
ELASTIC MODULI AND ULTRASONIC ATTENUATION

130'K, where the elastic moduli reveal the "interme-
diate" range anomalies (from 125 to 96'K) .

Figure 2 shows the variation of the Debye temper-
ature GD with temperature. At O'K, GO=485'K, a
value signi6cantly higher than those obtained from
speci6c-heat (376'K) ' ' and x-ray measurements
(390'K)." Weiss et aL» separated the magnetic part
of the speci6c heat and tried to correlate the magnetic

"C. P. Gazzara, R. M. Middleton, and R. J. gneiss, Phys.
Letters 10, 257 (1964) .

entropy with the spins by a well-established relation. '6

Adopting 0~=390'K the agreement was poor; but
our value of 485'K would con6rm the validity of this
relation in O,-Mn.
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Infrared-absorption spectra of alkali halide single crystals with nitrate-ion impurities show a fine structure
on the internal vibrational bands of the nitrate ion that must be ascribed to combinations with the lattice
modes of the crystal. A part of these combinations arises from lattice modes that are practically the same
as for the unperturbed lattice. Specific heats calculated from the observed spectra are in excellent agreement
with the calorimetrically determined values for the pure alkali halide crystals. Other features in the experi-
mentally obtained spectra must be ascribed to combinations with local modes. Group-theoretical con-
siderations lead to selection rules for first-order transitions involving these lattice modes, as well as for
absorption due to combinations with the internal vibrational or electronic transitions. A model calculation
gives the frequencies of the local modes in terms of the eigenvectors and eigenfrequencies of the unperturbed
lattice with the ratio of the masses of the substituted ion and the impurity ion as parameter. Calculated
local-mode frequencies are compared with the observed frequencies and with frequencies that have been
reported in the literature.

I. INTRODUCTION

t %HE study of the interactions governing the be-..havior of solids by means of infrared-absorption
spectroscopy is not limited to the classical measure-
ments of the optically active lattice modes of the crys-
tals in the far infrared, but can be extended to the
measurements of the active internal vibrations of the
ions or Inolecules constituting the crystal. Important
information about the crystal may be obtained, when
consideration is given to the shapes and 6ne structures
of the absorption features. On theoretical grounds we

may distinguish three types of interactions which will

inhuence the shape and structure of the absorption
bands. First, there is a static CRect, which can be de-
scribed as a perturbation of the potential-energy func-
tion of the free molecule or ion due to the 6cld of the
surrounding lattice in its equilibrium con6guration.
Several authors have reported on the inhuence of this
perturbation on the positions and the degeneracies of
the vibrational and rotational levels. ' The second type

* Present address: Phi1ips Research Laboratory, N. V. Philips'
Gloeilampenfabrieken, Eindhoven, The Netherlands.

L. Pauling, Phys. Rev. M, 430 (1930);A. F. Devonshire, Proc.
Roy. Soc. (London) A153, 601 (1936);A. Maki and J, C. Decius,
J. Chem. Phys. 31, 772 (1959);W. Vedder and D. F.Hornig, ibid.
35, 1560 (1961).

of interaction is the dynamic coupling of the internal
vibrations of diferent lons ox' molcculcs which Dlay
have a profound influence on the appearance of the
absorption spectrum. ' The third type of interaction is
that between the displacement coordinates of the com-
p/cx 1on ol Dlolcculc and thc coordinates describing
the vibrations of the lattice. This interaction has been
neglected by most investigators, since it is expected to
be small with regard to the above mentioned perturba-
tions. One may hope, however, that under suitable
conditions this interaction will afford some insight into
the lattice dynamics of the crystals. The coupling be-
tween an internal vibration and a lattice mode can,
in the anharmonic approximation, lead to a combina-
tion band in the infrared spectrum. The density of thc
lattice vibrations is so high, that in spite of the fact
that the frequencies are discrete, no sharp bands are
expected to occur. As suggested by Mitra, ' it is more
likely that broad bands will be observed with an inten-
sity distribution related to the frequency distribution
of the lattice modes. Deviations from such a distribu-
tion will arise when certain combinations are forbidden

~ J. C. Decius, J. Chem. Phys. 23, 1290 (1955).
~ S. S. Mitra, J. Chem. Phys. 39, 3031 (1963).
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TAsx.z I. Peak extinction coeScients for No» and No» in KBr; room-temperature va ues.
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for reasons of symmetry. Systems in which one may
expect to be able to discern these weak combination
bands are formed by dilute solid solutions of complex
ions in alkali-halide single crystals. The dynamic cou-

ling effects are not operative in these systems as longp ]ng
~ ~

as the concentration of the complex sons is kept low
enough to avoid clustering of the ions. 4 It will be
preferable then to choose an ion with a strong funda-
mental vibration band and to use samples with long
path lengths. The latter condition can be fulhlled by
growing large single crystals of the alkali halides from
the melt. From the few existing ions which can be sub-
stituted in single crystals in this way, the nitrate ion
is among the most favorabl, having a very strong
fundamental vibration band v3.

II. EXPERIMENTAL

S le crystals of the alkali halides doped with ni-ing e cry
1 Thetrate or nitrite were grown from the molten salts. e

resulting crystals always contain both nitrate and ni-
trite ions in comparable concentrations.

The lengths of the crystals used in our experiments
varied from 8 to 80 mm, with nitrate concentrations
in the range from $0'~ to 10'~ per cm~.

Apart from NO3 and NO2, the only impurity
ions detectable from the infrared spectrum were trace
amounts of NCO . For a number of crystals the NO3

and NO2
—concentrations were determined by means

of a spectrophotometric method. ' Values of peak ex-
tinction coeKcients as defined by

e,= (1/cf) in(re/I),

are shown in Table I.
It was found that the crystals were reasonably homo-

eneous in the NO3 and NO~ concentrations, although
with a slight increasing concentration from top (first
crystallized part) to bottom.

