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Measurements and calculations of the far-infrared optical properties of K' I at 300, 77, and 12 'K are

presented. The measurements are mainly those of absorption in crystals of various thicknesses. The
calculation assumed cubic anharmonicity only, with nearest-neighbor coupling, and the input

lattice-dynamical data were obtained from a shell-model program. These data were generated with a
wave-vector density of 32 000 points per zone, which was sufficient to give a 2-3-cm ' resolution. The
over-all agreement between experiment and theory, in both the intensity and the structure of the

spectra, is good. The magnitude of certain calculated features is, however, too large, indicating a need

to consider next-nearest-neighbor interactions. Evidence was also found for three-phonon damping, both

beyond the two-phonon limit at all temperatures and at vo by 300 'K. From these measurements it was

possible to calculate portions of the three-phonon damping spectra, which were found to be reasonable.

The higher-phonon effects at 300'K did not seem noticeably more pronounced than those found in the
much harder LiF, and arguments are presented to understand this. Finally, the isotope-induced

one-phonon processes which occur in natural KI were calculated. These are shown to be small away

from the resonance frequency v and not to be the major damping mechanism at v0 at low

temperatures, in contrast to LiF.

I. INTRODUCTION

Calculations have recently been presented' on the
far-infrared optical properties of Li'F and natural
LiF, assuming only cubic anharmonicity. The
agreement with various experimental data was, in
general, good, and there emerged several interest-
ing points which it was felt could be profitably in-
vestigated in the case of a different compound of the
same structure. One point was that by 300 'K
there was evidence of higher-phonon relaxation,
arising from quartic anharmonicity, etc. , both at
high wave numbers, beyond the two-phonon limit,
and underneath the main transverse-optic (To)
resonance at vo wave number. (The width of the
TO resonance peak in the imaginary dielectric
constant is proportional to, and the height of the
peak inversely proportional to, the damping at vp )
The reason why these higher-order processes were
noticeable in the region of v& was due to two fac-
tors. First, the calculations showed that relaxa-
tion via the creation of two-phonons ("summation"
processes) did not occur at vo but started at slightly
higher wave numbers. Second, the magnitude of
the damping by two-phonon "difference" processes
was very small at v0. Above some range of tem-
peratures, proportional to the wave numbers of the
phonons involved (through the occupation numbers-
see Sec. IV), three-phonon damping will increase
more rapidly with temperature than the two-phonon
damping. This range of temperatures obviously
increases with crystal hardness. In LiF which is
one of the hardest alkali halides, 300 K was suf-
ficient to show the three-phonon damping at vo.

It was thought therefore that in KI, one of the
softest rocksalt-structure alkali halides, there
may be even greater evidence of three-phonon
damping at v0 by 300 'K. It should be noted here,
however, that Berg and Bell have already mea-
sured the optical properties of KI at room tem-
perature by the very accurate method of asym-
metric Fourier spectroscopy. Comparison with
the results of their calculation, which also assumed
only cubic anharmonicity, did not markedly show

any three-phonon effects in the vicinity of vo, al-
though there was again the expected high-wave-
number tail. This result was to be partlyexpected
since they scaled their calculated values by fitting
to the v0 peak height. We will return to this point
again.

A second result of the LiF work was that, as
already mentioned, the main resonance was found
to relax by two-phonon "difference" processes
only (or three-phonon "difference" processes, in-
volving the destruction of at least one phonon), so
that as the temperature is lowered, the resonance
in Li~F becomes extremely sharp. In natural LiF,
containing 7. 5% Li, the temperature-independent
damping by isotope-induced one-phonon processes
was found to limit the sharpness of the resonance
at low temperatures, and to account for a large
fraction of the v0 damping up to 300 'K. In KI, how-
ever, the ionic mass ratio of iodine to potassium
is higher than that for fluorine to lithium, and thus
the TO-mode wave number vo is higher with respect
to the zone-boundary acoustic phonons. Conse-
quently it was expected that relaxation by two-
acoustic-phonon summation processes would be
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able to occur at vo, so that no really sharp reso-
nance should occur at low temperatures in pure KI.
(Low-energy acoustic phonons do not couple at all
strongly due to their long wavelength and similar
nature, which in combination produce very small
relative displacements of nearest neighbors: Cou-
pling seems to commence at wave vectors approxi-
mately halfway across the Brillouin zone. ) Natural
KI does contain, however, 6.88/o K ' with the pre-
dominant K~~ so that once again isotope-induced
one-phonon damping is present. It was not known
how great a part this damping would play at vo at
low temperatures, nor whether it would become
evident in absorption measurements below vo where
the "difference" damping at low temperatures is
small. If this were the case information could be
obtained about the phonon eigenvectors at certain
symmetry points, as was done for LiF.

