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in all (1//Z)® and summations and integrations
over three independent momenta contributing

1 -
g S dhe ~ (V2)3.

The amplitude therefore behaves as
WA(VZ)}(VZ)S~VZ it W~VZ

as in Bopp’s theory. By similar considerations one
finds that the amplitude corresponding to a Feyn-
man diagram of any order behaves as V/Z. The
corresponding differential scattering cross-section
do/dQ is found to behave as 1/Z2. This behaviour

becomes somewhat milder if the amplitude is a

13 H. UMEZAWA, Quantum Field Theory, North-Holland Publ.
Co., Amsterdam 1956, pp. 41, 118.
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chain of diagrams, because then [using (4.5) as an
example] the scattering cross-section has to be di-
vided by e® and so behaves as 1/e*Z2~ (InZ) 2.
We see therefore that the Z-dependence of W which
was chosen? to ensure a finite, noninfinite mass of
the quasiparticles results in vanishing cross-sections
at least in the limit Z— c. This may best be un-
derstood by observing 14 that in a continuum theory
this procedure corresponds to the replacement
g— g/ A2, where A is the cutoff.

The author is indebted to Professor F. Borp for
suggesting this investigation and to him and Dr. E. G.
WEIDEMANN and M. LOWER for numerous discussions.

14 M. LOWER, Dr.-thesis, University of Miinchen 1970.
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Raman spectra of NaCl crystals doped with Ag* ions up to 3.5 mol% have been measured in
4 scattering geometries. In the impurity induced part of the Eg- and Fag-spectra the strongest peaks
are located at 85 and 171 ecm—!. Their intensities increase proportional to the silver concentration.
The second order Raman spectrum on the other hand appears to be independent of the Ag* content.
The spectra are fully explained by theory and by the assumption of Ag* pairs.

Introduction

Besides well known methods like optical absorp-
tion and thermal conductivity spontaneous Raman
scattering recently has proven as a useful tool for
investigating the influence of point imperfections
on the vibrations of the host lattice. If such imper-
fections are introduced into a cubic alkali halide
crystal the translational symmetry of the lattice is
disturbed. Then not only the two-phonon Raman
spectrum which is alone allowed in the pure crystal

1 1. P. HurreLL, S. P. S. PorTo, T. C. DAMEN, and S. Mas-
CARENHAS, Phys. Letters 26 A, 194 [1968].

2 R. Kaiser and P. MOckEL, Phys. Letters 25 A, 747 [1967].
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4 R. T. HARLEY, J. B. PAGE, JRr., and C. T. WALKER, Phys.
Rev. Lett. 23, 922 [1969].

5 M. I. W. SHEPHARD, A. R. Evans, and D. B. FITCHEN,
Phys. Letters 27 A, 171 [1968].

6 W.Horzer, W.F. MurrHY, H. J. BERNSTEIN, and J. ROLFE,
J. Mol. Spectr. 26, 543 [1968].

7 W. R. FENNER and M. V. KLEIN, Light Scattering Spectra
of Solids, ed. by G. B. WricHT, New York 1969 (Proc.

but also one phonon scattering may be expected.
This scattering is in general characteristic of both
the host lattice and the particular imperfections.

In recent years the influence of various kinds of
lattice imperfections such as atomic impurities ™4,
diatomic and molecular impurities 379 as well as
F-centers 1% 11 has been investigated in alkali halide
crystals. First order Raman effect could be clearly
established in KBr crystals, doped with CI~ ions?,
in NaCl doped with Ag*? and in three potassium
halides doped with TI* 4.

Int. Conf. on Light Scattering Spectra of Solids, New York
University, New York, Sept. 1968), p. 497.

8 R. H. CaLLENDER and P. S. PErRsHAN, Light Scattering
Spectra 1969, see. Ref. 7, p. 505.

9 W. C. HorLTtoN and M. pEWIT, Sol. State Communic. 7,
1099 [1969].

10 J. M. WorLock and S. P. S. PorTo, Phys. Rev. Letters 15,
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fornia, Irvine, Sept. 1967.
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RAMAN SPECTRA OF NaCl CRYSTALS

Raman experiments with doped alkali halides
supply information which cannot be obtained from
the IR absorption or the thermal conductivity !2.
While for the point group Oy of the alkali halides
only the odd vibration of Ty, is IR active, the even
vibrations of A;g , E¢ and Fy, type are Raman active.
The Raman active vibrations can be investigated
separately by measuring the crystal in the appro-
priate scattering geometry. Thus, in alkali halides
IR and Raman experiments complement each other.
Finally the thermal conductivity as an integral effect
is sensitive to odd and even vibrations. Here the in-
dividual vibrations cannot be observed. It is ex-
tremely difficult, if possible at all, to analyse the
temperature dependent thermal conductivity in terms
of special odd or even phonon vibrations.