The cells used for our infrared measurements were

the conventional type conduction cryostats cooled with

liquid nitrogen or liquid helium.
The spectra were measured on Perkin-Elmer models

13 U, 337 and ii2 6, Gushed with dry nitrogen to
remove atmospheric water vapor.

Ke studied the frequency region near the v3 funda-
mental vibration of the NOg ion in the alkali halides.

F' ure 1 gives the absorption spectrum at two if-igul
bothferent temperatures of a KBr crystal containing o

NO3 and NO2 ions.
At room temperature there are two very broad ab-

sorption bands in the region of 1200-1600 cm '. Cool-
'th liquid nitrogen (77'K) reveals more struc-

ture. The va and vi fundamentals of nitrite are found
at 1280 and 1320 cm ', respectively. At approximately
1390 cm ' the v3 fundamental of nitrate is observed,
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Fxe. 1. The frequency region of
1200-1600 cm ~ of a KBr crystal con-
taining nitrate and nitrite ions. Crys-
tal thickness 55 mm. Cwo, -=5.5
pM/cm', CNo, -=8@M/cm». Loga-
rithms are to base 10.

4 J. van der Elsken and S. G. Kroon J. Chem. Phys. 41, 3451 (1964).' W. Gomes, Z. Anal. Chem. 216, 38l (1966).
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with a much weaker band at 1430 cm ', due to the
first overtone 2v4 of nitrate.

Ke will concentrate our attention here on the ab-
sorption structure on the high-frequency side of the
nitrate fundamental. This sideband structure is clearly
exhibited. in the spectrum at 77'K, and remains un-
altered. in the temperature region 90—4'K; above 90'K
the bands broaden rapidly.

Drastic changes are observed in the nitrate v~ ab-
sorption band itself when the temperature is lowered
from 77'K to liquid-helium temperatures. An example
is given in Fig. 2, for KBr.'NO3 . This high resolution
spectrum (spectral slit width 0.5 cm '), shows a
number of very sharp peaks at a few wave-numbers
distance from one another. The fine structure is com-
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TAsLz II. Frequencies (cm ') of absorption bands in alkali
halides at 77'K relative to the frequency of the v& fundamental
vibration band of NO3 .
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F&G. 2. The ve fundamental of nitrate ions in a KBr crystal
cooled vrith liquid helium. Crystal thickness 9 mm.

CNo, -=5 pM/cm'.

Logarithms are to base 10.

pletely spread out at 77'K. It is obvious from the dif-
ferent temperature behavior that the splitting in the
main band and the above mentioned sideband struc-
ture are of diferent nature.

The splitting shown in Fig. 2 has been explained as
a rotational structure. ~ 7 From the spectra it has been
inferred that the nitrate ion might perform a librational
motion around the top axis.

At this point we will not discuss the fine structure
of the main absorption band; we will concentrate our
attention on the sideband structure observed in com-
bination with the nitrate vg. This structure consists of

a continuous absorption with some broad maxima, and
extends to about 200 cm ' above the fundamental
band. In the alkali bromides and iodides there are also
a few sharp bands in this region. A survey of the
spectra obtained for a number of alkali halides is given
in Fig. 3, while the frequencies of the broad and sharp
absorption features are given relative to the nitrate v3

frequency in Table II. The frequency of this fund. a-
mental in various matrices is shown in Table III.

The dashed lines in Fig. 3 indicate the estimated
total contribution of the absorption bands vj of NO2
and v3 and 2v4 of NOI to the absorption spectrum
shown. %e did not obtain reliable results for NaCl: NO3
because of a clustering of the nitrate ions at the con-
centrations used (0.01%).

III. GROUP-THEORETICAL CONSIDERATIONS

In order to determine qualitatively whether it is
possible to interpret the observed sideband structure
in terms of phonon spectra, we can use the rules of
group theory.

TAsLE III. Frequencies of the vs fundamental vibration of NO3
in alkali halides (in cm ').

6 V. Narayanamurti, W. D. Seward, and R. O. Pohl, Phys. Rev.
148, 481 {1966).' R. Bonn, R. Metselaar, and J. van der Elstten, J, Chem. Phys,
46, 1988 (1967),

KCl
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1387 NaBr
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TABLE tIt'. Impurity induced infrared activity under the local symmetry groups. Notation of the lattice modes s (k) according to
Table IV.

Ion
Mol.

group
Loc.

group
Fundamentals Far-1Dfrared

phonons y(k)
Near-infrared

comb. modes s;+u(If' )

NQ3

NQ2

CI„Active for ~ =1, 2, 3, 4 Active for all k Active for all j and k

Active for all i and kC2 Active for 4=1 2 3

Day Active for $=2q 3

Active for all k

v(I.)LQ and TQ for- p~+~(J) LQ and TQ forbidden„~2+v(I')
bidden; aB other forbidden; u~+s (X) forbidden;
phonons active g ~+p(I) LA and TA forbidden;

s 3+~(k) selection. rules equal to those
for p~+~(k); all other combinations
active

QH

Active for i= j., 2, 3

Active

Active for all k

Active for aH k

Active for all i and k

Active for all k

tion should be possible has been put forward by FrcvcP'
for the case of a nitrate ion in KBr.

For these reasons we have taken group C3„ to be the
local symmetry group.

The most probable symmetry groups I. for a num-
ber of di6erent ions are given in Table V.

A reduction of the phonon representations into ir-
reducible representations of the group I. allows the
investigation of the infrared optica1 activity of the
phonons. The condition for an optically allowed phonon
transition is that the 3-dimcnsiona1 transIation vector
is contained in the representations of the phonon which
is under consideration.

H the representations of the internal vibrations of
the complex ion are also known under I, we can 6nd
out. whether combinations of an internal mode with a
lattice Inode are allowed.

The results for a Dumber of ions are shown in
Table V.

Table V shows clearly that, for a crystal with an
impurity hardly Rny p110Don trRnsltloD wl11 gcDclR11y
be forbidden for syIIUnetry reasons. Qf course the
group-theoretica1 discussion merely informs us whether
the transition integrals arc zero or nonzero. Only an
exact calculation of the matrix elements can give us
information about the intensity of the absorption bands.