A final point to emerge from the LiF work con-
cerned the size and assignment of the two-phonon
peaks or features. By performing a lattice sum-
mation of the slowly decreasing electronic term in
the third derivative of the lattice potential, consid-
eration was given to the magnitude of the cubic cou-
pling by all neighbors. For simplicity, however,
the form of the coupling by all neighbors was taken
to be the same as that for nearest neighbors. The
net result was thought to be an overaccentuation
of the calculated spectral features. This work with
KI supports this conclusion. With regard to the
two-phonon assignments of any features, it was
seen that consideration of a few criteria for strong
coupling allowed one to predict fairly well which
phonons with high-symmetry wave-vector points or
branches would combine to produce peaks in the
damping spectrum. Investigation of these peaks
often showed, however, that large contributions
from low-symmetry branches were also present.
In the past some careless assignments have been
made of these features. The assignments are not
inherently of any great importance, but neverthe-
less are interesting and can be made fairly accu-
rately. Srivastava and Bist have recently ana-
lyzed the absorption spectra of KI and NaI. Some
time ago Renk reported some very sharp tempera-
ture-dependent absorption peaks in KI below vo at
5 and 6 K, which he assigned to specific two-pho-
non difference processes. The measurements and
calculations presented here will resolve some of
the claims made in these two communications.

II. DAMPING AND FREQUENCY-SHIFT OF THE TO
RESONANCE

The final forms used to compute the frequency-
dependent damping (inverse lifetime) I"(0,jo,' v),
and frequency shift &(0,j 0; v) of the 0 lattice reso-
nant mode, with near-zero wave vector, in rock-
salt-structured crystals may be found in Ref. 1.

References to the theory underlying these results
may also be found there. It may be repeated here
that the inclusion of only cubic anharmonicity
means that absorption of infrared radiation at any
wave number v occurs through off-resonance exci-
tation of the TO resonance at vo, which then relaxes
to two phonons with equal and opposite wave vector,
to give zero final momentum effectively equal to
that of the infrared photon, and a combined energy
("summation" or "difference") of wave number v.

The form of I'(0, jo; v), which will be abbreviated
to I'(v), contains the wavevectors, eigenvectors,
and eigenvalues of the phonons involved, and the
calculation of I'(v) requires a summation over a
uniform distribution of wavevectors throughout the
Brillouin zone. These lattice-dynamical data were
obtained from a shell-model program, using the
input parameters of Dolling eg al. , which they
found by fitting to frequency dispersion curves mea-
sured at 90 'K by inelastic neutron scattering.
Model III was employed, ~ and the data were gen-
erated with a wave-vector density of 32 000 points/
zone (915 points in the irreducible ~48 element of
the zone). As a first-order approximation to the
temperature-dependent frequency-shifts of the pho-
nons, an over-all 5% frequency reduction, approxi-
mately that observed in the TO mode, was applied
to produce the 300 'K data. The form of the first,
second, and third radial derivatives of the nearest-
neighbor potential were again taken as in Ref. 1
where consideration was given to the interaction of
all neighbors through the slowly decreasing elec-
tronic term. A summation over 50 "shells" of
nearest neighbors yielded a constant e equal to
3.862+0. 002, which modifies the magnitude of the
Coulombic terms. These derivatives appear in the
cubic-coupling coefficient which in turn is part of
I'(v), and their respective magnitudes may be seen
in Table I, together with all other input data used
in the calculations.

