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Far-Infrared Lattice Absorption in Alkali Halide Crystals* 

ROGERS STOLEN! AND KLAUS DRANSFELD^ 

Physics Department, University of California, Berkeley, California 
(Received 21 January 1965) 

Measurements of the absorption between 0.3 and 1.0 mm have been made on NaCl, KC1, KBr, KI, Nal, 
and LiF between room temperature and 15 °K. Present theory explains the absorption in this region as arising 
from "vertical" transitions from one phonon state to another with the same wave vector but of a higher 
energy, the energy difference between the two states being the energy of the absorbed photon. At high 
temperatures such 2-phonon processes should generally lead to a linear temperature dependence of the 
absorption. Experimentally, however, we found in all cases a strong additional contribution to the absorption 
which increased as T2, which we believe to be caused by 3-phonon difference processes. At wavelengths longer 
than a certain cutoff wavelength, Xc, depending on the dispersion curves, the linear (2-phonon) contribution 
disappears, leaving only the T2 contribution. Comparison of our results with phonon dispersion curves shows 
that 2-phonon processes involving one longitudinal and one transverse branch do not appear. The results 
suggest that the observed 2-phonon absorption arises only from transitions between branches of the same 
polarization. 

I. INTRODUCTION 

TH E absorption of electromagnetic radiation in 
crystals at frequencies well below the funda

mental resonance, i.e., for wavelengths longer than 
100 JU, has been studied so far rather incompletely. 
Rubens and Hertz1 in their pioneering experiments in 
1912 measured the absorption at a wavelength of 
300 \x in crystals of NaCl, KC1, and CaF2 and discovered 
that the absorption, though strong at room tempera
ture, disappeared on cooling, with the absorption coef
ficient being roughly proportional to the temperature. 
From this variation with temperature Ewald1 concluded 
later that the absorption may be caused by some an-
harmonic interaction between the radiation and thermal 
lattice vibrations. Rather detailed theoretical descrip
tions2,3 appeared more recently, and the present experi
ments were started in order to provide a test for these 
theories. 

The physical mechanism for the absorption process, 
on which the present theories (see Sec. I l l A) are based, 
can be seen most easily with the help of a phonon dis
persion diagram of a crystal shown schematically in 
Fig. 1. Since we are interested in this paper in frequencies 
well below 1013 sec -1, it is clear from the diagram that 
the only phonons which could be excited directly would 
be acoustic phonons of long wavelength. Their exci
tation in perfect crystals with a center of symmetry, 
however, is made impossible because of their optical 
inactivity. 

The more important contribution to the absorption 
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is expected to arise from "vertical transitions" between 
2-phonon states as indicated in Fig. 1 by an arrow: 
Here one phonon in a lower branch is destroyed while 
another one with the same momentum but at higher 
energy is created. The difference in energy foa) is supplied 
by the absorbed infrared quantum. The absorption 
due to this 2-phonon process is predicted theoretically 
(see Sec. I l l A) to increase linearly with temperature. 

As far as the frequency dependence is concerned it is 
clear from Fig. 1 that there should be less or no absorp
tion for frequencies below a certain "cutoff frequency" 
wc, which represents the closest frequency separation 
of two branches at the zone boundary. Real crystals 
have, of course, more than two branches and conse
quently a more complicated frequency dependence 
would be expected. But in many cases—as will be 
seen—a cutoff range can still be defined and shows up 
experimentally. 

Our work is restricted to long wavelengths where the 
2-phonon difference process should apply. For wave
lengths shorter than the fundamental resonance (usually 
around 100 JJL) the absorption process is one in which 
two phonons are created. This 2-phonon sum process 
has been the primary concern of most previous work on 
infrared absorption in alkali halides.2-3 

The temperature dependence of the absorption was 
measured by Klier4 for LiF. He found it to be quadratic 

FIG. 1. Simplified 
dispersion diagram 
showing one acous
tic and one optical 
branch only. The 
vertical arrow repre
sents a 2-phonon dif
ference process in 
which a phonon on 
branch " 1 " is de
stroyed and a phonon 
on branch " 2 " of the 
same wave vector 
but of higher energy 
is created. Wave vector 

4 M. Klier, Z. Physik 150, 49 (1958). 
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between 80 and 600°K, while in NaCl, KC1 and CaF2, 
according to Rubens and Hertz,1 as mentioned above, 
the absorption increases more nearly with the first 
power of T. Dotsch and Happ5 extending the experi
ments on NaCl to a wavelength of a few millimeters 
observed a dependence closer to T2 at their longest 
wavelength of 3 mm. 