Such a calculation has been carried out for the pho-
non absorption due to an impurity in the center of a
diatomic linear chain": The extinction coeKcients were
calcu1atcd fron1 Rn RppI'oxlIDRtlon of thc dlpolc mo-
ment derivative of the vibrating chain as a function
of the mass and the nearest neighbor force constants
of the impurity. A very considerable alteration in. the
intensity distribution over the branches results, de-

pending on thc mass RIll force constRnt ratio. This
implies that the absorption is proportional to thc den-
sity of states multiplied by a frequency-dependent
weight factor. Only in some special cases is this weight
factor constant over the whole frequency range.

In our case of a combination band (internal vibration-
phonon) the transition is forbidden in the harmonic
approximation. The nonzero part of the transition-
matrix elements is due to third- and higher-order terms
in the dipo1C-moment expansion. Neither of these con-
tributions is generally known.

If the anharmonic terms are small, perturbation the-
Oly can bc used fol thc cvRluatlon of thc matrix clc-
ments. The denominator of the resulting expression
will in that case contain the difference of the frequency
of the sideband and the frequency of the main band.
This gives a contribution to the weight factor, which
causes a decrease in the absorption intensity with in-
creasing distance to the main band (the pure internal
transition of the impurit)") ~

However, specific interactions of the impurity with
its surroundings can have a more pronounced effect on
the weight factor.

This may result in large differences in the absorption
spectra, as is clearly den1onstrated when we compare
two recent publications on the sidebands of localized
vibrations of hydrogen ions.

In the case of hydrogen ions in CRF~, R decreasing
weight factor with increasing frequency diGerence to
the main band was found. '4

On the other hand, the observed sideband structure
found with H ions in KBr showed that there is mainly
coupling to optical phonons in this case. The spectra
were satisfactorily explained with R model in which

"L.K. Frevd, Spectrochim. Acta 15, 557 (1959)."L.Genzel, K. F. Renk, and R. lVeber, Phys. Status Solidi 12, '4R. J, Elliott, W. Hayes, G. D. Jones, H. F. Macdonald, and.
659 (1965), L". T. Sennett, Proc. Roy. Soc. (London) A289& 1 (1965).
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the H ion is anharmonically coupled with its nearest
neighbors in the direction of vibration. "

To summarize, we can say that there can be a side-
band structure superposed on a vibrational (or elec-
tronic) absorption band of a substitutional impurity
in an alkali-halide crystal representing the phonon fre-
quency distribution, possibly multiplied by a frequency-
dependent weight function.

Gap
Maximum exptl.
frequency infrared

Gap
shell

model

Gap
dd

model

TAsx.z VI. Values of the maximum frequencies oL, (cm ~) for
the alkali halides according to the deformation dipole model.
Boundaries (cm ') of the frequency gap between the acoustic
and optical phonon branches as found from the near-infrared
spectra (this work), from shell-model calculations based on
neutron-scattering experiments' and from deformation-dipole-
model calculations. b

IV. LOCALIZED VIBRATIONS

We have shown in the previous section that combi-
nation bands of an internal vibration with lattice vi-
brations of the matrix are rather easily realizable.

In Sec. V we shall present more evidence that the
broad sideband structure observed in the nitrate ab-
sorption spectrum is indeed related to the phonon fre-
quency distribution of the alkali halide. In the bromides
and iodides, however, a number of sharp bands were
observed in the frequency regions where the phonon
spectrum shows a gap.

Similar bands have been observed in the far infrared
spectra. '

The position of the peaks and their small half-width
induced us to the assignment to localized vibrations of
the impurity ion."

It has also been assumed by some authors ""that
these bands are due to librations, but no a priori
calculations have been carried out as yet to check this
theory.

A relatively simple approach to the calculation of
local mode frequencies has been given by Sievers,
Maradudin, and Jaswal. "We have applied this theory,
assuming that one of the halide ions of our matrix is
replaced by an ion that diGers from the original ion in
mass only, and that leaves all force constants un-
changed.

Using this isotopic substitution model, the move-
ments of the impurity ion can be described under the
point group OI,. Then, the only existing vibrational
motion of the impurity transforms like the threefold
degenerate representation P~„.

The theory now predicts a local mode of frequency
x, when the equation

1/e= x'A (x)

'5T. Timusk and M. V. Klein, Phys. Rev. 141, 664 (1966).' K. F. Renk, Phys. Letters 14, 281 (1956); 20, 137 (1966).' C. D. Lytle and A. J. Sievers, Bull. Am. Phys. Soc. 10, 616
(1965).

~ A. J. Sievers and C. D. Lytle, Phys. Letters 14, 271 (1965).
'9 R. Metselaar and J. van der Elsken, Phys. Rev. Letters 16,

349 (i966).
~H. Bilz, K. F. Renk, and K. H. Tirrtrnesfeld, Solid State

Commun. 3, 223 (1965).
"W. D. Seward and V. Narayanamurti, Phys. Rev. 148, 463

(1966).
2~ A. J. Sievers, A. A. Maradudin, and S. S. Jasvral, Phys. Rev.

138, 272A (1965).

KI
KBr
KCl
NaI
NaBr
NaC1

135.2
162.0
210.1
195.0
220. 2

258.5

69-90
90-95
no gap
82-110
90—130
no gap

70-96
90-92

77-117

64-82
no gap
no gap
72-95
100-110
no gap

~ References 27 and 28.
Reference 10.

is satisfied. Here the dimensionless frequency x is de-
6ned by x=o/o&, ol. being the maximum frequency of
the crystal (in cm '). e is a mass-defect parameter,
according to the definition

M'= (1—e) M,

M= mass of the original halide ion; and M'= mass of
the impurity ion.

The function A (x), which is related to the Green's
function of the alkali-halide matrix, is defined by

A (x) = (31V) 'P Q ~W—(v., kg) ~'/Lx' —X (k)g} (2)

"A. A. Maradudin, E. W. Montroll, and G. H. Weiss, Solid
State Phys. Suppl. 3, 129 (1963).

24R. Metselaar, dissertation, University of Amsterdam, 1967
1unpubhshed ) .