Figure 1 shows the 300 'K calculated I'(v) spec-
trum, with the difference and summation processes
drawn separately, together with the calculation of
Berg and Bell, in which the two processes have
been combined. In the present calculation with 915
independent wave-vector points, the spectrum was
smoothed by convolution with a nine-point least-
squares-fitting function, '

giving a resolution of 2
or 3 cm . No hand smoothing has been performed.
This resolution explains in part the differences be-
tween the two calculations (e.g. , the heights and
widths of the 142- and 153-cm peaks), since the
Berg-Bell calculation was performed with only 48
independent wave vectors. Other dissimilarities
occur due to thk different values of potential deri-
vatives used in the calculations. A fairly impor-
tant result of this will be seen in the subsection of
this section.
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FIG. 1. Present calculation of the two-phonon damp-
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processes shown separately (solid lines) and the features
labeled; together with the calculation of Ref. 2 with both
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FIG. 2. Calculated frequency-dependent frequency
shift of the TO resonance of K3 I resulting from two-
phonon damping, at 300 and 12'K. vp is the observed
resonance wave number.

Figure 2 shows the 300 and 12 'K frequency
shifts 4 (v) calculated from I'(v) as described in
Ref. 1 and adjusted to equal zero at the observed
resonance frequency vo.

Figure 3 shows the 12 'K I'(v) spectra for the
sum and difference processes (note the scale change
at 120 cm ') together with the damping of the TO
mode due to isotope-induced one-phonon processes,
I'&„(v), calculated as described in Ref. 1. The
peak near vo in I'„,(v) is due to the TO modes

across the zone, and the disappearance at 95 cm
follows from the presence of a band gap which ex-
tends down to 69 cm '. Below this the small am-
plitudes of the light K' ions in the acoustic modes,
together with the large wave-number separation
from v 0, the small concentration of the isotopes,
and the small mass defect all combine to make
I'&„(v) very small. (Note that in LiF and NaCl, i

where larger effects were observed, not only were

TABLE I. Input data for the calculations.

TO resonance wave number

Static dielectric constant

High-frequency dielectric constant

Lattice constant

Compressibility

Repulsive overlap potential parameters

Third potential derivative

Coulombic term

Repulsive term

Second potential derivative

First potential derivative

Szigeti effective charge

vp (cm )

6p

rp (10 cm)

P (10 i2/bar)

C (10 erg)
p (10 8 cm)

PN'".T.(rp) (10 erg cm )

n"e2/rp (10 erg cm )

Ce "P /p (10 ergcm 3)

QN'. T.(rp)/rp (10 erg cm )

ft)N.T.(rp)/rp (10 erg cm )

e*/e

300'K

101a

5. 09'

2 65c

3.526'

8. 54

45. 45
0.3495

-3.845

0.576

-4.421

0.246

0.053

0.72

77'K

107 5b

4. 78b

2. 67b

3.501b

8. 00b

60.20
0.3369

-4.234

0.592

-4. 826

0.267

0. 053

0. 72

12 K

109 Sc

4.68'

2. 68

3.492

7 75

71.04
0.3302

-4.449

0.599
—5.048

0.278

0.055

0.73

'See Ref. 2. Obtained by interpolation. See Ref. 8. ~See Ref. 9.
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Jones et al.
(expt. )

Dolling gg er,.
(theo. )

Berg and Bell'
(expt. )

3.48 (R. T. )

2.06 (300'K)

2 ~ 4 (R. T. )

3.025 (4.2'K)

O. 183 (5'K)
(isotopically pure)

Present results
(theo. )

-1.4 (300'K) 0. 16 (12'K)
(-0.6 Diff+-0. 8 Sum) (-0.08 Sum+-0. 08 Isotope)

aSee Ref. 12. See Ref. 6. 'See Ref. 2.
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there no band gaps, but the mass defect was large in the
first case, and the con. ,satiation large in the sec-
ond. ) Consequently it appears that little informa-
tion may be obtained from the isotope-induced ab-
sorption away from vo, but that at vo at low tem-
peratures these damping processes will be of ap-
proximately equal strength with the two-phonon
summation processes.