In the system NaCl — AgCl a strong resonant ab-
sorption of type Ty, caused by the Ag* impurity
has been found in the IR at 50.5 cm™! (290 °K) 13,
On the other hand, the Raman spectra of these crys-
tals contain the E,, Fo; modes and vibrations by
impurity pairs as already reported by us previously
in a short note 4.

It is the aim of this work to investigate the in-
fluence of the Ag* concentration on these E, and
F3; modes and on the two-phonon processes.

Experimental

A Coherent Radiation Argon-ion laser operating with
0.9 W in the 4880 A line, a grating double monochro-
mator and a phase sensitive detection system were used.
The laser beam was focussed into the entrance slit of
the spectrometer. The spectral resolution is about
3em™ L

The Ag"® concentration of the samples was determin-
ed by neutron activation analysis. This method gives
the Ag* concentration in the system NaCl—AgCl in
good agreement with colorimetric ¥®* and chemical 152
analyses.

The crystals of rectangular shape are 30 —50 mm
long and 10 x 10 mm wide.

Scattering Geometry

The laser beam was incident parallel to the lon-
gest axis (Z) of the crystal, the X- and Y-axis co-
incide with the two shorter axes of the crystal.

12 M. V. KLEIN, in: Physics of Color Centers, Chapt. 7, ed.
by W. B. FOWLER, Academic Press, London 1968.

13 R. WeBer and F. SieBerT, Z. Physik 213, 273 [1968]
and private communication.

14 W. MOLLER, R. KAISER, and H. BiLz, Phys. Letters 32 A,
171 [1970].
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The four terms containing the X, Y, Z-axes used
in the following text and the figures indicate, ac-
cording to common praxis! the direction and the
polarization of the incident and scattered light as
follows: first term: direction of the incident light;
second term (first term in paranthesis): polariza-
tion of the incident light; third term (second term
in paranthesis) : polarization of the scattered light;
fourth term: direction of the scattered light.

The point group for an atomic impurity in the
NaCl crystal is Oy, . In this case only even vibrations
of the types Aj,, E, and Fp, are Raman active 8.
The crystals are measured in three geometries de-
noted by a, B, y. Though the three arrangements
(a, B, y) are sufficient for the complete determina-
tion of the three vibrations Ay, , E; and Fs, a fourth
geometry 0 was also measured in order to check the
other three geometries.

The tensor components a?, b%, d? of the Oy, point
group 16 are proportional to the scattering intensities
I in the appropriate geometry. The Fy, vibration,
corresponding to the tensor component d? can be
obtained in the Z(Y, Z) X arrangement (y), while for
the E; vibrations with the tensor component 3 b2 the
XY (XY, XY)Z geometry (B) was selected (XY in-
dicating T10, XY indicating 110 direction). The
Z(Y,Y)X arrangement (a) permits the sum of the
As¢ and E; vibrations with the tensor components
a®+4 b* frem which the A;, vibration can be ob-
tained by subtracting the b2 component of the E,
vibration, determined according to the (f) geo-
metry 1617, The fourth geometry XY (XY,XY)Z (9)
gives the sum of the Aj,, E; and Fy, vibrations
(tensor components a®+ b2 4 d?).

Results
Types of Vibrations

The Raman spectra of the NaCl crystal with the
highest Ag* concentration (3.5 mol-%) in the four
geometries a, 5, 7, & are presented in Fig. 1. The
tensor components d? for the Fo, (¥) and b2 for the
E; () vibrations are obtained directly, the tensor
component a? for the A, vibrations by the follow-
ing subtractions of the scattering intensities

15 K. FUSSGAENGER, W. MARTIENSSEN, and H. BiLz, Phys.
Stat. Sol. 12, 383 [1965].

152 We are grateful to Prof. A. WEiss, Universitit Miinchen,
for chemical analyses of our crystals.

18 R. LouDoN, Adv. Physics 13, 423 [1964].

17 M. KrauzMmaN, C. R. Acad. Sci. Paris 266 B, 186 [1968].
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Ia—4/3lﬂ or 16_1/3Iﬂ_17'

The measured intensities in the four geometries ac-
cording to Fig.1 are found to be consistent with
each other within a few percent.

