-frequency 
parts of the data in Fig. 2. 

The overall agreement between the present re- 
sults and those of other  worker^'*^^^^-'^ appears to 
be very reasonable. The best comparison is with 
the data of Eldridge and co-workers for NaCl (Ref. 
8) and KI (Ref. 11). For the former crystal, such 
differences as exist must be due primarily to differ- 
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FIG. 2. Damping functions for NaCI, KCl, KBr, and KI: two-phonon difference processes at 300 K. 

ences in the lattice-dynamical models. For the 
latter there are similar primary differences, but 
there is also another primary difference in the ab- 
solute level of absorption. This arises from the use 
of a different form for the third derivative of the 
first-neighbor potential mentioned earlier, and dis- 
cussed in more detail in the next section. This re- 
sults in a lower value for this derivative and, con- 
sequently, -25% smaller r values. There may 
also be more subtle effects for KI arising from the 
inclusion of anharmonic bond shearing effects by 
Eldridge and ~ e m b r y "  which we have neglected. 
For NaCl, although Eldridge and Staal's work au- 

tomatically includes these effects, at room tem- 
perature the associated combination of derivatives 
is essentially zero, and thus they should not contri- 
bute to discrepancies between our results and those 
of Eldridge and staal.' For KI this is not the case, 
and weak effects (5 - 10 %) could be present, but 
appear to be completely overwhelmed by the pri- 
mary effects. 

For KBr there appears to be about the same de- 
gree of agreement with earlier as exists 
for KI. For KC1 there seems to be little, if any, 
earlier work with which to compare and the 
present results may be the first for this material. 
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FIG. 3. Damping functions for NaCI, KCI, KBr, and KI; two-phonon summation processes at 300 K. 

IV. DETERMINATION OF THE PARAMETERS ,,, 6e2 Ae - r o / p  

$ ( r o ) = ~ -  (7) 
ro p3 

As stated earlier, the third derivatives of the 
nearest-neighbor potentials were calculated using However, from the static equilibrium condition, 
the Tosi parameters6 derived assuming that the lat- 2 

- a m e  - 1  - r o / p  
tice is in static equilibrium at 300 K, which is the - Ae , 

6r 
(8) 

temperature used in the calculations. P 

If $(r )  is the nearest-neighbor potential, then where am is the Madelung constant. Thus 

-e2 
(6) 

2 
$ ( r ) = -  + ~e , r =  [ ] + 6 ]  . (9)  r  -am 

where A and D characterize the short-range revul- ro - - 
sive potential. Thus at the equilibrium separation The resultant derivatives and their associated in- 
ro 2 put are shown in Table I. Note that there is a 
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TABLE I. Input parameters for calculation of the two-phonon damping. 

Crystal NaCl KC1 KBr KI 

Nearest-neighbor 
distance ro (lo-' cm) 
Screening radius p (lo-' cm) 
Observed transverse-optic 
resonance wave number (cm-') 
Third derivative of 
first-neighbor potential 
$"'(ro) (lo-'' ergs/cm3) 
Ionic masses (lopz4 g) 
m 1 

m2 
Static dielectric 
constant e0 
High frequency dielectric 
constant E ,  

aReference 6, Tables VII and VIII. 
bReference 9, Table VII b. 

slight difference between our value of I)"' for NaCl 
and that given by Eldridge and staa18; this prob- 
ably reflects the use of the Fumi value for roo For 
KI, there is a substantial ( - 10%) difference be- 
tween our value and that given by Eldridge and 
~ e m b r y . ~  However, this simply reflects the 
difference in the Coulomb contributions. 

V. COMPARISON O F  THEORY 
AND EXPERIMENT 

In Table I1 we show specific comparisons be- 
tween the theoretical and experimental extinction 
coefficients ( K )  for all four materials at several 
wavelengths between 300 p m  and 3.09 mm. The 
general agreement between theory and experiment 
can be considered satisfactory, except for the 
heavier halides at the longer wavelengths. The 
discrepancies elsewhere should be viewed with cau- 
tion, given the extreme sensitivity of these absolute 
values of K to the potential derivatives I)"' which 
could well be in error by - 10%. Moreover, as the 
wavelength increases, the experimental values are 
subject to increasing uncertainty. However, Stolen 
and Dransfeld4 also studied the temperature depen- 
dence of the absorption of these crystals. A t  room 
temperature and above the present calculations 
would predict a linear dependence on temperature 
(T) because the phonon occupation numbers in Eq. 