Room-temperature measurements at variable wave
lengths between 0.3 and 3 mm were reported by Genzel, 
Happ and Weber6 on NaCl, KC1, and KBr. We will 
return later to their interesting result that for KBr the 
absorption increases much faster with frequency than 
for the two other salts. 

The present experiments in the submillimeter range 
and at temperatures down to 15°K were performed on a 
number of alkali halide crystals for which the phonon 
dispersion diagrams have become available, allowing a 
general comparison with the theory. Our results are 
reported in Sec. II and generally show in addition to the 
expected linear contribution at high temperatures a term 
quadratic in T. The absorption below the cutoff fre
quency is not at all negligible but still an appreciable 
fraction of what is observed above the cutoff frequency. 
Furthermore the temperature dependence below the 
cutoff is almost purely quadratic in T for all samples 
which suggests that this strong absorption is caused by a 
process of the next higher order, i.e., a 3-phonon process, 
The nature of this process and the reason for its im
portance besides the 2-phonon process are described in 
Sec. I l l B. 

It is also interesting that 2-phonon transitions seem 
to occur only between the transverse acoustic and trans
verse optical branches. This simplifies comparison of the 
experimental results with phonon dispersion curves and 
facilitates the experimental observation of the cutoff re
gion. The experimental evidence for this empirical 
"selection rule" will be discussed in Sec. IV. 

We have experimental and theoretical reason to 
believe that the phenomena described here are not 
caused by impurities. A separate study of the effect of 
impurities on the far-infrared absorption will be re
ported in another paper. 

II. EXPERIMENTAL RESULTS 

The temperature dependence of the far-infrared 
absorption was studied at wavelengths between 300 n 
and 1 mm for NaCl, KC1, KBr, KI, LiF and Nal. In 
general the temperature ranged between 80 and 300°K, 
but in some cases it extended from 15 to 420°K. A 
grating monochromator was used to isolate a band of 
incoherent radiation from a mercury arc. Wavelength, 
radiation purity, and bandwidth were checked with a 
scanning Fabry-Perot interferometer.7 The bandwidth 

5 H. Dotsch and H. Happ, Z. Phvsik 177, 360 (1964). 
6 L. Genzel, H. Happ and R. Weber, Z. Physik 154, 13 (1959). 
7 K. F. Renk and L. Genzel, Appl. Opt. 1, 643 (1962). R. Ulrich, 

K. F. Renk, and L. Genzel, IEEE Trans. Microwave Theory 
Tech. 11, 363 (1963). 

T (°K) 

FIG. 2. Typical absorption measurements on NaCl at constant 
wavelength and for specimens of different thickness d. 

was about 10% in all cases. After transmission through 
the sample the radiation was detected by a carbon 
bolometer,8 operated at 1.4°K. Only at the longest 
wavelength of 1 mm was bolometer current noise a 
major source of error.9 

The alkali halide samples were commercially avail
able10 as single crystals of cylindrical shape of diameter 
2.5 cm, and of varying thickness between 0.1 and 2.5 cm. 
The samples were located in the gap between 2 light 
pipes. The use of light pipes has considerable cyrogenic 
advantages; it poses, however, the following problem: 
After insertion of the sample into the gap between the 

0 100 200 300 

Temperature (°K) 

FIG. 3. Absorption in KBr at two different wavelengths. 

8 R. C. Ohlmann, thesis, University of California, Berkeley, 
1960 (unpublished). 

9 For more details, see: R. Stolen, thesis, University of Cali
fornia, Berkeley, 1964 (unpublished). 

10 Suppliers: Harshaw Chemical Company, Cleveland, Ohio and 
Isomet Corporation, Palisades Park, New York. 
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light pipes, wide-angle radiation is bent more nearly 
parallel, with the result that the gap is effectively 
shortened. In all our measurements the readings with 
the sample out of the beam were corrected accordingly. 
The temperature of all samples could be varied between 
15 and 420dK. Measurements were taken at constant 
wavelength as the sample temperature varied at a rate 
of 30° per h. 

Figure 2 shows as a representative example the 
absorption of NaCl at a wavelength of 320 \x for various 
samples. The previous measurements of Rubens and 
Hertz1 are also shown. In Fig. 3 the temperature de
pendence of the absorption in one material (KBr) but 
at two different wavelengths is compared. For both 
wavelengths, 320 and 900 /z, the absorption is normalized 
to unity at 300°K. I t is very obvious that for the longer 
wavelength of 900 p, the absorption disappears on 
cooling more rapidly than at 320 JJL. 