E=number of points in the first Brillouin zone,
w(~, kj) =eigenvector for the «th kind of ion, associ-
ated with an eigenvalue X;(k), where k denotes the
phonon. wave vector and j the phonon branch. P de-
notes the Cauchy principal value.

The method of solving this equation has been dis-
cussed elsewhere " "We evaluated the function x'A (x)
for the halide ions using the Hilbert transform method.
The values of the eigenvectors and eigenvalues em-

ployed here, were those calculated by Karo and Hardy"
from their "Deformation Dipole Model" with 1000
points in the first Brillouin zone.

The solutions of Eq. (1) are now easily obtained
from a plot of the function x'A(x) versus x. The
intersections of this curve with a horizontal line drawn
at a height of 1/e give the local mode frequencies.
The frequencies are found in wave number units after
multiplication of x by the maximum frequency az, for
the lattice, as given in Table VI. The results for six
of the alkali halides are shown in Fig. 5.
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0.0 0.2 0.4 0.5 O.B 1.0

Fzo. 6. The linewidth y of a resonance mode of a negative impur-
ity ion in NaBr as a function of its frequency.

~ Dr. A. A. Maradudin informed us that semi&ar deviations were
obtained in a recent calculation by Dr. G. Benedek, also using
1000 points, but with a different arithmetic method.

'6 Because of a printing error, the original expression contains a
factor x' instead of x.

It is of interest to compare our results for KI with
those of Ref. 22. The over-all agreement between the
curves is satisfactory, but there are some quantitative
differences for certain values of x. The diBerences are
probably due to the fact that we used a sample of
only 1000 points in the Grst Brillouin zone, against
5000 points used by Sievers e/ ul »"

From Fig. 5, together with the data given in column
three of Table VI, it is obvious that the solutions of
Eq. (I) will not generally be restricted to the region
of the frequency gap between the acoustic and optical
branches or above the optical branches, but do like-
wise exist in regions in between. The corresponding
modes are called resonance modes. In the harmonic
approximation the gap modes cannot exchange energy
with the other normal vibrations of the crystal; that
is, the corresponding absorption bands have zero band-
widths. The resonance modes, however, being situated
in the band of allowed frequencies, will have a 6nite
bandwidth even in the harmonic approximation.

For an estimate of the width y at half the height of
the resonance modes, we used the quantitative expres-
sion given in Refs. 22, 26.

We have shown only the result for NaBr here (Fig.
6). Apart from the gap region where y=0, the band-
widths are always large ()20 cm '). An analogous
behavior is found for the remaining alkali halides.

So far this theory, as outlined here, has been ap-
plied successfully to the far-infrared spectra of Cl ions
in KI.22 To see if the qualitative aspects of the spectra
of nitrate and other complex ions dissolved in the
alkali halides can also be understood in terms of local-

ized modes of the impurity, we shall discuss a number
of examples in the last section. Several objections can
be raised against the use of the isotopic substitution
model for the complex ions. One of the major dis-
advantages is the fact that, because of the assumption
of a spherical mass point, only one threefold degenerate
local mode is predicted. Since most of the complex ions
which are to be considered here are by no means
spherical ions, we can expect a splitting of the result-

ing absorption band. The number of components and
their infrared activity can easily be predicted if the
local symmetry around the ion is known.

A number of improved calculations, including changes
in nearest-neighbor repulsive forces, is being carried
out in our laboratory.

An eGect which can scarcely be taken into consider-
ation in this theory is a possible relaxation of the
matrix around the impurity. Such a relaxation is ex-

pected to be important when very small or very large
ions are substituted in the alkali halides.

V. INTERPRETATION OF THE SPECTRA

A. Frequency Distributions

We showed that combinations of an internal vibra-
tion of the impurity ion with lattice vibrations of the
matrix may lead to absorption of electric-dipole radi-
ation. Owing to the nearly continuous distributions
of the lattice eigenfrequencies, broad absorption bands
are to be expected in this case.

For the alkali halides, as yet, there have been no
direct observations reported of phonon-frequency-dis-
tribution curves. We are forced therefore to compare
our experimental results with calculated frequency-
distribution curves. For example, we consider the
spectrum of KNO~ in KI (Fig. 3). On the high-fre-

quency side of the v3 vibration band of NO3, we

observe, apart from 2v4, a broad structure with two
sharp bands at 75 and 87 cm ' from the v3 frequency.
One may hope to get more information from this spec-
trum, if the absorption contribution of the v3 and 2v4

bands can be eliminated. For this purpose the line

shapes of these bands should be known. We have as-
sumed a I.orentz form, though deviations in the wings
are known to occur with this band form. At 77'K, the
temperature at which the spectra were taken, there is
also a contribution of the very broad v& of NO2 . In
Fig. 3 we have indicated the estimated total contribu-
tion of the NO2 v~ and the NO3 v3 and 2v4 to the
observed spectra. We realize that no high accuracy
can be claimed and consequently the contributions to
the low-frequency part (0-50 cm ') of the sideband
structure are rather uncertain.

The spectra for 6ve alka)i halides, obtained after
subtraction of the contributions of the internal vibra-
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Fxo. 8. —Experimental frequency distributions for three
alkali halides obtained from Fig. 7 after subtraction .of the sharp
absorption bands and subsequent normalization. ——.—.Distri-
bution curve calculated from the deformation dipole model re-
sults (see Ref. 10). —--- Distribution curve calculated from
the shell model results (see Refs. 27, 28) .
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FIG. 7. Additional absorption intensity at 77'K on the high-

frequency side of the nitrate ~: fundamental (solid line}, compared
vrith the calculated phonon frequency distributions, deformation
dipole model (Ref. 10},(dashed line) . Frequencies relative to v~.