It is also of interest to compare the various val-
ues of resonance damping F(0 ga' pp) calculated or
measured by other authors. Table G lists some of
these, and it may be seen that while there is gen-
eral agreement at room temperature, the one low-
temperature experimental value of Jones etal. is
far larger than the calculated values. Since the
measurements by Jones etal. were performed on
thin films, could this indicate surface-mode re-
laxation'P (Their room-temperature value is also
high. )

Two-Phonon Assignments

Criteria for the strong coupling of two phonons
have been given. On the basis of these, Table IG
lists the pairs of high-symmetry phonons which
may be expected to produce features in the F(v)
spectrum if the dispersion slopes are matched
(parallel for difference, opposite for summation).
The approximate reduced-wav~ector position h
is given where the slope matching is optimum.
Figure 4 shows the dispersion curves resulting
from the shell-model calculation, for KI at 90'K.
The Z4 curves and those from I through W to X
were not measured by neutron scattering. The fea-
ture numbers in Fig. 1 and Table GI refer to the
300 'K spectrum, with its 5% frequency reduction,
whereas the wave numbers in Table GI were taken
from the 90 'K data of Fig. 4. Some of the strong
low-symmetry combinations are also listed in
Table III but it was not felt worthwhile to list them
all. Of importance also is the energy of the de-
stroyed phonon in the difference processes, as is
obvious by 12 'K, where the maximum around 80
cm ' corresponds to the &,&, combination (combi-
nations at X are forbidden), since the &, acoustic
mode is the least energetic of all.
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FIG. 3. Calculated two-phonon damping of the TO
resonance of K~ I at 12'K via difference and summation
processes, drawn separately; together with the isotope-
induced one-phonon damping of the resonance in natural
KI. The left-hand scale refers to all curves up to 120
cm-'.

Of further interest are the phonon pairs which
determine the limits of the two kinds of process.
Of importance in this respect is the low coupling
obtained between acoustic modes. Not only is there
very little coupling between small wave-vector
acoustic phonons, as already mentioned, so that
combinations do not become significant until half-
way to the zone boundary, but even after this no
great coupling is obtained. &&&, combine only
through a term involving the first and second radial
derivatives [P'(ro) and P"(ro); see Eq. (6) in Ref. 1]
which is typically only 10% of the third derivative

(ro) through which major combinations occur.
Likewise E3 combines with any other mode in this
manner only. Both &~&~ and Z,Z4 (acoustic) com-
bine through 8"'(r,) but only weakly, since the
former are forbidden at the zone boundary due to
the motion of one ion only, and the latter is small
by virtue of the polarization directions involved in
the modes. These produce the same kind of rela-
tive displacement along a Cartesian direction where
the nearest neighbors are located [see Eq. (6) in
Ref. 1]. Consequently the lowest difference com-
binations in LiF were with optic modes (Z4Z4and
L4L4), whereas in KI they are the very weak QZ,
acoustic. Similarly in LiF the first summation
pairs were the transverse-optic modes near vp with
iow-energy acoustic modes [just far enough away
from the origin for the sine-modulation term in
I'(v) to take effect]. These were then necessarily
above v&. Similar combinations are seen as fea-
tures marked 8 in Fig. 1. In KI, however, where

the TO mode is so high, the first summation pairs
are the weak acoustic ones with wave vectors ap-
proximately halfway across the zone. Thus it may
be seen that the magnitudes of Q (ro) and Q (r,) de-
termine to a great extent the summation damping
at vo in KI, and the difference in I'(vo) between the
calculated value here and that due to Berg and BeQ
lies in the different values used for these deriva-
tives.

The high-wave-number limit of the difference
processes is simply the highest-energy longitudinal-
optic mode near the zone origin, with a low-energy
acoustic mode, the intensity decreasing rapidly as
the origin is approached. Theoretically the highest
summation combination ca;. come from two optic
modes, Z,Z4 for instance, but these are found to be
very weak just as were the acoustic combinations,
so that the "effective" limit as in LiF may be taken
as L(Li.
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FIG. 4. Frequency dispersion curves of KI along
major symmetry directions, generated by the shell
model, for KI at 95'K. The shell model was fitted to
neutron measurements, whichdid not includethe Z4 modes
or those from L through W to X.