From Fig. 3 one can see that for the longer wave
length a seems to vary roughly as T2, while the behavior 
at the shorter wavelength is more linear in T. We will 
therefore try to represent the temperature dependence 
of the absorption by a linear and quadratic term: 

a=AT+BT*, (1) 

with A and B being independent of T. This is the ex
pected temperature dependence at high temperatures for 
a sum of 2- and 3-phonon difference contributions (see 
Sec. IV). (In this paper, whenever, the temperature de-

FIG. 4. (a/T) plotted for 
KBr at three wavelengths, 
normalized to 1.0 at 300°K. 

FIG. 5. {a/T) plotted for 
KI at two wavelengths, 
normalized to 1.0 at 300°K. 
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FIG. 6. (a/T) plotted for LiF at 320 ju and for Nal at 
500 fA and 900 /*, normalized to 1.0 at 300°K. 
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pendence is referred to as linear or quadratic it refers to 
the high-temperature limit only.) How well Eq. (1) 
represents the experimental temperature dependence, 
and how large the linear and quadratic contributions 
are, can best be seen from a plot of (a/T) versus T: For 
a predominantly linear dependence between a and T, 
(a/T) will be a constant, while for a quadratic behavior 
(a/T) will be linear in T. In Figs. 4-7 we have therefore 
plotted (a/T) as a function of T for KBr, KI , LiF, Na l 
and NaCl. The solid curves represent our experimental 
data, normalized again to unity at 300°K. The dashed 
lines extrapolate the behavior at high temperatures 
which will be discussed later on. In Fig. 7 we have also 
included measurements by Dotsch and Happ5 at X = 3 
mm. From an inspection of all of these curves it is 
evident that at high temperatures and long wavelengths 
the absorption seems to approach a quadratic rather 
than a linear temperature dependence. Figures 4-7 will 
be analyzed more fully in Sec. IV. 

The absolute magnitude of the absorption of the 
various crystals will not be discussed in this paper. But 
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TABLE I. Absorption values at 300°K as measured 
at a few wavelengths. 

XM 
1020 
500 
300 
900 
500 
320 
900 
500 
320 
500 
320 
320 
900 
500 

a[cm_13 

1.03 
6.1 

12.7 
0.73 
3.6 

14.6 
1.5 
4.6 

10.4 
2.1 
8.9 
3.4 
0.97 
3.48 

for reference, Table I gives the absorption at room 
temperature and at a few wavelengths for the different 
alkali halides which we studied. 

III. THEORY 

In Part A of this section we present an outline for the 
theoretical treatment of the far infrared absorption in 
ionic crystals as caused by terms in the lattice potential 
energy of third order in the ionic displacements. The 
results are similar to the ones published,2'3»n but the 
derivation used here seems to be particularly simple. 

An analysis of our experiments in Sec. IV will show, 
however, that a consideration of these third-order 
terms alone does only partially—and in several cases 
not at all—account for the observed absorption. There
fore a brief discussion of fourth-order processes is added 
in Part B. 

A. Absorption by 2-Phonon Processes 

The lattice potential energy contains a part <pz in the 
third order of the ionic displacements u: 

<P3= Z C(l,2,3>i^2^3 , (2) 

where the C s are third-order elastic constants. The 
summation extends over all ions and includes the com
ponents of the uis along all three unit vectors. If each 
displacement Ui is expressed by its expansion into 
normal modes,12 Eq. (1) becomes 

Vz- E A (l,2,3)e1g*Qa«(qi+q2+q8). (3) 
1,2,3 

The 1,2,3 refer now to normal modes of special wave 
vector q and branch. The Q's are the amplitudes of the 
normal modes. .4(1,2,3) again contains third-order 
elastic constants. As is well known these anharmonic 

"B.Szigeti, Proc. Roy. Soc. (London) A204, 51 (1950); A252, 
217 (1959); A258, 377 (1960); A261,. 274 (1961). 

12 M. Born and K. Huang, Dynamical Theory of Crystal Lattices 
(Oxford University Press, London, 1954), Eqs. (9.9) and (9.16). 

terms in. the potential energy provide the exchange of 
energy between the normal modes: Either one phonon 
decays into two, or two combine to a third. 