tions, are given in Fig. 7, together with the theoretical
one-phonon frequency-distribution curves calculated
from the deformation dipole model. '0 The absorption
CUrvcs ln thcsc plctulcs al'c conveniently scaled, so
that a comparison of the frequencies of the maxima
in the absorption curves with those of the frequency
distributions can be made. We now see that the maxima
of the broad bands in our spectra are found close to the
maxima of the theoretical distribution curves. There-
fore, we conclude that the broad absorption bands are
due to combinations of the v3 vibration of the nitrate
ion and the lattice vibrations of the alkali halide host
lattice. In &his way thc infra, red spectra of complex
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TABLE VII. Heat capacities for the alkali halides. (I} Experimental data, ' (II) calculated from the experimental frequency distri-
bution curves (this work) and (III) calculated from the Deformation Dipole model b

T('K) I
KI
II

KBr
II

KCl
II

20
30
40
50
60
70
80
90

100
120
140
200
260

2.71
4.79
6.33
7.81
8.75
9.43
9 91

10.28
10.57
10.95
11.22
11.59
11.79

2.92
4.96
6.55
7.72
8.66
9.33
9.86

10.24
10.50
10.90
11.05
11.51
11.78

2.93
5.12
6.83
8.08
8.97
9.60

10.07
10.41
10.67
11.02
11.25
11.58
11.72

1.60
3.51
5.30
6.76
7.87
8.73
9.33
9.80

10.15
10.68
11.02
11.54
11.80

1.99
3.96
5.64
7.02
8.05
8.75
9.33
9.78

10.10
10.56
10.82
11.38
11.54

1 ~ 78
3.86
5 ' 71
7.15
8.20
8.97
9.54
9.97

10.30
10.75
11.04
11.48
11.66

0.71
1.99
3.56
5.05
6.31
7.35
8.16
8.79
9.31

10.06
10.52
11.24
11.56

2.04
4.52
4.98
6.39
7.54
8.54
9.04
9.47
9.91

10.45
10.96
11.44
11.64

0.78
2.23
3.93
5.46
6.72
7.69
8.45
9 04
F 50

10.15
10.58
11.23
11.51

~ Reference 29. b Reference 10.

ions supply valuable experimental information on the
lattice dynamics of the matrix. This is especially im-
portant since the theoretical-distribution curves are
known to be only poor approximations. Not only the
positions, but also the number of maxima in the the-
oretical curves, depend strongly on the potential-energy
model used. This is demonstrated in Fig. 8 for KBr
and KI, where two curves are presented, calculated
from difterent models. ' '~' Next we will try to verify
the quantitative accuracy of the experimental curves.
This actually means that we determine the weight
factor with which our curves have to be multiplied to
represent the true frequency distributions.

The accuracy of a frequency distribution can be
checked by calculating the specific heat from the dis-
tribution and by comparing this with the available
experimental values. This calculation is only possible
if we do not count the sharp peaks in our spectra,
which are apparently of a diferent nature.

We first plotted the absorption against the frequency
r. The sharp bands were subtracted by assuming a
symmetrical band shape of Lorentzian form. The area
under the resulting curve was determined by means
of a planimeter. After normalization to unity accord-
ing to the equation

0 do=T,
0

we obtained the f(o)curves as shown . in Fig. 8. In
this figure we also indicated the theoretical frequency
distribution on the same scale. For the temperature

~ R. A. Cowley, W. Cochran, B. ¹ Brockhouse, and A. D. B.
Woods, Phys. Rev. 131, 1030 (1963).~ G. Dolling, R, A. Cowley, C. Schittenhelm, and I.M. Thorson,
Phys. Rev. H'F, 577 (1966).

region IO—300'K the specific heat at constant volume
was calculated from the observed distributions using
the re]ation

I 2kTj &2kT]
(4)

+ W. T. Berg and J. A. Morrison, Proc, Roy. Soc. (London)
PgqZ, 467 I,'1957),

In Table VII our results for the potassium halides
are compared with the known calorimetrically deter-
mined values" and with the values calculated from the
deformation dipole model. ' The data from this table
are also shown in Fig. 9. Another commonly used
check is obtained by comparing the Debye temper-
atures 6~.

In Fig. 10 the Debye temperatures obtained from
our spectra are compared with those determined from
the experimental specific heat values" and those calcu-
lated from the deformation dipole (dd) model. "

In general, the agreement between the diferent c,
and 0& values can be called satisfactory, though there
are exceptions to be discussed. The deviations at low
temperatures are probably due to the uncertainties in
our curves at low frequencies. In fact, this part of our
curves is hidden under the v3 and 2v4 absorption bands
of the nitrate ion. Since only the lowest frequencies
play a part in the determination of c, at low tempera-
tures Ldue to the factor csch'(hco/2kT) j, the discrep-
ancies in c, and e~ are expected to be large.

The agreement for KCl is not as good as for KBr
and KI. Comparison with the calculated distribution
curve for KC1 (cf., Fig. 8), shows that maxima occur
at nearly the same frequencies; there is, however, a
large intensity difference on the high-frequency side.
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FzG. 9. The specific heat at constant volume of the potassium halides at different temperatures, sohd line: experimental values (see
Ref. 29), points calculated from the experimental frequency distributions as shown in Fig. 8.

The results for KBr also show that the differences
are found. mainly for the lowest and highest frequen-
cies. For KI the results are in excellent, agreement
w1th thc experimental c~ values. 9 Comparing thc calo"
rimetric values of c, with the values calculated from
the dd model frequency distribution and with those
calculated from our experimental distribution function,
we 6nd that a much better result is obtained in the
latter case. The main differences from the dd mode1
curve are found near the high-frequency side of the
optical branches. Our curve agrees rather well with
that of Boiling et el.'8 These authors recently pub-
lished the results obtained from an accurate model
calculation with parameters which were adjusted to
give an optimal representation of their experimentally
determined eigenfrequencies. The sharp peaks, which

they predicted in the acoustic and opticaI branches,
are not resolved in our spectra.

Of the sodium halides, NaCl showed one broad band
with a maximum near 35 cm '. However, in this case,
the results are unreliable because of the formation of
clusters of nitrate ions.

In NaBr the frequencies of the maxima roughly
correspond with those of the maxima in the dd model
frequency distribution, but the exact band form is
obscured by the many sharp peaks near the frequency
gap at the top of the optical branches.