In Fig. 2 the scattering spectra in the same geo-
metries as in Fig. 1, but for the pure NaCl crystal
measured under the same conditions as the doped
crystals in Fig. 1, are presented. These spectra are
in agreement with the results of KrAuzMAN 8.
A comparison of the Raman scattering of the dop-
ed NaCl crystals (Fig. 1) with the scattering of
the pure NaCl crystal (Fig. 2) shows that a num-
ber of additional scattering peaks with very strong
vibrations at 85 cm™! (Ez) and 171 cm™! (Fy)
arises in the doped specimen. The frequencies and
the types of vibrations found by us experimentally
are listed in the first column of Table 1. The ex-
perimentally determined wave numbers may be in
error by about £2 cm™.

Obviously the peaks at 47, 85/87, 112, 135/137,
171 are the same as the peaks at 58, 88, 117, 140,
177 cm™! reported by us earlier in the unpolarized
Raman spectrum?® with an equipment permitting
only limited accuracy particularly at small fre-
quency shifts.

Concentration Dependence of the Impurity
Induced and Second Order Raman Spectrum

Foe Spectrum

The Fy, spectrum showing the largest number of
features has been measured in NaCl crystals with
various silver concentrations (Fig. 3). The follow-
ing results should be noted:

With increasing Ag* content strong Raman scat-
tering arises below =200 cm™! with peaks at 87,
135 and 171 em™!. At 171 cm™! the scattering in
the crystal with the highest Ag* concentration (3.5
mol-% Ag*) according to Fig. 3 d becomes approxi-
mately four times stronger than the most prominent
peak in the second order spectrum of the pure crys-
tal (Fig.3a) at 236 cm™!. The scattering of the
crystal with 3.5 mol-% Ag" at 171 em™! (Fig.3d)
is more than 30 times stronger than the scattering
of the pure crystal at the same frequency (Fig. 3 a).

18 M. KrRAUzZMAN, Light Scattering Spectra, 1969, see Ref. 7,
p. 109.

19 G, BENEDEK and G. F. NARDELLI, J. Chem. Phys. 48, 5242
[1968].
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The spectra of the doped crystals below 2100
cm™?! consist of impurity induced contributions and
of second order components. This second order scat-
tering becomes more and more negligible the higher
the impurity induced spectrum grows. For compari-
son the second order scattering contribution is in-
dicated (dashed line) in the Figs. 3b —d.

In Fig. 4 the scattering intensity of the strongest
Fs, vibration at 171 em™! is plotted against the Ag*
concentration of the NaCl crystals. It turns out that
the impurity induced Raman scattering is propor-
tional to the Ag* concentration.

Since the impurity induced Raman scattering ex-
tends to no more than & 200 cm™! the second order
Raman spectrum, which is the only one present in
the pure NaCl crystals, can be observed in all the
Ag* doped crystals above =200 cm™!. It can be
seen from Fig. 3 a —d that the second order Raman
scattering of the Ag® doped crystals remains of the
same magnitude as the scattering of the pure crystal.
Therefore, the second order Raman spectrum ap-
pears to be independent of the Ag* impurity con-
centration.

E. Spectrum

Similarly to the Fs, spectrum the E, scattering in-
creases with the Ag”™ concentration as can be seen
from Fig. 5. According to Fig. 5, curve d, the stron-
gest peak in the E; spectrum at 85 cm™1! in the crys-
tal with the highest silver content (3.5 mol-% Ag")
is about 50 times stronger than the scattering of the
pure crystal at the same frequency (Fig. 5, curve a).

Also in the case of the strong E, vibration at
85 cm™! the scattering intensity plotted versus Ag*
concentration shows a linear relationship (Fig. 4).