( 5 )  are proportional to T in this range. Stolen and 
Dransfeld found that the data could be fitted by 

at -300 K and above; this suggests the presence 
of some three-phonon absorption. At the shorter 
wavelengths ( - 300 - 500 pm) the proportion of 
three-phonon absorption they infer appears to be 
almost exactly what is needed to remove the 
discrepancies between our predicted two-phonon 
absorption and experiment (see Table 11). Howev- 
er, at longer wavelengths, their results indicate that 
A in Eq. (10) is essentially zero, with the implica- 
tion that there is no two-phonon absorption at 
those wavelengths; whereas our results indicate 
that not merely is two-phonon absorption present, 
it is generally dominant. 

A possible resolution of this paradox is suggest- 
ed by a reexamination of Stolen and Dransfeld's 
analysis of Dotsch and Happ's data for NaCl at 
3.09 mm (Fig. 7 of Ref. 4). This is one of the 
cases where they find A=O. However, in drawing 
this conclusion, they appear to have used only the 
data for T 2 300 K. Thus we have reanalyzed 
Dotsch and Happ's data, following Stolen and 
Dransfeld's procedure of plotting K/T versus T, 
but using all the 3.09 mm data. The result is 
shown in Fig. 4. The plot appears to show two 
linear regions, not one; the upper being relatively 
steep and the lower almost flat. Moreover, when 
we extrapolate the lower region to 0 K and multi- 
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TABLE 11. Comparison of calculated room- 
temperature two-phonon extinction with experiment at 
selected longer wavelengths. Unless stated otherwise, 
the experimental data come from Table I of Ref. 4. 

Extinction coefficient K 

Wavelength Theoretical two- 
Crystal (pm) phonon component Experiment 

NaCl 320 2.81 x lo-' 3.23 X 
(2.45 X 10-*la 

500 1.91 x lo-' 2.43 X lo-' 
(1.82X 10-2)a 

1020 9 . 5 ~  1 0 4  8 . 4 ~  lo-' 
3090 1.1 x lo-' ( -  1 . 7 ~  1 0 - ~ ) ~  

+ 2 x  10-4 
three phononC 

KC1 320 2.17X lo-' 2.65 x lo-' 
(1.92X 

500 1.35x 1.83 X lo-' 
(1.36X 10-2)a 

900 4.5x 1.07x 
(7.8X 

3090 1 . 2 ~  ( -  1 . 8 ~  l ~ - ~ ) ~  
KBr 320 3.18X 3.72 x 

(2.86X 10-2)a 
500 1.00x lo-2 1.43 x 

(7.2X l ~ - ~ ) ~  
900 3 . 4 ~  10-3 5 . 2 ~  lo-' 

3090 2 x lo-4 ( - 7 ~ 1 0 ~ ~ ) ~  
KI 320 1.64x 2.27x lo-2 

(1.36X 10-2)a 
500 6 x  loe4 8 . 4 ~  lo-' 

+ 8.2~10-3  
three-phononf 

900 1 . 2 ~  10-3 
3090 2 x  

+ 1 . 1 ~ 1 0 - ~  
three-phononf 

"Values shown in parentheses in this column are esti- 
mates of the experimental two-phonon contribution from 
Figs. 4-7 of Ref. 4 and, for KCl, from R. Stolen, 
Thesis, University of California, Berkeley, 1965 (unpub- 
lished). 
bEstimated from Fig. 2 of Ref. 3. 
'Reference 8, and private communication from J. E. El- 
dridge. 
d~stimated from Fig. 2 of Ref. 2. 
eAlso estimated from Fig. 2 of Ref. 2, but by extrapola- 
tion. 
f~eference 16, and private communication from J. E. El- 
dridge. 

ply the intercept by 300 K, the resultant K value is - lop3, in excellent agreement with the predicted 
value in Table I1 (1.1 X On this basis we 
would argue that the two-phonon absorption is in 
the classical limit, even at temperatures - 100 K, 

260 300 

T(K) 

FIG. 4. Plot of the 3.09-mm extinction coefficient K 

divided by temperature T for NaCl at 300 K. The 
points are the experimental values from Ref. 3: The 
lower linear region is indicated by the straight line 
which is extrapolated to 0 K. 