For NaI the frequencies of the maxima again corre-
spond with the calculated frequencies.

The intensity distribution shows large deviations for
the optical branches in the case of KCl. One can, of
course, assume a varying weight factor to account for
the deviations in our distribution curves, but this
would be in contradiction with the results obtained.
on KBr and KI. It is also possible, however, that the
deviations in the distributions of KC1 and NaI are
only trivial. If the contribution of the nitrate ~3 and
2' absorptions is larger than we assumed, the resulting
distribution curve would be lower in the low-frequency
region and, because of the normalization, there wouM.

be an increase in the high-frequency region.
Generally, we conclude that the broad, bands ob-

served on the high-frequency side of the va fundamen-
tal of nitrate ions in an alkali halide represent the
maxima in the distribution function of the lattice fre-
quencies. No relation can be given determining the
weight of the frequcncics in this distribution.

In thc last section we also discuss the results ob-
tained by several investigators on the far-infrared spec-
tra of impurity ions in alkali halidcs. These experiments
likewise support the above mentioned. conclusions.

Finally, we note that there are other physically in-
teresting data to be found from our spectra, viz. , the
frequencies of the gap between the acoustic and optical

200-

eo 'K

KX

KBr

KCl

200-

100
0 100 300 100.0 100 200

I
t
I
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FIG. 10. Debye temperatures as functions of temperature for the potassium halides. experimental values (See Ref. 29). —— cal-
culated values (this work) ————calculated, deformation dipole model (see Ref. 10).
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TABLE VIII. Comparison of calculated and observed frequencies (cm «) of resonance and gap modes of some impurity ions in different
alkali halides.

Investigators Source Reference
Gaps and gap

Qlodes

This work
This work
This work
This work
Narayanamurtl c.s.
Cundill, Sherman
Renk
Lytle, Sievers

calc. dd
expt. near infrared
cal. dd
expt. near infrared
expt. near infrared
expt. near infrared
expt. far infrared
expt. far infrared

6
30
16
17

Gap in KI
Gap in KI
NOs,
NO3

NOg

NOg

NO3

NOs

64-82
69-90

50, 52, 58 68.5
73, 87
73, 88
74, 89
72.8, 88, 89
73.3, 88

This work
Narayanamurti c.s.
Renk
Sievers, Lytle
Timusk, Staude

This work
Seward c.s.
Lytle, Sievers

calc. dd
expt. near infrared
expt. far infrared
expt. far infrared
expt. ultraviolet

calc. dd
expt. near infrared
expt. far infrared

NO2,
NO2,
NOp,
NOg,
NOs,

CN,
21 CN,
Unpublished CN,

50, 58 73
53, 63 71, 79, 80.5
55, 65 71.1, 78, 79.4
55, 63 71.2, 78.4, 79.5

635 70

49, 53, 57 78
43, 60, 68 83

(35-70) 81.5

137, 206

136, 206

104, 116

This work
Renk

-calc. dd
expt. far infrared

OH,
OH,

49, 53, 57 81
63.7, 69.5 77, 86, 87, 88

This w'ork

This work
This work
This work
This work

Lytle, Sievers
This work
Cundill, Sherman
This work
Decius c.s.

This work
This work
This work
This work
Cundill, Sherman

This work
This work
This work
This work

calc. dd
expt. near infrared,

calc. dd
expt. near infrared
calc. dd
expt. fax' infrared
calc. dd
expt, . near infrared
calc. dd
expt. near infrared

calc. dd
expt. near infrared
calc. dd
expt. near infrared
expt. near infrared

calc. dd
expt. near infrared
calc. dd
expt. near infrared

30

52, 55, 62
72

51, 56, 61

Gap in KBr
Gap in KBr
NO3

NO3

NO3

Gap in NRBr
Gap in NRBr
NO3

NO3

Gap in NaI
Gap ln NRI
NOs, 62
NO3

NO2,
NO2,
CN,
CN
NCO-, 52, 55, 62
NCO

72-95
82-110
75
86
82
83.8, 93.9
94
93
84
91, 105

None
90-95
None
95
93

100-110
90-130
None
95, 105, 113, 128 221

K. F. Renk, Phys. Letters 2Q, 137 (i966).
"J.C. Decitus, J. L. Jacobson, W. F. Sherman, and G. R. wilkinson, J.Chem. Phys. 43. 2iSQ (1965).

branches. For KI a well-defined frequency gap was
found, extending from N to 90 cm '. Therefore, the
gap is much larger than calculated from the dd model
(64—82 cm-'). Our results were con6rnmd by the neu-
tron-scattering experiments, '9 which produce as result
70—96 cm '. For NaI we found a gap from 82—110
cm ', where the dd calculations predicted 72—95 cm '
for the frequency gap. For KBr a gap of only a few
wave numbers seems to be present at about 90 cm ',

in good agreement with the neutron-scattering results. "
For NaBr, assuming that all four sharp bands, ob-
served near 100 cm ', are situated in the gap, the gap
boundaries will be about 90 and 130 cm-'. No gap was
found for Kcl and NaCl, in accordance with the the-
ory. '0 The results are summarized in Table VI.

We found that the spectra did not change much
from liquid-helium temperature up to about 90'K.
This can be explained if only binary combinations
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(phonon)+(internal) play a part. At higher tempera-
tures, where evidently multiphonon processes are in-
volved, the bands broaden to one structureless ab-
sorption. The difference bands (internal) —(phonon)
which fall in the region of the strong nitrite absorption
bands have not been observed. At high temperatures
the nitrite absorption makes the observation impossi-
ble; at low temperatures the intensity will be too low,
because of the exponential decrease with temperature.

90-
cm-'

80-

X
'X

B. Localized Modes

Apart from the broad bands, our spectra show a
number of sharp peaks. Though the frequency gap for
the alkali bromides and iodides is not accurately known
in all cases, these sharp bands are undoubtedly situ-
ated in the gap or in the immediate vicinity of the
gap. For the bromides there are also some bands just
above the maximum frequency of the optical branches.
These facts suggest that the absorption bands may
be due to local vibrations of the impurity ion. For
this reason we developed the theory for the calcula-
tion of local mode frequencies in the alkali halides.