On application of an electric field the positive and 
negative ions in the crystal move by a distance u+ and 
u_. Following Huang12 this motion can be described by 
a single coordinate 

w=(u+-iO(MA01/2, 

where M is the reduced mass and N the number of cells 
per unit volume. If the electric field E=E0e

io}t is of a 
frequency co well below the lattice dispersion frequency 
co0, the ionic motion is frequency independent: 

/ 6 o ~ 6 0 0 \ 1 / 2 E 

\ 47T / C00 

Here e0 and e^ are the low- and high-frequency dielectric 
constants, respectively. 

The total ionic displacement is partially thermal 
and partially caused by the external electric field 

The total ionic displacement is partially thermal and 
partially caused by the external electric field 

u .(total) = U;< t h e r m a l>+i^W , 

where Ki is a constant depending only on the indices 
i of u. Our procedure here is now to treat the w's in the 
same manner as the usual normal modes. Thus the 
expansion (3) of the third-order potential energy will 
now also contain some terms in w. Since the wave 
vector associated with w is practically zero the inter
action Hamiltonian between the infrared wave and the 
two phonons (of momenta qx and q2) takes the form 

1,2 

The constant £(1,2,0) is similar to A (1,2,3), depending 
on the wave vector and branch of the phonons involved. 
As there is too little known about it we follow the usual 
practice of taking it outside the summation, as a con
stant B. Introducing w from (4) the perturbation Hf 

becomes 

H ' = l £LeiC25(qi+q2). 
\ 47T / Wo 1,2 

This time-dependent perturbation can cause transitions, 
for example from a state " 1 " with one phonon to a state 
" 2 " with a phonon of the same wave vector, but of 
higher energy. The energy difference ha is supplied by 
the absorbed photon as indicated in Fig. 1. Also the 
reverse transition ("2" —» "1") is possible leading to the 
emission of a photon. I t is already plausible that the 
net rate at which photons are absorbed by transitions 
between two such phonon states should depend on the 
difference of their populations (yi\—ni). 
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The transition rate from an initial state 11) to a 
final state (2 j due to the perturbation Ef is given by the 
standard expression 

2w 
R=—\{2\H/\l)\2d(E2-E1-ho)). 

To obtain the matrix elements, creation and destruction 
operators can be introduced for the lattice displace
ments and the resulting net transition rate becomes 

( e o - e j E o 2 ^ 2 {nx-~n2) 
R— S • —5(co2—coi—co). 

8co0
2 

CO1CO2 

The absorption per cm, a, is defined by (dl/l)=—ad 
with 

7=intensity=c(€0)1/2£o2/47r, 

c~ velocity of light. 

If the beam has a cross section A, the rate at which 
energy is dissipated in the volume Ad is 

RXAdXho)=dIXA. 

Thus, the coefficient of absorption for very low fre
quencies (co<3Cco0) becomes 

ir hooB2 (n\—n<i) 
a = -(€0— e*,)—— - £ 

WiOJ2 

XS(co2- -coi-co) [ c m - 1 ] . (5) 

The result is not very different from that derived in 
another way by Szigeti,11 who also considered the 
coupling by second-order moments. 

The temperature dependence of the absorption is ac
cording to (5) only determined by the difference in 
occupation numbers n\—n2 between states of energy 
&coi and ha>2* Restricting ourselves to this one pair of 
states first, the occupation number in each state is 

» i = ( 6 * - l ) - 1 x=ho)i/kT. 

At low frequencies when co=to2—cox<<Ccoi, one finds 

ni~n2= ( dnA dnif dx \ 

do)i/ dx \do)i/ 
Xco 

xex co co 

( ^ - l ) 2 C O x CO! 

where f2(x) represents the only temperature-dependent 
part of the absorption and is plotted (k/foui)T in Fig. 8. 
I t is evident that the absorption becomes linear in T in 
the high-temperature limit, starting already at about 
r ;> hcoi/k, i.e., roughly 150°K for many alkali halides. 
The fact that the measured absorption is the sum of 
many different transitions does not affect the general 

FIG. 8. Plot of /2(^) versus (1/x) which represents a normalized 
curve of the absorption versus temperature for the 2-phonon 
process. The dashed line is linear in T, for comparison. 

validity of this conclusion, since at high temperatures 
all different contributions become linear in T. 

The frequency dependence of this 2-phonon absorption 
has been described in detail by Bilz, Genzel and Happ2 '13 

in terms of a frequency-dependent damping constant. 
We like to mention here only that at long wavelengths 
and for a constant density of transitions per unit fre
quency interval the absorption (5) would increase as 
co2. For frequencies below a cut-off frequency coc, as de
scribed more fully in Sec. IV, the absorption should 
rapidly disappear altogether. 