III. OPTICAL PROPERTIES

The optical properties will be calculated for iso-
topically pure K I only, since it has been seen in
Fig. 3 that the isotope-induced one-phonon damping
has a small effect away fronl vo where the present
measurements were performed. It can easily be
included in the calculation if in the future low-tem-
perature measurements are performed in the region
of vo on natural KI. The resonance peak at 12 K
should be approximately only half as sharp in
natural KI as in the isotopically pure material.

A. Dielectric Constants

Figure 5 shows the real dielectric constant E at
300 and 12 'K, calculated as in Ref. 1. Once again
the Szigeti effective charge e* has been calculated
by using the measured values of &0, E, and vo, and
including the "static" frequency shift & (0) of the
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FIG. 5. Calculated real dielectric constants of Ks I
at 300 and 12'K. The predicted frequency of the longi-
tudinal-optic mode with near-zero wave vector, vLo,
occurs when &' passes through zero.

1+ ' += [~'(v—..)-~'(0)] .
Vp &~ Vp Vp

(2)
With & (v„o) equal to —12 cm ' (300 'K) and

—2.4 cm ' (12 'K), and the same values of ea, e,
and vo, Eq. (2} predicts the values of vzo to be
143 cm ' at 12 'K and 128 cm ' at 300 'K, as shown
in Fig. 5.

The only value of v&o measured, by inelastic neu-
tron diffraction is that at 90 K, equal to 142 cm '.
This does not discriminate between the harmonic
and anharmonic 12 'K values of 145 and 143 cm
both of which are a little higher as expected.

TO resonance produced by the cubic anharmonicity
[see Eq. (25) in Ref. 1]. This latter is the only de-
parture from the usual harmonic approximation
used to obtain e*. With &' (0} equal to —2. 7, —0.3,
and+0. V cm at 300, 77, and 12'K, respectively,
the values of e* so obtained differ little from the
harmonic values and may be found in Table I.

Another departure from harmonicity occurs in
the wave number at which & passes through zero.
This is then the predicted wave number of the lon-
gitudinal-optic mode with near-zero wave vector,
vLo. In the harmonic approximation, the Lyddane-
Sachs-Teller (LST) relationship is obtained,

VLo/vo = eJe (1)

which with the experimental values in Table I pre-
dicts vLo to be 145 and 140 cm ' at 12 and 300 K,
respectively.

Upon including cubic anharmonicity, Eq. (1) is
modified as shown in Ref. 1 to be

At 300 'K, the optical measurements of Berg
and Bell allow vL0 to be deduced. It may be shown
that at v~0, where & =0, the refractive index n,
equals the extinction coefficient k. This occurs in
Berg and Bell's data at approximately 129 cm
in far better agreement with the anharmonic value
of 128 cm ' than the LST value of 140 cm '. Fur-
thermore, the temperature variation of vLo as
predicted by Eq. (2) is similar to that observed in
the resonant mode vp, whereas the temperature
variation in the LST predicted values of vqo is
very small. This gives confidence then in the cal-
culated frequency shifts of Fig. 2.

Figure 6 shows the imaginary dielectric con-
stants, again at 12 and 300 'K. The factor-of-20
reduction in I'(vo) in going from 300 to 12 K is
seen most clearly in the g resonance peak, where-
as it is not so obvious in the related constants n
and k (since c = 2nk).

C. Experimental

The measurements were performed on an ROC.
FS V20 Fourier spectrometer, with a step drive
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FIG. 6. Calculated imaginary dielectric constants of
K I at 300 and. 12'K.

