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Benneman, in Superconductivity in d a-nd f Ba-nd Met
als, AIP Conference Proceedings No. 4, edited by D, H.
Douglass (American Institute of Physics, New York,
1972), pp. 255-292] and p*= 0.018 [L. F. Lou and W. J.
Tomasch, Phys. Hev. Lett. 29, 858 (1972)], we con-
structed the corresponding curve of ksN(&F)&T~/s ver-
sus Th concentration and compared the latter with the
MHZ theoretical curve of ksN(EF)AT~/n versus TK/T«

as explained in the text. The only effect of this pro-
cedure was to modify the scaling factor to the respec-
tive values of 0.80 and 0.87; the &K values remained un-
changed within the accuracy of the experiment. We also
remark that the LaCe TK value of l, l K determined
here is somewhat larger than previous estimates which
range from 0.1 to - 0.6'K (Ref. 6).

~J. H. Schrieffer, J. Appl. Phys. 38, 1143 (1967).
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The infrared absorption in Nap at the two CO2 laser wavelengths 10.6 and 9.3 pm was
measured between 4 and 400 K. The results complement the previously measured absorp-
tion for higher temperatures, and allow for a detailed comparison with theoretical predic-
tions. The experimental temperature dependence at 10.6 pm can be excellently fitted by
a curve expected for three-phonon processes in the whole temperature range; the absorp-
tion at 9.3 pm fits a mixture of three- and four-phonon processes.

Considerable attention has recently been fo-
cused on infrared absorption in alkali halides, ' "
partially sti.mulated by the need for lossless win-
dows for infrared lasers (5 to 20 p, m)." In this
frequency region, the multiphonon absorption
caused by lattice anharmonicities dominates the
loss mechanisms due to higher-order dipole mo-
ments. The temperature dependence of the intrin-
sic absorption is then characteristic of the num-
ber of phonons into which the virtually excited
fundamental mode decays. In the temperature in-
terval between 300 K and the melting point, the
I0.6-p, m absorption was recently investigated by
Harrington and Hass' (HH). The clearest results
were obtained for NaF and NaCl which show a
relatively strong absorption. Analyzing their da-
ta, HH reported serious discrepancies between
the theoretical predictions and their experimental
results. The failure of the theory was ascribed to
the neglect of the temperature dependence of the
phonon frequencies and the transition matrix ele-
ments. This gave rise to a series of theoretical
approaches" ' which took into account the ther-
mal expansion and temperature renormalization
of phonon frequencies.

In the course of preparing a forced-Rayleigh-
scattering experiment in Nar, "we studied the
absorption at two CO, laser wavelengths (10.6
and 9.3 p.m), and with two samples of different
purity. Both crystals were made from Merck
"Suprapur" NaF. Sample No. 1 was grown by

standard techniques, with access of air"; sample
No. 2 was grown in an argon atmosphere. " Thus
the major difference between the two crystals is
the amount of oxygen-containing impurities.

The absorption was measured between 4.2 and
400 K, which favorably complements the data of
HH. The following results were obtained: (1) The
absorption of the two samples differs by 0.25 cm
cm ' at 10.6 p, m and by 0.30 cm ' at 9.3 p, m, al-
most independent of temperature. The difference
is obviously caused by the different content of im-
purities. It is of the same order of magnitude as
the total absorption and considerably masks the
intrinsic temperature dependence. (2) Up to
about 90 K, the absorption is almost constant,
yielding the values o.,(10.6 pm) =0.27 +0.02 cm '
and o', (9.3 p.m) = 0.12 + 0.02 cm ' for sample
No. 2. (3) Between 300 and 400 K, the 10.6-pm
absorption of sample No. 1 is slightly larger,
and that of sample No. 2 slightly smaller, than
the one reported by HH. The almost constant
difference An=0. 09 cm ' between HH's data and
those from sample No. 2 might also result from
impurities. However, because of a considerably
larger total absorption at T & 300 K, the differ-
ence is insignificant for the theoretical interpre-
tation.

In Fig. I, the 10.6-p, m experimental absorption
of sample No. 2 is plotted together with HH's data
on Nap. A log-log plot is required to present the
whole temperature and absorption interval. The
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FIG. 1. Experimental and calculated absorption at
10.6 pm versus temperature.

TEMPERATURE [K]

FIG. 2. Experimental and calculated absorption at
9.3 pm versus temperature.

absorption is normalized to T=0. A smooth set
of data is obtained with only a small step in the
overlapping zone at 300 to 400 K caused by the
above -mentioned difference hn.