Comparison with Theory and Conclusions

A number of papers have been published dealing
with response functions and different models of im-
perfect crystals 19721, The calculations of BENEDEK
and NARDELLI !? were made on the basis of Hardy’s
deformation dipole model for the host lattice dyna-
mics under the assumption that the non central inter-
action can be neglected. These authors give the pro-
jected density of states for the even symmetry modes

20 M. F. MacDonNALD, M. V. KLEIN, and T. P. MARTIN, Phys.
Rev. 177, 1292 [1969].
21 For further references see Ref. 19,
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(Fig. 3 a).

in NaCl. Their density of states is calculated for
various values of the fractional change in force con-
stant by the impurity. The change of the force con-
stant brought about by the Ag”™ impurity in NaCl
is calculated in Ref. 1? from the IR absorption of
the system NaCl—AgCl at 52.5cm™! (4.2 °K).
According to these calculations the density of
states for the Fy, vibrations of the NaCl crystal
shows peaks at 117, 140, 155 and 174 cm™!. In
addition the density of states in the NaCl lattice,
perturbed by the Ag™ impurity, results in a strong
E, vibration peaking at 87 cm™! and a smaller peak
at 137 cm™ 1. Since the Raman scattering tensor is
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proportional to the density of states the frequencies
according to the calculations of Benedek and Nar-
delli are listed in the second column of Table 1.

Comparing the calculated scattering peaks with
our experimental data the following points should
be noted:

150 o
7
=
3 Eq (85em™)
% 1001
<
«
(=
g
< g,
&
g S0+
S o
=
z -1
o Fzg (1Mem™)
1] 1 1 1
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Fig. 4. Concentration dependence of the sattering intensities
of the Eg- (measured at 85 cm~! in S-geometry) and Fag-
(measured at 171 cm—! in y-geometry) vibrations.
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Fig. 5. Raman scattering intensities of the Eg vibration (8-

geometry) for pure NaCl (curve a) and NaCl crystals con-

taining 0.35 mol-% Ag* (curve b) ; 1.4 mol-% Ag* (curve c) ;
3.5 mol-% Ag* (curve d).
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1. In the E; spectrum our experimental peaks at
85 and 135 cm™! agree well with theoretical pre-
dictions 19, The E; vibration at 85cm™! is also
in good agreement with the frequency of this vi-
bration suggested by thermal conductivity measure-
ments 2% 23,

2. In the Fs; spectrum four experimental peaks
at 112, 135, 155 and 171 are well accounted for
by theory.

3. The measured A;, contribution is so small that
it remains within the limits of error. Thus the pre-
dicted peak at 124 cm™! of the A, vibration could
not be found experimentally. In this connection it
should be pointed out that in KCI and K] halides
doped with TI** also no Aj, vibration has been
observed. Very small phonon scattering from Aj,
modes has also been concluded from the analysis of
thermal conductivity measurements 2% 23,

4. The scattering in the Fs, spectrum around
87 cm™! of medium intensity is not expected on
theoretical grounds. From the calculations only a
small feature shows up in the Fy, spectrum !?
around 80 cm™!. But due to the finite angle of the
scattering beam in the proper geometry for the Fo,
vibrations a certain percentage from the very strong
E, vibration at about the same frequency (85 cm™!,
Figs. 1 and 5) will also appear in the Fy, spectrum.

5. The scattering peaks at 47 cm™! which were
not explained by the theory of BENEDEK and NAR-
DELLI !9, appear only in crystals with a high silver
content. We found that both the scattering intensity
at 47 cm™! and the absorption constant of the A*
band in the UV which has been attributed to Ag*
pairs 15 are proportional to the square of the Ag*
concentration. Therefore, the peak at 47 cm™! was
assigned by us to a Ag* pair vibration . This Ag*
pair frequency in which the impurity is vibrating co-
incides aside from a small shift to lower wave num-
bers essentially with the odd, IR active Ty, mode
at 50.5 cm™1 (290 °K) 13,

The calculation of the frequency wp of this Ag*
pair vibration is strictly valid only for a vibration
of Fy, type. It is possible that the calculated pair
frequency of E; type turns out to be slightly differ-
ent from wp of Fy, type. Within experimental ac-
curacy, however, no difference in the low frequency

22 R. C. CaLpwerr and M. V. KLEIN, Phys. Rev. 158, 851
[1967].

23 F. C. BaumManN and R. O. Ponr, Phys. Rev. 163, 843
[1967].
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1 was found in the E; and Fs, vi-

peaks at 47 cm™
brations.