B. Absorption Coefficient

The absorption coefficient e from 0 to 300 cm
was calculated from E and E at 300, 77, and
12 'K and may be seen in Fig. V. Also shown are
the present experimental data obtained at the three
temperatures, and the room-temperature data of
Ref. 2, converted from 0 to n. For the sake of
clarity the data between 140 and 180 cm ' has been
omitted and may be seen in Fig. 8 where the 300
and 77 'K curves have been vertically displaced.
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and Golay detector. The single crystals of natural
KI were obtained from Harshaw Chemical Co. and
cleaned and polished to the desired thickness d,
which varied from 0.01 to l. 0 cm. A slight wedge
shape was produced in order to eliminate inter-
ference fringes. They were then ultrasonically

cleaned in toluene, rinsed in alcohol, and dried.
Transmission measurements of intensity with and
without the sample in the beam, I and Ip, respec-
tively, are related by

D. Refractive Index and Reflectivity

Figure 9 shows the present calculated values of
refractive index together with the 300 'K measured
values from Ref. 2. The 300 'K calculated reflec-

I I I I I I

where R is the power reflectivity and a the absorp-
tion coefficient. Below pp it was convenient to
correct for R by using the calculated values, which
agreed well with experimental values. Above vp

the measured ref lectivity was used. The maximum
effect of the (1+k /n~) term in Eq. (3) was about
59p in the region of highest absorption above vo at
300 'K, and the effect was negligible elsewhere.
The average of several runs was taken with the
most reliable data obtained in the region of ad
equal to unity. Thus a range of thicknesses was
needed. An error bar is shown on the 300'K data
around 80 cm ' and this was typical, although a
larger uncertainty should be associated with the
highest absorption in Fig. 8 which was at the limit
of our signal to noise. The larger bars on the 12'K
data were due to several causes. The first was
the low absorption combined with high ref lectivity.
The second was temperature instability, which has
a very marked effect below 90 cm ' where the ab-
sorption is due to difference processes. Finally, a
peak at 77 cm ' due to small amounts of Cl impur-
ity'~ in the Harshaw KI was subtracted out from the
data, causing some uncertainty in the remainder.
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FIG. 8. Present experimental and calculated values
of the absorption coefficient of K39I at 300 and 77 K in
the range omitted for clarity from Fig. 7. The room-
temperature experimental data from Ref. 2 have been
included. The data for each temperature have been
vertically displaced, with the ordinate axis and scale
for the 77'K data on the right.
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FIG. 9. Calculated refractive indices of K~ I at 300
and 12 K, together with the room-temperature experi-
mental data from Ref. 2.



FURTHER MEASUREMENTS AND CALCULATIONS OF THE ~ ~ ~ 753

1.0

0.8-
4

R

PRESENT CALC. f"" ',

PRESENT EXPT.
BERG+BELL EXPT r oo I /
HAONI EXPT. o

300 4K

2
ES
C,
CI

0
0.6- ——PRESE

I- ~ BERG +
0
~ 04-
4J
t2
tat
R

~ l

l

~ l

l

I

80 120 160 200
WAVE NUMBER (cm I )

0.2—

40

FIG. 10. Calculated 300'K reflectivity and phase
angle of K~ I. Together with the present experimental
reflectivity, the experimental data from Refs. 2 and 14
are presented.

tivity and phase angle are shown in Fig. 10 together
with the measurements from Ref. 2, and the re-
Qectivity measured both by ourselves and by Had-
ni. ' Both of the power ref lectivity measurements
agree fairly well but fall below the square-of-the-
amplitude measurement of Berg and Bell. This
latter measurement is probably the more accurate.
We were able to see the two small reQectivity fea-
tures at 145 and 155 cm ', not so apparent in the
other data. The structure over the peak depended
on surface preparation and is probably not a good
indication of the I'(v) features in that region (see
Fig. 1).

IV. DISCUSSION

A. Three-Phonon Damping

2-paoaca (v) 3(v)2-paooca~ & v1v2v0

I'2,2, (v)"3(v)2,~ l& vlv2vsv0

(5)

(6)

where p is the reduced mass, vz, vz, and pz are the
wave numbers of the phonons involved, and S(v) are

dex n is used, since this will be fairly accurate
beyond 180 cm ', then Eq. (3) relates I'(v) due to
three-phonon (or higher) processes, to the absorp-
tion coefficient n measured beyond the two-phonon
limit. The values so obtained may be seen in Fig.
11, from 180 cm onwards.