and that apparently there are two T~ contributions, 
of which Stolen and Dransfeld indentified only the 
steeper one. This led them to infer that two- 
phonon absorption was essentially absent. Howev- 
er, were this to be the case, one can see from their 
"model" calculations (Fig. 10 of Ref. 4) that K / T  
should drop sharply below the linear extrapolation 
as quantum effects become important; it can be 
seen from Fig. 2 that the reverse is true. We now 
observe that if the low-temperature linear region of 
the K / T  plot is extrapolated to 300 K, then the ad- 
ditional absorption, over and above the two-phonon 
contribution, is - 10% of the total measured ab- 
sorption; this agrees very well with the value calcu- 
lated by Eldridge and staa18 for the intrinsic 
three-phonon absorption at this temperature and 
wavelength. It would thus appear that the residual 
excess absorption at 300 K has some other origin. 
The most likely explanation is that the two pho- 
nons involved in the decay of the optic phonon 
themselves decay "smearing out" the frequency 
delta functions into regions where the density of fi- 
nal states is low, as described by ~ i l z ' ~ ,  this is the 
"lifetime effect" alluded to previously. 

It is also apparent from Table 4- 1 of Ref. 15 
that once one admits of the need to follow the two 
phonons involved in the decay of the virtual 
transverse-optic phonon through further anhar- 
monic interactions, independent decay is not their 
only possible behavior. However, most possibili- 
ties, including independent decay, would appear to 
be proportional to T  at high temperatures; this, 
combined with the T  dependence of the initial 
two-phonon decay, will give an overall T' depen- 
dence in their contributions to r. Thus, the 
anomalous high-temperature absorption could 
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come from one or more of these processes; the 
most obvious being simple decay of the two pho- 
nons. 

It is not immediately obvious why the "classi- 
cal" regime for these processes is not reached until 
T-200-250 K. The most likely explanation is 
that they only become significant when all phonon 
numbers have reached the classical limit. This is 
supported by the close agreement between the tem- 
perature just cited and the Debye temperature for 
NaCl. 

In the light of this discussion for NaCl, we are 
inclined to believe that other apparent discrepan- 
cies between our results and those of Stolen and 
Dransfeld (see Table 11) have basically the same 
origins. In particular their raw data for KBr at 
900 pm (see Fig. 3 of their paper) seem to be 
showing the wrong (upward) curvature at lower 
temperatures. 

The foregoing analysis leads us to believe that, 
for NaCl and KCI, the discrepancies between two- 
phonon theory and experiment are due mainly to 
final state broadening and, to a lesser degree, to 
genuine three-phonon absorption; the relative im- 
portance of the latter increasing markedly at the 
shorter wavelengths. 

For KBr and KI the results in Table I1 indicate 
excellent agreement between predicted and ob- 
served two-phonon contributions except at the 
longer wavelengths. It is likely that the T 2  contri- 
bution to K (at the longer wavelengths) comes 
mainly from intrinsic three-phonon absorption. 
The results for KBr at 3.09 mm and for KI  at 500 
pm clearly indicate that the observed absorption is 
dominated by higher-order processes. However, it 
may well be that no one explanation fits all the 
data. Fortunately, calculations of the three-phonon 
absorption in KI made by Eldridge and staal16 
provide a sound basis for understanding the intrin- 
sic absorption in this material. It appears (see 
Table 111, that, at 500 pm and beyond, the absorp- 
tion is basically due to intrinsic three-phonon 
difference processes. However, comparison be- 
tween theoretical and existing experimental K 

values415 should be made with caution for the 
longer wavelengths since the experimental values 
may well contain significant contributions from 
impurities. 

There remains the problem of the apparently 
anomalous temperature dependence of the 500 p m  
absorption; the data apparently vary more rapidly 
than T2 .  This could be explained by the presence 
of even higher-order processes; however, we al- 
ready have excellent agreement between theory and 

experiment-additional absorption would destroy 
this. An intriguing possibility is that this 
anomalous temperature dependence is due to final 
state broadening effects on the three-phonon pro- 
cess. If there is a strong constraint against two- 
phonon decay for one or more of these three pho- 
nons, then its width will be - T 2  at room tempera- 
ture. It thus follows that the absorption could 
vary as rapidly as T4. We thus appear to have a 
reasonable overall understanding of KI; specifical- 
ly, we can see that its behavior at long wavelengths 
is radically different from the other three crystals 
studied and why this is the case. 

As regards KBr we are not in a position to be so 
specific. However, it would appear from examina- 
tion of Bruce's  calculation^'^ for this material, that 
three-phonon damping becomes dominant at longer 
wavelengths. Specifically, at 3.09 mm 
K - 3 - 4 X low4 for three-phonon processes. This 
is almost twice the two-phonon contribution and 
the sum of both is close to the measured value. 