B. Three-Phonon Process 

If we also include terms of the fourth order of the 
displacements in the lattice, potential-energy processes 
become possible in which the photon can exchange 
energy with three phonons.3 Let us briefly outline this 
absorption process: the interaction Hamiltonian for 
such a 3-phonon process is, with the same notation as 
in I I I A: 

R" = w £ D(l J2,3,0)e1e2e35(q1+q2+q3) 
1,2,3 

where D(1,2,3,0) depends on fourth-order elastic con
stants. As processes leading to the absorption or emis
sion of a photon let us, for example, consider the two 
pairs of diagrams in Fig. 9. The net transition rate is 
obtained after subtraction of the emission from the 
absorption process. Leaving out constants, the net 

13 H. Bilz, L. Genzel and H. Happ, Z. Physik 160, 535 (1960). 
See also: D. A. Kleinmann, Phys. Rev. 118, 118 (1960). 
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Absorption Emission 

FIG. 9. 3-phonon proces
ses leading to the absorp
tion or emission of a photon 
(wavy arrow). 

Absorption 

absorption coefficient becomes 

a ^ L -[nimim+tf — mim+^im+l)! 
1,2,3 OJ1CO2CO3 

+ £ -Oe (n6+l) (m+1)—mmim+l)!, 
4 , 5 , 6 CO4CO5CO6 

or 

a^E-
CO1CO2CO3 

-\_n\m—mm—mm—ml 

CO 

+ 2 [n5m+mm—mm+ml. 
C04CO5CO6 

The summation is again taken over all transitions con
serving energy 

CO3—CO2— C0l = C0 , C 0 6 + C 0 = C 0 4 + C 0 5 , 

and momentum. 
At high temperatures when kT/ho)i> 1 a,ndni=kT/ho)i 

the absorption from the term [nim—mm—mml 
becomes 

kT-f 

4TI 
J ( C O 3 — C 0 2 — o > i ) 

(C01C02CO3)2 

rkT-f 

(CO1CO2CO3)2 

The term [_mm-\-mm—nmhl similarly leads to a quad
ratic temperature dependence. The terms m and — m, 
which would lead to a contribution linear in T, partially 
cancel, and in any case become negligible at sufficiently 
high temperatures. But even if the cancellation is not 
complete, the major contribution from 3-phonon dif
ference processes will have a quadratic temperature 
dependence. 

If the density of transitions per unit frequency inter
val is constant, the absorption will—as for the 2-phonon 
process—increase with the square of the frequency. 

At first one might consider this higher order process 
as less important than the 2-phonon process described 
earlier. But the magnitude of the 3-phonon process may 
not be negligible for the following reason: For 2-phonon 
processes the momentum conservation allows only 
"vertical" transitions, whereas 3-phonon processes can 

occur in a much greater variety and number without 
violating the momentum conservation. Thus, the con
servation rules are less restrictive here and 3-phonon 
processes may contribute noticeably to the absorption. 
If the interpretation of our experiments is correct, the 
3- and 2-phonon contributions to the absorption can, 
in fact, be of the same order of magnitude. 

IV. DISCUSSION 

A. Dependence of the Absorption on 
Temperature and Frequency 

In Sec. I l l A we have seen that the temperature de
pendence expected from two-phonon difference processes 
in the far infrared should become linear in T at high 
temperatures. This high-temperature limit started at a 
temperature which corresponds to about the frequency 
of zone-boundary phonons. As is evident from Figs. 2-7 
this is not the case in praxis: We find it necessary to add 
a contribution quadratic in T in order to account for 
the experimental observations. In some cases the 
temperature dependence is almost purely quadratic. 
This quadratic contribution agrees with our expecta
tions for a 3-phonon difference process as explained in 
I I I B . 

If two- and three-phonon contributions are both 
present, the total absorption should approach, at high 
temperatures, 

a=AT+BT2, 

where A and B are constants. This expression has 
already been used in I I for the analysis of the data. The 
plot of (a/T) should approach a horizontal line for pure 
two-phonon absorption (B = 0), and a straight line with 
slope B which extrapolates to zero for the 3-phonon 
process along (̂ 4 = 0). As an arbitrary example, in 
Fig. 10 a two- and three-phonon contribution are added 
such that the 3-phonon absorption a3 is one-third of the 
total at room temperature. The total absorption a is 
normalized to 1 at 300°K. In order to draw the correct 
temperature dependence below room temperature, as
sumptions had to be made about the average phonon 

FIG. 10. Theoretical (a/T) 
curve for sum of 2- and 
3-phonon absorption such 
t h a t a 3 = a / 3 at 300°K. At a 
temperature of r « (hcoi/k) 
«150°K,the curve deviates 
by about 5% from the 
broken line extrapolated 
from higher temperatures. 
OLZ is the contribution from 
3-phonon processes only. 

