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The 1400-cm absorption band of the nitrate impurity in potassium iodide shows at
4.2'K a considerable amount of fine structure. The intensity distribution of this fine
structure is governed by the anharmonic coupling of the internal vibration of the nitrate
ion with nearly unperturbed phonons. This distribution can be calculated satisfactorily
by first-order perturbation theory.

It is known that the intensity distribution in
sideband spectra must contain information about
interactions in crystals. Therefore it is impor-
tant to look for the weight factor that determines
the contributions of the combinations to the total
absorption. Thus far, consideration to this
weight factor has only been given for the side-
band spectra of an electronic transition' and of
the absorption due to U centers. ' The lack of de-
tails in the reported" sideband spectra of inter-
nal vibrations of complex ions in solid solutions
made consideration of a weight factor inoppor-
tune.

We present here high-resolution spectra of the
sideband absorption of the v, internal vibration
of the nitrate ion as an impurity in potassium io-
dide recorded at 4.2 K. The spectra show enough
details to allow a comparison with a simple theo-
ry describing the coupling between internal vi-
bration and lattice phonons.

Single crystals of KI doped with nitrate were
grown from the molten salt. The length of the
crystals used in our experiments was about 15
mm, with nitrate concentrations in the range of
10"to 10" cm '. Figure 1 shows the infrared
absorption spectrum of such a crystal in the
1400-cm region obtained with a Perkin-Elmer
E14 spectrometer, resolution=0. 2 cm '. For
the consideration of the interaction between in-

ternal vibration and undisturbed phonon spec-
trum some features of the experimental spec-
trum have to be disregarded. In the first place
there is a relatively strong absorption peak with
some very sharp sidebands at about 1423 cm
that arises from an overtone of the v, vibration
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FIG. 1. The sideband spectrum of the v3 internal vi-
bration of NO3 in a KI single crystal.
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of the nitrate ion. A comparison with the absorp-
tion spectrum obtained with N"0, makes it easy
to sort out these contributions. In the second
place there are the absorptions at 1446 and 1461
cm ' that arise from gap modes and the absorp-
tion around 1518 cm ' that arises from local
modes caused by the nitrate impurity in the host
lattice. The remainder of the sideband spectrum
arises from the normal lattice vibrations and is
shown in Fig. 2 together with the theoretical fre-
quency distribution according to shell-model cal-
culations. ' There is some resemblance between
the experimental spectrum and the frequency
distribution spectrum; in particular the position
of the gap, the approximate position of the max-
imum of the optical branch, and some sharp cut-
offs in the acoustic branch agree quite well.
However, it is clear that a strongly frequency-
dependent weight factor governs the intensity
distribution in the combination band.

To approach this weight factor theoretically we
wish to develop here a simple model for anhar-
monic interaction. %e introduce in the potential
energy function the anharmonicity which is held
responsible for the coupling between the normal
coordinates as a modulation on the harmonic
term:

Vg» = Vg» [1+cg»(ag-a»)],

"Arbitrary
units

KI
KNO

where Vz, ' is the harmonic term in the Taylor
expansion, O'V/axqsx„„a~ and a, are the real
displacements of the atoms l and m from their
equilibrium positions. The coefficient cz, + 0
when l and nz are nearest neighbors. ' az is tem-
perature and time dependent and is given by

a, =Q su, a exp(i~st)Ps(T).
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FIG. 2. From top to bottom: Theoretical frequency

distribution from shell-model calculations; theoreti-
cal sideband spectrum calculated from shell-model
data according to the theory presented here; experi-
mental sideband spectrum.

P6(Z') converts the normalized eigenvectors U~"
corresponding to the lattice vibration with frequency ~ in the harmonic approximation to the actual
amplitudes at temperature T. The equation becomes

& =&(0) + Q&q„, xqx»+QWq»xqx»+Ps(T)(u& u» ) exp(i+-8t),

This equation can be solved by the methods of standard time-dependent perturbation theory. The solu-
tions are

Z~" —u~" exp(i(u -t) +QsSs exp[i(&u +(us)t]Pg(T),

where

&sr y
y 8 8

8 t' W2 2. ~1m Mm +1 +1 m ~

y &~ o. + ~8( -y jm

The x is here the frequency of the internal vibration of the nitrate ion, about 1400 em . The sum-
mations over P and y extend over all lattice vibrations and over the internal vibrations. The maxi-
mum frequency of the lattice vibrations is about 150 cm . This means that the one term in 88 for
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which + =+~ is much larger than the others. Just this term gives'

Zz =uz exp(i&u„t)+ QWq uq u„, (uz -u„, ).u~ a exp[i(o) + (us)t]
~z ~8+2~„

U describes the response of the lattice to the
internal vibration. The contribution to the dipole
moment changing with frequency ~ + ~& is given

by Q~Sa Ps(T)e~. The square of this sum cor-
responds to the infrared absorption intensity. We
calculated the contributions to the sideband spec-
trum using the eigenvectors and eigenfrequencies
originating from undisturbed model calculations
that were made available to us by R. A. Cowley.
This implies that the localized translational and
librational modes of the impurity will not emerge
from our calculations. These were already dis-
carded from our experimental data. With the aid
of a suitable interpolation method we could per-
form this calculation for 400000 frequencies ly-
ing in the full first Brillouin zone. Sorting these
frequencies in bins of one wave number we ob-
tained a histogram of which the smoothed version
is shown in Fig. 2. Comparison of the experi-
mental spectrum with the curve so obtained
shows a much better agreement than a compari-
son with the frequency distribution. Noteworthy
is the absence of the sharp peaks at 55 and 64
cm ' that arise from saddle points of the LA and
TA branches at the zone boundary in the [22~&]

direction. In these regions of q space the posi-
tive ions move with a very small amplitude only.
Since according to the theory given here these
amplitudes govern the magnitude of the contribu-
tion to the sideband absorption, this absence was

to be expected. Still a detailed comparison
shows some differences as for instance a shift of
about 8 cm ' of the peak in the optical branch.
These differences might arise from the high sen-
sitivity of the calculated results to the details of
the interaction mechanism.
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An inherent magnetic-field quenching of Kondo scattering occurs via lifetime broaden-

ing of the spin-flipped intermediate states, This effect and other intrinsic features of
the s-d exchange problem are revealed by high-field tunneling studies of magnetic scat-
tering.

Kondo' has shown that localized magnetic moments, exchange coupled to the conduction electrons in
a metal, lead to anomalous scattering which varies as -lnT. The anomaly occurs in the third-order
transition probability
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