The normalized 9.3-pm absorption is presented
in Fig. 2, together with two data points taken
from Klier. " Three temperature regimes can
clearly be distinguished in both experimental
curves: the constant low-temperature absorption
indicating negligible occupation of phonon levels,
the increase near room temperature due to a

rising phonon population, and the power-law
(straight) increase at 7'& TD,b&, . Because of the

large temperature interval covered, the experi-
mental data at 10.6 p.m lend themselves particu-
larly well to a comparison with theory.

We consider the absorption n~ of light with fre-
quency D above the Beststrahl region due to an

A-phonon summation process. In this case, a
virtual excitation of the fundamental mode f de-
cays into X phonons with energies coy, (&02, ~ ~ ~ ~ 4)p.
The absorption is then proportional to"

I
~'"'"(&,f; &„' . ; &»)I'&(& —~, —.. . —~»)f[n(&u, )+l] "[n(co„)+1]-n(&o, )~ .n(&u„)), (l)

Aggo 4 ~ y

n(cv,.) = [exp(hu&, . /k~ T) —1]

Here, k,. denotes both wave vector and polariza-
tion. V~~"~ is essentially the Fourier transform
of the derivative of order N+ 1 of the potential
energy with respect to elongations. The form of
V~"" implies momentum conservation modulo
reciprocal-lattice vectors K (k, +. . .+k» =P.').
The values of ~„.. ., ~~ are temperature depen-
dent, but energy conservation requires that their
sum be constant.

Hardy and Agrawal' pointed out that if all final-
state-phonon energies are assumed to be equal
(&u, =. . . =&a»= 0/N) and V'»" temperature inde-
pendent, the following temperature dependence
results from Eq. (l):

~»( V') = n, ([n(&/N) + 1]' —[n(n/N) ]»),

where e, is the absorption at absolute zero.
Most previous experimental studies had focused

on wavelength regions with relatively large ab-
sorption, which are readily accessible to class-
ical spectroscopy, but where two-phonon process-
es dominate. It was not clear, therefore, wheth-
er prediction (3) would also account for higher-
order processes or whether a more elaborate
theory would be required. HH's results, in fact,
seemed to favor the second alternative. Bendow, '
Sparks and Sham, ' Maradudin and Mills, ' Mcoill
and Winston, ' and Rosenstock' recently presented
such extended theoretical approaches. The ori-
ginal scope of the work of Sparks and Sham' and
of Mills and Maradudin' was to explain the fre-
quency dependence of the absorption. These the-
ories were extended by taking into account ther-
mal expansion and temperature-dependent fre-
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quencies, which led to agreement with the results
of HH.

In the subsequent analysis we shall demonstrate
that the experimental absorption can be explained
also in terms of the simple Eq. (3) if, according
to the known phonon spectrum, "the most proba-
ble decay processes are considered. In this way
we arrive at perfect agreement for the tempera-
ture dependence from 4.2 K up to the melting
point. This result indicates that the influence of
the above-mentioned extensions might be less
pronounced in NaF than predicted. The tempera-
ture dependence of the phonon spectrum, for ex-
ample, might be masked by a flat characteristic
of the relevant part of the multiphonon density of
states.

The most important parameter entering the
temperature-dependent part of Eq. (1) is the num-
ber A' of final-state phonons. Generally, a de-
cay into N phonons is possible if N+ „)Q, where
~~,„ is the maximum phonon frequency. Because
of the decrease of the matrix elements lV ~ I'

with increasing j, the processes with the small-
est possible number N are expected to dominate
all the higher-order processes. Evaluation of
Eq. (1) would next require calculation of the N
phonon density of states. For simplicity, we as-
sume that the largest contribution to the sum in
Eq. (1) stems from those final-state phonons
which dominate the one-phonon density of states.
The latter has pronounced peaks at frequencies
corresponding to excitations near symmetry
points where the dispersion curve is flat (points
I", X, and L for the NaCI structure).

Inspection of the phonon dispersion curves of
NaF" shows that for laser light at both 10.6 p, m

(17.8x10" sec ') and 9.3 p, m (20.3 x10" sec ')
three-phonon processes are possible since ~
=8&10"sec '. Moreover, around ~=6&&10"
sec ', i.e., at one third of the 10.6-p, m frequen-
cy, the one-phonon density of states is large be-
cause of contributions from the LO modes near
X and the LO and LA modes near L. Thus a de-
cay into three longitudinal phonons with wave
vectors near k, = [1, 0, 0], k, = [- 2, —2, ——,'], and

k, = [- —,', —,', —,'] or equivalent values is probable
and satisfies the condition of energy conservation
for 0=17.8&10" sec '. Thus we expect that the
absorption in NaF at 10.6 p, m is dominated by
three-phonon processes. The new situation (N= 3
instead of 4!)' demands re-examination of the the-
oretical interpretation. The temperature depen-
dence according to Eq. (3) for a three-phonon
process, with n, normalized to 1, is shown in

60

Fig. 1 (solid curve) together with the curve ex-
pected for four-phonon processes (dashed Line).
It turns out that agreement between the three-
phonon curve and the experimental absorption at
10.6 p, m is perfect, while four-phonon processes
would require substantial corrections of the type
discussed in the extended theories. "' It seems
rather unlikely, however, that these corrections
should result in an apparent three-phonon tem-
perature dependence over the sohole temperature
interval.