Since the impurity, in our approximation, is only
characterized by its mass, solutions can easily be ob-
tained for a wide variety of impurity ions. Apart from
our own exyerimental results on N03 ions, we will
therefore also discuss the results obtained by several
investigators on a number of diGerent impurity ions.
It will be shown that the theory gives a satisfactory
explanation of the widely diGering experiments, in this
way supporting the assumption that localized vibra-
tional modes are being observed in these cases. A
survey of the results of our calculations, together with
the available experimental data, is given in Table VIII.

First, we shall discuss the spectra found in potassium
iodide in detail. The gap is experimentally found be-
tween 70 and 96 cm ', whereas the dd model predicts
a gap between 64 and 82 cm '. For ease of reference
the region of the gap for KI is given in Fig. 11 (dd
results). The values of the mass parameter 1/e for a
number of impurities in KI are shown on the abscissa
in this figure, and the frequencies of the resulting gap
modes from the deinition 0.=o-~x on the ordinate. The
maximum frequency of KI is Oz,

——135 cm ', according
to the dd calculations. As we have seen. from our
calculations (Fig. 5) there are also solutions in other
frequency regions. Since in these cases the phonon
density is nonzero, we will designate these solutions
as resonance modes. In. ,Table VIII the results of the
calculations for KI are compared with the experimen-
tally determined values. .

Concerning the nitrate ion it is seen from the table
that several authors did also Gnd the two frequencies
in the near infrared as combination bands, and in the
far infrared as separately occurring peaks. Two notice=
able aberrations are the splitting in the 88 cm ' peak
as reported by Renk. , and the peak at 182 cm ' men-

70-

CN
OH C I NO2ii

I

1.0

tioned by Cundill et a/. 30 In comparing the experimental
with the calculated frequencies, it should be realized
that the eigenfrequencies calculated from the dd model
do not give a suKciently accurate prediction of the
frequency gap. The frequency of the gap modes will
su6er the same inaccuracy but the values of the gap
mode frequencies relative to the limiting frequencies
of the gap are more signiicant. However, even taking
this into consideration, the splitting of the one pre-
dicted local mode into two frequencies should be ac-
counted for. The molecular symmetry group is D»,
the local symmetry group probably C3,. Under both
symmetry groups the threefold degeneracy of the gap
mode will be removed, resulting in one nondegenerate
and one twofold degenerate mode. For an orientation
of the nitrate ions with the threefold axis along the
cube diagonal the A component (parallel to the C
axis) will in all probability have the lowest energy.
We therefore assign the 73 cm ' band to the A compo-
nent and the 87 cm ' band to the E component of the
gap mode. The predicted resonance modes, one narrow
(14 cm ') near the top of the acoustic branches and
two broad (100 cm ') near 50 cm ', are not found
experimentally. In more accurate dd calculations" these
do not appear either. The origin of the band at 182
cm ', observed by Cundhill and Sherman, is uncertain.
We do not expect a local mode in this region. The 6rst

~' M. A. Cundill and W. F. Sherman, Phys. Rev. Letters l6, 570
(&966).

NO3

60 I
I 1

I

2.0 3.0

Fxo. 11. Frequencies of gap modes for a negative impurity ion
in KI as a function of the mass parameter 1/e=M/(M —M').
The experimental values are indicated for a number of ions, The
line is calculated according to the deformation dipole model
(Ref. &0).
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overtone of the gap mode is allowed under C3„but
the observed frequency is rather high. For the nitrite
ion in KI several authors have observed two sharp
bands at about 7j. and 79 em ', together vrith various
weaker and broader absorptions. The results obtained
from combination bands or from the far-infrared spec-
tra are about the same. Measurements in the ultra-
violet" showed one sharp band at 70 cm ' in combina-
tion with the vibronic band in which the totally sym-
metric bending vibration vras singly excited. Our calcu-
lations predict one gap mode at 73 cm ', whereas a
resonance mode might possibly be present at 58 cm '.
For an orientation of the nitrite ion vrith the tvrofold
axis along the L'1101 axis of the crystal, 6 the local
symmetry group would be C» and the threefold de-
generate gap mode would split in the species A~+ J3~+
82. All three components are allovred in a direct transi-
tion. In combination with the v3 (Bq) vibration only
two components, viz. , A~ and 8~, are allowed. The
selection rules for the ultraviolet spectrum cannot be
derived in the same direct, vray. The selection rules for
this case of vibronie coupling were derived by Bron
and Wagner. "Under C» symmetry the '82 electronic
state of the nitrite ion can couple with A~ modes. As
only one band at 70 cm ' is observed in the ultraviolet
spectrum, vre assign this band to the A~ component
of the gap mode. Assuming that the frequency of this
mode would not be very diGerent for combinations
with the ground state or the 6rst excited state, vre

assign the frequency of 7j. cm ' as found in the infra-
red to this same mode. The bands at 79 cm ' may be
the 8& and 82 components. If the local symmetry were
lowered to C2, C„or E, a slight energy dMerence be-
tween these two components might be expected. The
bands found at higher frequencies are probably the
first and second overtones of the gap modes, vrhereas
the bands at 55 and 65 crn ' may very vrell be due to
the maxima in the phonon-distribution curve of KI.

As for the frequencies found in KI vrith CN and
OH impurities, it seems appropriate to assign the
bands found at 83 cm ' in the combination band and
at 81.5 cm ' in the far infrared to the one predicted
gap mode at 78 cm ' for the cyanide ion. For the hy-
droxyl ion one gap mode is predicted at 81 cm ' and, a
shar'p resonance mode at 57 cm '. The OH ions are
probably directed along the (100) axes." The local
symmetry group is therefore C4,. Hence, a splitting of
the gap mode in two active components of species A~

and E is possible. We assign the strong sharp bands
at 86.2 and 86.9 cm ', respectively, to the A& and E
components of the gap mode and the band reported
at 69.5 cm ' to the resonance mode.