The 300 'K values in Fig. 11 between 80 and 130
cm ', which are responsible for the effects men-
tioned above, were obtained in an approximate
fashion by merely subtracting our values of I'~ » „
(v) from those of Berg and Bell (see Fig. 1). This
was done because the latter authors obtained fairly
good agreement between theory and experiment for
n and k in the vicinity of vo. Their agreement fol-
lowed from their peak-height fitting [which deter-
mined their value for cr

' '
(r0)] and their larger sec-

ond and first derivatives, which gave greater values
of I'(v) around v0 as explained in Sec. IIA.

The final resulting 300 K partial curve of Fig.
11 appears very reasonable, being fairly smooth,
and peaking around 160-170 cm '. This would
correspond to the creation of three acoustic phonons
from regions near the low-energy critical points
(e. g. , L2, Z4, or X2), which all have wave num-
bers around 55 cm '.

It may be noted that, contrary to expectation,
the high-wave-number tail and the discrepancy
around 7ro in KI does not appear to be noticeably
more pronounced than the similar effects found in
the much harder LiF. This may be understood by
considering the following approximate relations:

The evidence for three-phonon damping around

v0 at 300 'K may be seen in Fig. 7 (from 80 to
100 cm '), in Fig. 9 (from 100 to 130 cm '), and in
Fig. 10 (from 100 to 125 cm '). The more direct
evidence of higher-phonon damping is the present
set of absorption measurements above the two-
phonon limit (from 200 to 300 cm ') at all three
temperatures, seen in Fig. 7. Assuming this is
indeed three-phonon (or higher) damping of the
TO resonance, and not due to second-order elec-
tric moments, then these measurements of 0. may
be converted to damping by means of the relation

n(cm ')
4v0e* (E„+2) (M'+M ) vI'(v)

9nvc M'M gv0- v2+ 2v0&'(v)] +4v01' (v)j
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which may be obtained from Eq. (20) in Ref. 1. E
I'(v) is removed from the denominator, since its
effect will be negligible away from the resonance
at 70, and if the calculated value of refractive in-

FIG. 11. Portions of the three-phonon (and higher)
damping of the TO resonance of K~ I at 300, 77, and 12'K.
The methods of obtaining these curves are explained in
the text.
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terms involving the occupation numbers EI(R, j) of
the phonons. S(v)2»~~ was fully defined in Ref. 1,
but may be given here for the summation processes,

x 5[v —v$, j,) —v(- k, j,)], (V)

+II$2, j2)n(ks js)+II%I,jI)n(fI2 iS)

+II(kI, jI)+II(k2, j2)+II(k2, j2)+ l]

X 5[V V(kl& jI) V%2c j2) V$Sc j2)] (9)

RI+%2+k2 ——0 . (10)

EIIuations (5) and (6) do not contain the potential
derivatives, which increase rapidly in magnitude
with increasing order of derivative, nor any details
of the coupling coefficients. The point is that we
are concerned withthe ratio of I'2»„~(v)/I'2„»~a, (v)

for different compounds of the same structure,
and the variation. in the ratio of the factors omitted,
from one compound to another, is much smaller
than that obtained from the factors present.

The ratio (R for brevity) is then given approxi-
mately by

I'2.~ (V) S(V)2.2
+2-ahoaca(V) S (V)2-ahcaca PV

where v is some average or characteristic wave
number. R obviously depends on temperature and
to some extent on the process, but in the high-
temperature limit S(v)2,~ approximates to
(cII2T/Piv), while S(v)2 ~ approximates to cksT/
hv. Thus 8 becomes proportional to T/pv . In
the gross approximation of equal central force con-
stants for all alkali halides, p p~ is constant. Fur-
thermore, the ratio of the dampiag due to any
higher-order process to that due to any other-
ordex process wQ1 contain some power of pp and
may thus be expected to be the same order of mag-
nitude for all compounds of the same structure at
high temperatures. A similar situation exists in
the ratio of the peak heights of two-phonon damp-
ing to the resonance frequency vo at high tempera-
tures, which may be seen to be approximately
equal for KI and LiF. This ratio, however, in-
volves p v, and depends much more on the struc-
ture of F3 „