The 9.3-p, m photon cannot decay into three pho-
nons near symmetry points. Nevertheless, the
one-phonon density of states around 0/3 is cer-
tainly nonvanishing. In view of the above argu-
ments, we expect that the three-phonon absorp-
tion is still dominant, but there may be a contri-
bution from four-phonon processes. In Fig. 2, a
comparison between experimental and calculated
absorption [again using Eq. (3)] is presented.
The experimental points, in fact, a,re located be-
tween the curves for iV = 3 and 4. A good fit to
the experimental absorption is obtained with a
mixture of 80/0 three- and 200/0 four-phonon pro-
cesses (dash-dotted curve).

The perfect agreement, in particular at 10.6
p, m, between the experimental absorption and the
results of the simple theoretical expression (3)
is surprising, bearing in mind the substantial
corrections predicted by the above-mentioned ex-
tended theories. The essential simplification of
most approaches" ' was the introduction of a
single Einstein oscillator frequency near co~

(= &uTo). It should be noted, however, that the
phonon branches of alkali halides are spread over
a relatively large energy interval so that the
maximum frequency &u = &uLo(k=6) =2&v&.""
Hence, it is questionable whether the description
of the whole phonon spectrum by Einstein oscilla-
tors with a single frequency ~& is adequate. The
theory of Sparks and Sham' is more fundamental,
using a Debye spectrum instead. Starting from
an assumed two-particle potential and accounting
for vertex corrections, these authors evaluate
absolute values of the absorption and its frequen-
cy dependence. As far as the temperature depen-
dence is concerned, the change of ~,„and ~&
between 0 and 1000 K amounts to 3 and 10%, re-
spectively. ' The variation of the three-phonon
frequencies contributing to the 10.6- p, m absorp-
tion will be within the same interval. Because of
energy conservation the expression in curly
brackets in Eq. (1) is fairly insensitive to such
minor variations in &u,. (i=1, . . ., N). The remain-
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ing small effect, moreover, might be masked by
the finite lifetime of the phonons involved. The
one-phonon density of states therefore is smeared
out, and will not show any critical points, but
rather broad maxima at the frequencies corre-
sponding to symmetry points.

The temperature dependence of the absorption
in KBr, measured by Barker" and analyzed in
Ref. 6 for 418 cm, is also in quantitative agree-
ment with Eq. (3) for JV = 3. The phonon curves
of KBr,"in fact, indicate that the lowest-order
processes at that wave number involve three pho-
nons. In NaC1 at 10.6 p.m the lowest-order pro-
cess involves four phonons. " The experimental
data of HH can be explained in terms of Eq. (3)
if an additional extrinsic absorption o,„ is as-
sumed. A good fit is obtained with n, =0.0002
cm '. Such a small extrinsic absorption, caused
by a few parts per million of impurities, might
well exist even in a good quality crystal. How-
ever, the experimental deviation from the simple
four-phonon curve might equally well relate to
the above-mentioned extension of the basic theo-
ry. It would be interesting to repeat the mea-
surements of HH with even purer crystals and at
lower temperatures in order to decide this in-
triguing alternative.

To conclude, the complete temperature depen-
dence of the absorption, in the particular case of
Nap at 10.6 p, m, can be described as a pure
three-phonon process. The different results
from the two samples emphasize the importance
of impurities for the small-absorption multipho-
non region.

The authors are indebted to V. Irniger and
K. Gisler for technical assistance.
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We have observed the nuclear resonances of five shells of Cu atoms which are near
neighbors to single Fe atoms in dilute alloys of CuFe, following four shells from 300 K
to well below the Kondo temperature, 29 K. The spin density has the same temperature
dependence as the magnetic susceptibility, showing that contrary to some speculation
there is no drastic change in the spatial polarization associated with the "Kondo conden-
sation. "

Considerable effort, both theoretical and ex-
perimental, has gone into determining the nature
of the ground state of a Kondo system, ' 3 but to

date important questions remain unresolved. The
classic Kondo system is a dilute alloy of Cupe.
Polarization of the Fe by application of an exter-
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