The spectra that have been determined for various
impurities in the other alkali halides can be assigned
in a similar vray as for KI. The results can also be

"T.Timusk and W. Staude, Phys. Rev. Letters 13, 373 (1964).
32%. E. Sron and M. %agner, Phys. Rev. 139, 233 (1965).
~ U. Kuhn and F. LQty, Solid State Co~~un. 2, 281 (1964).

found in TaMe VIII. It is easy to indicate the gap
modes for sodium iodide. With nltrlte and cyanide
impurities some broad bands correspond to maxima
in the phonon distribution at 50 and 72 cm ', respec-
tively, at 125 cm '. According to the theory no gap
modes are to be expected in the bromides and in the
chlorides. As far as the chlorides are concerned, this
is in accordance with the experiments, but the results
found with the bromides are in striking contrast to
this expectation. In potassium bromide vrith nitrate
impurities there are two sharp bands at 95 and 165
cm ' and in sodium bromide four distinct peaks, vrhich

do have the appearance of local modes and, are situated
in the gap or above the maximum frequency.

VI. DISCUSSION

The material presented in the preceding section
clearly shows that we are justided in attributing the
broad absorption bands observed. on the high-frequency
side of the ve fundamental vibration band of nitrate
dissolved in an alkali halide, and the sharp bands found
in the same frequency region, to diGerent causes.

The supposition that the broad sideband structure
represents the phonon distribution of the matrix is con-
6rmed by the observed agreement between the specific-
heat values calculated from the spectra and the experi-
mental values of the speci6c heat. In the far-infrared
absorption spectra of NO3, NQ2, and CN in KI
and NaI, vrhich have been reported by other authors,
the distribution curves of the alkali halides are not
recognizable, but we do 6nd the maxima in this distri-
bution in accordance vrith the theory. From the distri-
bution curves observed in the near-infrared spectra, we

can, moreover, determine the boundaries of the fre-

quency gap, between the acoustic and optical branches,
present in the alkali iodides and bromides.

The sharp bands that vre observe in the spectra of
nitrate ions in the alkali bromides and iodides, are
situated either in this gap or above the maximum fre-

quency of the lattice. The same is to be found in the
far infrared spectra of several complex ions in these
matrices. From this we inferred that the sharp absorp-
tion bands must be assigned to the localized vibrations
of the complex ions in the host lattice.

The relation between the observed frequencies and
the local mode frequencies as predicted by the theory
is best illustrated by Fig. 11.The curve drawn in this
6gure gives the frequencies of the local mode in KI
as a function of the mass parameters. This curve is
calculated according to the theory as outlined here.
It allovrs for one local mode frequency for each im-

purity as a consequence of the simple isotopic substi-
tution model used. The dots represent the experimental
results. We have included in this 6gure the gap mode

frequency of Cl . Actually, this is the only ion having
the local symmetry group OI„as assumed in our model.
For the other ions the local sylnnmtry group is lovrer
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and hence the threefold, degeneracy of the localized
vibration may be removed. From the figure it is seen

that, in accordance with the theory, the frequencies
of the observed absorption bands decrease with in-

creasing mass of the impurity ion (increasing mass
parameter I/e). At the same time, the 6gure shows

the shortcomings of the calculations. In. the first place,
all the experimental points are systematically found
at higher frequencies than the theory predicts. Since
the same applies to the frequencies limiting the gap
(see Table VIII), it is probable that the values of the
eigenvectors and eigenfrequencies that we used in our
model calculations are responsible for this deviation.
In the second place, the occurrence of more than one
local mode in the spectra of some of the ions violates
the theoretical predictions. The observed splittings of
the absorption bands indicate that we should at 1east
account for the nearest-neighbor repulsive forces. It
is suggestive that the largest deviations, both for split-
ting and the frequency shifts, occur with the nitrate
ion and more particularly with the E component of
the gap mode for this ion. This may mean that the
nitrate ion, which is the largest of the ions under

consideration, causes a perturbation of the lattice.
Such a perturbation can certainly be expected where

the nitrate ion is dissolved in alkali halides with smaller
lattice constants. This may be the reason why the re-

sults of theory and experiment do not agree at all for
the alkali bromides. Similar conclusions have been made
for alkali halides with H iona (U-center bands). In
these cases the hydrogen ion is so much smaller than
the halide ion, that a relaxation of the lattice is prob-
able.

From our data it cannot be decided whether the
permanent dipole moment present in a number of these
ions influences the frequencies of the local modes. In
these cases the long-range forces may be altered too,
which can cause a decrease of the degree of locali-
ZatloIl.

However, more detailed calculations of the defect
modes will be feasible only when improved values of
the eigenfrequencies and eigenvectors of the pure alkali-

halide lattices become available.
Furthermore, it follows from the theory that, apart

from the strictly localized modes, vibrations with fre-

quencies i.n the regions with a finite phonon density
are also possible. Because of the interactions of these
resonance modes with the lattice modes, they have a
finite lifetime even in the harmonic approximation.
From our calculation we find in most cases bandwidths
of the order of 100 cm ', which indicates that it will

be difBcult in general to distinguish these absorption
band. s from the bands due to the continuum of lattice
modes. Our experimental results confirm this presump-
tion. The observed broad band's can be attributed to
the phonon. frequency distribution of the matrix, with-
out the necessity to assign some bands to resonance
modes.

We mentioned that the sharp bands have been as-
cribed to librations of the complex ions around one or
more axes.e'0»" However, in view of the agreement
between theory and experiment for a series of complex
ions, it is preferable to describe the absorption bands
in terms of localized vibrations.

On the other hand, we have to take into considera-
tion that a strong coupling between translations and
rotations is possible in many of these cases. This means
that the separation of these degrees of freedom in the
Hamiltonian is not valid and the use of these names
no longer makes any sense.

For a further test of the ideas developed here, it is
necessary to improve the calculations based on a more
detailed description, including changes in the force con-
stants and relaxation of the host lattice.

A series of measurements of the far-infrared-spectra
of complex ions in KI, NaSr, and NaI is in progress
in our laboratory.
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