It must be mentioned that only the positions but
not the intensities of the observed and calculated
peaks have been compared. An additional compari-
son of the intensities might be particularly useful
if calculations based on different theoretical models
were available. Then the various models could be
judged how well they fit the experimental data. How-
ever, at present only the calculations of Benedek
and Nardelli are available.

In conclusion it can be stated that the experimen-
tally determined peaks in the scattering spectrum
are fully explained on theoretical grounds.

We thank Prof. K. DRANSFELD for his permanent in-
terest in this work. Thanks are due to Prof. H. BiLz
and Dr. D. STRAUCH for discussion and to the Deut-
sche Forschungsgemeinschaft for financial support.
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Experiment Theory 1° Ag* pair
cm—! cm—1! frequency 4
cm—1
Aig e 124
47 a
Eg 85 (s) 87
137 (m) 137
47 (w) 47.5
87 (m) (80), b
- 112 (w) 117
28 135 (m) 140
155 (w) 155
171 (s) 174

a The pair frequency of type Eg may be slightly different
from wp=47.5 cm—! (Fag-type), see text.
b Strong peak at 85 cm—1! in Eg geometry, see text.

Table 1. Position of the peaks in the Raman spectra (1. col-

umn: Experiment) and in the density of states (2. column:

Theory). The calculated Ag* pair frequency is listed in the

3. column. The observed Raman intensities are denoted by
s (strong), m (medium) and w (weak).

Microwave Absorption Spectra of AlF, GaF, InF, and TIF

J. HoEFT, F. J. Lovas, E. TIEMANN, and T. TORRING

II. Physikalisches Institut der Freien Universitdt Berlin

(Z. Naturforsch. 25 a, 1029—1035 [1970] ; received 4 May 1970)

Observation of various rotational transitions of four Group IIla monofluoride allowed the Dun-
ham coefficients Yy, , Y;;, Y5, and Y, to be determined. From the hyperfine structure of the AlF,
GaF and InF spectra, the nuclear electric quadrupole coupling constants, e gy Q, and spin-rotation
coupling constant, ¢;, were obtained for several vibrational states, v:

e qy Q(7AIF) = —37,75(8) +0,44(8)
e gv 0 (**Ga 1F) = —107,07(8) +1,09(7)

—67,46(8) +0,68(7)
—1727,06 (20) +6,64 (20) (v+1/2) MHz.

e gv Q("Ga F) =
e gy Q (*In *F) =

(v+1/2) MHz,
(v+1/2) MHz,
(v+1/2) MHz .,

Stark effect measurements on GaF and InF in the ground vibrational state resulted in the following

electric dipole moments:
69Ga 19F :
15[, 19F .

Introduction

Microwave absorption studies of the Group IIla
monofluorides have resulted in improved rotational
and hyperfine structure constants for AIF and InF
and the first observation of the GaF spectrum. Pre-
viously, only the v =0 and 1 spectra of AIF! and
InF 2 were reported, leaving the rather large Y,,

Sonderdruckanforderungen an Professor Dr. J. HoeFT, II.
Physikal. Institut der Freien Universitat Berlin, D-1000
Berlin 33, Boltzmannstr. 20.

1 Davip R. LiDg, Jr., J. Chem. Phys. 38, 2027 [1963] ; 42,
1013 [1965].

“o
Mo

| = 2,45(5) D,
| = 3,40(7) D.

(=7ye) rotational constant unknown, so that the re-
ported Y, and Y,; rotational constants are some-
what erroneous.

An additional goal of this work was to obtain
more accurate hyperfine interaction constants, e ¢ Q
and ¢y, for the Al, Ga and In nuclei and to deter-
mine the molecular electric dipole moments of GaF
and InF. The rotational constants 3, magnetic hyper-

2 F. J. Lovas and T. TOrrING, Z. Naturforsch. 24 a, 634
[1969].

3 H.G.FrrzKy, Z. Physik 151, 351 [1958]. — R.K. RrrcHIE
and H. LEw, Can. J. Phys. 43, 1701 [1965]. — A. H. BAr-
RETT and M. MANDEL, Phys. Rev. 109, 1572 [1958].