At very low temperatures it is interesting to ob-

s(k j) [&Eu(EjI 1 lcasr I]-I

The equivalent three-phonon-summation expres-
sion is given by

S(P)2,„, ~„,= [EI(k„jI)n(k2, j2)

serve that for the summation processes, S(v) be-
comes unity and thus R should be even greater for
Lii" than «r Ki (VLI1PII KI 2 and vI, IF/vKI 3)
The difference processes, which are the ones re-
sponsMe for the greater majority of the damping
at vo, are not so straightforward. It may be ar-
gued, however, that R wiQ again be approximately
constant from one compound to another, since the
larger S(v)2»~ in the softer compounds will be
compensated by the larger p. R at these low tem-
peratures will of course be very small for the dif-
ference processes. Although 300 K may be con-
sidered high for KI but only intermediate for LiF,
the general similarity in the 300 K spectra of KI
and LiF may thus be understood.

8. Two-Phonon Dsmpinl Structure

It may be seen from Fig. V that no distinct fea-
tures exist in the difference spectrum (below va)
of KI at any temperatures. The hump around 75
cm ', prominent at 'VV 'K, merely reflects the
over-all maximum in the difference I'(v), which
then decreases strongly until the summation pro-
cesses start. The sharp features reported by
Renk at 5 and 6 'K must therefore be due to im-
purities. Almost certainly Cl would be respon-
sible for the sharp peak at VV cm ' (trace amounts
in our Harshaw sample gave us a similar peak).
It is also known' that larger concentrations of Cl
give rise to band structure around 60 cm '. The
temperature variation of the peaks is a little hard
to understand, although the two-phonon background
is certainly temperature dependent. Nevertheless
no sharp peaks can occur in the difference spec-
trum of any compound at very low temperatures,
and in the case of the rocksalt-structured ones, no
two-phonon combinations from X, as claimed by
Renk, are allowed in any circumstances.

In the summation region, Figs. 8 and 10 show
two distinct features. The positions of these agree
very well with theory at VV 'K (161 and 150 cm )
and seem to agree satisfactorily at 300 'K, with
the 5%%ucl reduction that was applied (155 and 145
cm '. a slight anharmonic frequency shift is also
present). The magnitude of these calculated fea-
tures, however, together with the "hump" at wave
numbers just above them, appears once again to
be too large. The coupling, assumed to be between
near est neighbors only, has over accentuated
them, and next-nearest-neighbor interactions are
necessary. The features in question have been
labeled 9, 10, and 11 both in Fig. 1 and in Table
GL It may be seen that many strong combinations
from nearest-neighbor coupling have by chance
contributed to the same peaks. Z4Z4 and I.S I-3 are
both contributing to peak 9. ZI(LA)Z4(TO), LELI,
and combinations from the branches labeled A. and
B in Fig. 4 all the way from I. to 8' have produced
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peak 10. The four strong contributors to the hump
11 may also be seen in Table III. Thus these cal-
culated features seem to be at least twice as strong
as they should be, (and possibly even more when
the three-phonon damping is included). The rea-
son why the same features calculated by Berg and
Bell are not as large is due mainly to the lower
resolution obtained from their wave-vector grid.

In view of the comments above and in the subsec-
tion of Sec. II, the assignments made by Srivastava
and Bist may be seen to be incomplete, and er-
roneous. Furthermore, from an inspection of the
data they obtained, the usefulness of the nujol mull
technique in investigating these damping processes
appears to be limited.

Note added in proof Wh.ile working with Csl,
Beairsto and Eldridge (to be published in Can. J.

phys. ) realized that no cubic coupling can occur
through next-nearest-neighbor interactions, since
they are ions of the same type. Coupling can oc-
cur through further apposite-type-neighbor inter-
actions due to the long-range Coulombic terms and
this will reduce the sharpness of the features cal-
culated here. It was also found, however, that the
next-nearest - neighbors should be included in the
repulsive component of the lattice potential energy.
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