100 200' 300 

T (°K) 

file://-/_n/m�
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energies (fooi, ho)2 in I I I ) , for which we choose 150°K 
in Fig. 10. As can be seen the effective average phonon 
energy corresponds to a temperature at which the 
(a/T) curve differs from the broken line by about 5%. 
This is, of course, a very rough estimate but good enough 
to see whether the phonons involved are located hear 
the zone boundary, or if they are acoustic phonons of 
very low momentum. This will be discussed last in 
this section (IV C). 

In Figs. 4-7, the full curves represent our experi
mental values for (a/T), again normalized to 1.0 at 
300 °K. The dashed lines show the high temperature 
limit and give a good impression about the relative 
strength of the linear and quadratic contributions. For 
several crystals it is evident that the linear (2-phonon) 
and quadratic (3-phonon) contributions are of the same 
order of magnitude. In some cases, however, the dashed 
lines extrapolate to zero (̂ 4 = 0) indicating that the 
absorption is caused by three-phonon processes only 
(see for example: KBr at 900 /z, Na l at both 500 and 
320/x). 

KI at 500/x (see Fig. 5) appears to show an excep
tional temperature dependence even steeper than T2 

above 250°K. The reason for this behavior is not 
clear but it may indicate the presence of even higher 
order processes than the two- and three-phonon 
processes considered here. This is in line with the fact 
that KI is the crystal with the lowest Debye temperature 
which we have studied. Certainly there is no trace of 
a linear contribution. 

The increasing relative importance of the quadratic 
contribution at the longer wavelengths is a most 
interesting result. Previously this had only been re
ported for NaCl at very long wavelengths by Dotsch 
and Happ,5 whose data at their longest wavelength of 
3 mm are also included in Fig. 7. 

Let us now turn to the frequency dependence of the 
absorption. We will see that beyond a certain "cutoff 
wavelength" the linear contribution seems to disappear 
leaving only the quadratic term. 

The room-temperature absorption of KBr between 
300 fji and 2 mm has been measured by Genzel, Happ, 
and Weber.9 Their results are reproduced in Fig. 11, 
where the extinction coefficient K=a\/4:ir is plotted 
versus wavelength X. Also included are our results 
on KI , KBr, and LiF as well as the data on LiF by 
Genzel, Klier, and Seger.14 I t is instructive to indicate 
on the same diagram the wavelength region where the 
absorption is a purely quadratic function of the temper
ature and where it contains both a linear and a quad
ratic contribution. In the pure-quadratic region we 
have represented the absorption by a single curve, 
while the simultaneous presence of a linear and quad
ratic term is shown by a double line. As is evident, the 
linear contribution is only noticeable for each crystal 

14 L. Genzel and M. Klier, Z. Physik 144, 25 (1956); G. Seger 
and L. Genzel, ibid. 169, 66 (1962). 
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FIG. 11. Extinction versus wavelength at 300°K. (LiF data from 
Genzel, Klier, and Seger (Ref. 14); KBr data from Genzel, Happ, 
and Weber (Ref. 6); KI data are from present work.) 

at wavelengths shorter than a certain wavelength Xc 

which we will call here the cutoff wavelength. This cutoff 
wavelength lies for LiF probably at a wavelength of 
less than 200 ju, for KI around 350 ju, for KBr at some
what longer wavelengths, and for NaCl (not shown 
here), around 2 mm. Since the linear contribution does 
not appear very suddenly for wavelengths shorter 
than Xc, the definition of this cutoff wavelength is only 
meant to indicate the spectral range in which the linear 
contribution becomes noticeable. As expected, this onset 
of the linear contribution leads to a steep frequency de
pendence of the absorption for KI, KBr, and NaCl in 
the region of their respective cutoff wavelengths, where 
the absorption varies with wavelength more rapidly 
than (1/X)2. A variation as (1/X)2 seems to be repre
sentative for wavelengths far from the cutoff region. 