VI. CONCLUSIONS 

This examination of four typical alkali halides 
leads us to the following conclusions concerning 
their intrinsic long-wavelength optical absorption 
arising from phonon difference processes: 

(a) For materials with comparable ionic masses, 
in which the optic- and acoustic-phonon branches 
are well overlapped, the largest contribution comes 
from two-phonon difference processes. Superposed 
on this are are the effects of lifetime broadening on 
these two phonons which, in regions where the 
density of final states is low, can enhance the ab- 
sorption by 30-40 %. Intrinsic three-phonon ab- 
sorption appears to be relatively unimportant at 
long wavelengths. 

(b) In materials with widely differing ionic 
masses, which have gaps or near gaps in their fre- 
quency spectra, the two-phonon absorption is 
markedly to very strongly suppressed and the in- 
trinsic three-phonon processes become much 
enhanced and dominant at long wavelengths. This 
occurs both because the matrix elements for three- 
phonon processes are much larger than those for 
two-phonon processes and because the density of 
final states for the former is much enhanced. It 
also appears that final-state lifetime effects may 
enhance the temperature dependence of the three- 
phonon processes. 

(c) The foregoing results are valid for the alkali 
halides studied at room temperature because this is 
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well above their Debye temperatures. At lower 
temperatures one expects the relative importance of 
three-phonon absorption and lifetime broadening to 
be strongly suppressed and two-phonon processes 
to dominate. However, the results for K I ' ~  suggest 
that very low temperatures would be needed. 

Simple ceramics, such as MgO, at room tem- 
perature are in approximately the same degree of 
relative thermal agitation as alkali halides at - 100 
K. Thus the behavior of alkali halides at low tem- 
peratures is highly germane to an understanding of 
that of ceramics at room temperature. In this con- 
text our single most important conclusion would 
appear to be that, by making one ion much 
heavier, one can open a low frequency "window" 
in the two-phonon absorption spectrum and, pro- 
vided one is working well below the Debye tem- 

perature of the material, this window will not be 
significantly blocked by intrinsic three-phonon pro- 
cesses. This "window effect" is so marked that it 
persists even if it is "bought" by making the ma- 
terial significantly "softer" and heavier. 

ACKNOWLEDGMENTS 

Support of this work at the University of Ne- 
braska by the Office of Naval Research under 
Contract No. N-000 14-80-C-05 18 is gratefully ac- 
knowledged. We should also like to thank Dr. 
Marvin Hass for many helpful discussions and 
Professor J. E. Eldridge for communication of, and 
permission to cite, the original numerical data con- 
tained in Table 11. 

lM. Haas and B. Bendow, Appl. Opt. &, 2882 (1977). 
2L. Genzel, H. Happ, and R. Weber, Z. Phys. (Leipzig) 

154, 13 (1959). 
3~%tsch and H. Happ, Z. Phys. (Leipzig) 177, 360 

(1964). 
4R. Stolen and K. Dransfeld, Phys. Rev. m, 1295 

(1965). 
5J. C. Owens, Phys. Rev. u, 1228 (1969). 
6M. P. Tosi, in Solid State Physics, edited by F.  Seitz 

and D. Turnbull (Academic, New York, 19641, Vol 
16, p. 1. Note: the value of ro for NaCl differs 
slightly from that used in Ref. 8. 

7J. E. Eldridge and R. Howard, Phys. Rev. B 7, 4652 
(1973). 

8J. E. Eldridge and P. R. Staal, Phys. Rev. B 16, 4608 
(1977). 

9J. R. Hardy and A. M. Karo, The Lattice Dynamics 
and Statics of Alkali Halide Crystals (Plenum, New 
York, 1979), pp. 170-203 and pp. 21 1 -214. 

'OM. Sparks, D. F. King, and D. L. Mills, Phys. Rev. B 
(in press). 

l l ~ .  E. Eldridge and K. A. Kembry, Phys. Rev. B 8, 746 
(1973). 

12R. A. Cowley, Adv. Phys. 12, 421 (1963). 
13A. D. Bruce, J. Phys. C 6, 174 (1973). 
14K. Fischer, Phys. Status Solidi B 66, 449 (1974). 
15H. Bilz, in Correlation Functions and Quasiparticle In- 

teractions in Condensed Matter, edited by J .  W. Hal- 
ley (Plenum, New York, 1978), p. 483. 

16J. E. Eldridge and P. R. Staal, Phys. Rev. B 16, 3834 
(1977). 


	Theoretical Study of the Long-Wavelength Optical Properties of NaCl, KCl, KBr, and KI
	

	tmp.1240330969.pdf.ZgOb2