I t is also possible for the absorption measured at 
long wavelengths X>XC to arise from the long-wave
length-tail of transitions of much higher frequency 
between two states which are lifetime broadened. For 
a transition between broadened states (linewidth Ay) 
the absorption at a frequency v takes the form15 

v2Av 
a = K(T) , 

(v-ptf+iAvy 
in which K (T) is a constant, which represents the popu
lation difference and is proportional to T (see I I I A); 
hp{ is the separation of the states and AP the linewidth, 
which for the simplest case of broadening by 3-phonon 
collisions increases linearly with temperature. At very 
long wavelengths (*><£>»•) the absorption in the long-
wavelength tail of such a transition between two 

16 C. H. Townes and A. L. Schawlow, Microwave Spectroscopy 
(McGraw-Hill Book Company, Inc., New York, 1955), p. 343. 
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broadened phonon states becomes 

a(v«Vi) = K(T)p2Av/viK 

If all the N transition frequencies vi are uniformly dis
tributed over a frequency interval hv around v0, there 
would be consequently n~NAv/hv transitions within 
the single line width Av. Now we can estimate the 
relative strength of the absorption measured in the 
long-wavelength tail of all N transitions, relative to 
that measured at the frequency vo: 

a(v«P0) A0 2 AzvV) 

a(v0) n(vQ
2/Av) -(-)*HO-

\ VQ/ \ VuJ \ Vn/ 
This ratio is very much smaller then unity because 
each of the 3 factors is smaller then unity by definition. 
We conclude therefore that this contribution cannot 
account for the strong absorption observed at wave
lengths longer than the cutoff wavelength Xc. 

Within a region of strong two-phonon absorption 
(X^XC) the results should be independent of phonon 
lifetimes, because the integrated absorption of many 
transitions, which is always measured, should be inde
pendent of the lifetime, until the linewidth approaches 
the transition frequency,15 i.e., cor=l . In our experi
ments the frequency co is probably still high enough to 
neglect lifetime effects as can be seen by the following 
estimate. Phonon broadening has been observed in 
neutron-scattering experiments.16 For the case of the 
acoustic branches in KBr at 400°K the broadening was 
a few percent. For a branch of 100 cm - 1 a broadening of 
10% would correspond to a lifetime of 3X10~12 sec. 
Lifetime and relaxation effects might become important 
only for cor^ l corresponding in this case to a wave
length longer than 6 mm. Experiments on Csl at very 
low frequency and high temperatures may perhaps show 
a behavior representative for the case cor< 1. 

B. Comparison with the Phonon Dispersion Curve 

One might expect a major part of the absorption to 
arise from transitions involving phonons with fre
quencies near maxima in the density of states. These 
points are usually at the zone boundary in the principle 
symmetry directions. 

In Fig. 13 dispersion curves are shown for KBr, Nal , 
and NaCL The curves for Na l and KBr represent 
experimental data, using neutron diffraction, by Woods, 
Brockhouse, Cowley, and Cochran.16 The curves for 
NaCl were drawn according to unpublished calculations 
by Karo made available to us. 

For Na l the transverse and longitudinal acoustic 
branches are separated by about 20 cm - 1 (500/x) at 
the zone boundary in the [100] and [111] directions, 
while the other branches are separated more widely. 
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FIG. 12. Phonon dis
persion curves for KBr, 
Nal and NaCl: (a) 
and (b) Experimental 
data after Woods et al. 
(Ref. 16). (c) Calcu
lated curves provided 
by A. M ; Karo (private 
communication). 

16 A. D. B. Woods, B. N. Brockhouse, R. A. Cowley, and W. 
Cochran, Phys. Rev. 131, 1025 (1963). 
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We studied the absorption in Nal at 500/z specifically 
to look for a strong 2-phonon contribution in this salt, 
for which the dispersion diagram is relatively simple. 
But at room temperature the absorption is only half as 
strong as for NaCl, in spite of the lower reststrahl fre
quency for Nal . More important, there is no trace of 
a two-phonon contribution, linear in T, as evident from 
Fig. 6. 

There was the additional possibility in N a l of a 
transition at about 1 mm between the transverse and 
longitudinal optical branches (see Fig. 12(b)] But again 
no linear contribution was observable at 900/z, nor 
at 320 ix where additional measurements were performed. 

When similar experiments were repeated on a crystal 
of KI the absorption was, at 500 fx, even lower than in 
Nal . But more important, it is clear from Fig. 5 that 
again no linear two-phonon component appears at 500 ix. 
However, at 320 fx a strong linear term has become 
apparent in the same figure. The dispersion curves 
calculated by Karo and Hardy for KI show the sepa
ration of the branches at the same boundary to be about 

[100] [111] 
t a - > l a : 21cm-1 14 cm"1 

la—>to: 55 cm -1 15 cm - 1 

ta -> to: 77 cm"1 30 cm"1 

(t = transverse, 1 = longitudinal; a = acoustic, o = optic). 

Therefore, as in Nal , we expected a strong two-phonon 
absorption at about 500 jx representing the ta —» la 
[100] transitions. But again, this was not observed. 
Besides, some absorption from the other ta —»la and 
la—> to transitions should also have appeared at 500/x, 
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contrary to the observations. As Fig. 5 shows, the cutoff 
wavelength rather seems to lie around 350 /z corre
sponding to the ta—»to transition in the [111] direction. 

The situation is much the same in KBr where the 
separations of the branches at the zone boundary are 
[see Fig. 12(a)] 

[100] [111] 
t a - > l a : 30 cm-1 20 cm-1 

la —>to: 54 cm"1 11 cm"1 

ta -* to: 84 cm""1 31 cm - 1 

Here the transition involving the la- and t o - [ l l l ] 
phonons should be seen around 900 ju, whereas only a 
quadratic temperature dependence is observed. 

From all these observations it seems to be fair to 
draw the interesting conclusion that absorption by two 
phonon processes does not occur for transitions between 
longitudinal and transverse phonons. However, when the 
frequency is close to or above the smallest difference 
between the transverse acoustic and transverse optic 
branches the absorption shows a strong two-phonon 
contribution. For NaCl and KC1 these branches are 
very close to the [111] direction: of the order of 10 
cm - 1 corresponding to X c = l mm. The analogous sepa
rations in the [111] directions for the other salts are 

KI 29.7 cm"1 347 p 
KBr 30.8 cm"1 325 /* 
Nal 64.6 cm"1 155 M 

These separations probably determine the spectral 
range where the "cutoff" occurs. The zone edge in the 
[111] direction may not, of course, be the point where 
the transverse acoustic and transverse optical branches 
are closest. See, for example, Fig. 12(c) where the 
transverse branches split in the [110] direction and one 
acoustic and one optical branch come quite close 
together. 

The possibility of similar difference processes in
volving two longitudinal phonons may or may not 
exist. Since this separation is usually large compared to 
the wavelengths we have used, our experiments cannot 
decide the matter. 

Generalizing these observations, it appears that two-
phonon difference processes can only occur between 
branches of the same polarization. 

C. The Relative Importance of Low-Wave-Vector 
versus Zone-Boundary Phonons 

From the plots of (a/T) versus T, it is possible (see 
Fig. 10) to make some estimate of the average frequency 
for the two-phonon processes. For example, for NaCl 
at 320, 500, and 1020 n, the average phonon frequency 
an can be derived from Fig. 7 to be somewhere around 
160°K (111 cm - 1) . This agrees with typical frequencies 

at the zone boundary as seen in Fig. 12(c). If the ab
sorption were dominated by vertical transitions in
volving low-wave-vector acoustic phonons, the average 
phonon frequency on would be much lower and should 
decrease with the frequency of the incident radiation. 
For example, from the dispersion curves in Fig. 13(c), 
or from ultrasonic velocity data, one can estimate the 
average phonon frequencies for transitions between two 
acoustical branches of different polarization. For NaCl 
and an incident radiation of 20 cm - 1 (500 /x) the average 
phonon frequency turns out to be about 30 cm -1, corre
sponding to about 45 °K. Only below this temperature 
should the absorption deviate noticeably from a linear 
temperature dependence. But, as pointed out, the de
viation from linearity occurs in NaCl at 160°K (by 5%) 
which is also representative for the other crystals. Thus 
it is evident that transitions involving low-wave-vector 
acoustic phonons do not contribute significantly do the 
absorption. 

Considering the low density of states for acoustic 
phonons, this may at first not seem too surprising. 
However, according to Eq. (5) the absorption varies 
with a)i,co2 as 

(»i—n2) 
a=£ ; 

0)iO)2 

and since at high temperatures (ni~ w2)=l/o)io)2 (see 
part I I I A) this becomes 

a^S2/(coio)2)
2, 

where O is a measure for the density of states. Because 
of the factor (o)io)2)

2 in the denominator, which compen
sates the low density of states for acoustic phonons, we 
conclude that acoustic phonons might be expected to 
contribute to the far-infrared absorption. 

The failure to observe such low wave-vector acoustic 
transitions rather seems to be a consequence again of 
the "selection rule" mentioned above, which rules out 
transitions between branches of different polarization, 
i.e., between any acoustic branches. 

We have been informed that group-theoretical se
lection rules for 2-phonon processes have been worked 
out for rocksalt-type crystals by Burstein, Johnson, 
and London.17 
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