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W. Bremser

1. Historic Introduction

Photoelectron spectroscopy with x-ray excitation was virtually unknown be-
fore the appearance of Siegbahn’s famous blue book ¥, which became bib-
liophilic rarity due to the great interest of the chemical community in this
new analytical technique. However, in the middle of the nineteen twenties
H. Robinson » in England and M. de Broglie 3 in France studied the energie
distribution of photoelectrons emitted by x-ray excitation. The photograph-
ically recorded spectra displayed characteristic long tails with sharp edges at
the side of high kinetic energies. These edges were employed for determining
the binding energies of electrons in different orbitals, giving only a rather
crude value of low accuracy. The sharp and well defined photoelectron lines
on the other hand resulting from the unscattered electrons could not be de-
tected because of the limited resolution of the early spectrometers.

K. Siegbahn succeeded with his knowledge of beta-ray spectroscopy ¥ to
improve this resolution considerably and demonstrated that the narrow photo-
electron line is not disturbed by the energy absorption processes leading to the
long tails at lower energy. A more precise determination of binding energies
permitted to detect the influence of changes in the chemical state of elements
and the discovery of the “chemical shift” of the photoelectron line ¥ pointed
out the usefulness of these data for applications in chemistry. This probably
prompted Siegbahn to name the new analytical technique *“‘Electron Spectro-
scopy for Chemical Analysis” (ESCA) ¢, a name still widely used because of
its brevity, even though it is not very specific: the term “electron spectro-
scopy” is familiar also to scientists working in the uv-visible range, while most
spectroscopic techniques are employed for chemical analysis.

Because of the rapidly growing interest, the development of commercially
available spectrometers was necessary to provide the analytical chemist with
an easy to use tool. J. Helmer 7-®) designed the first routine spectrometer with
sufficient resolution and sensitivity and coined the name “/nduced Electron
Emission” (IEE). The preretardation of electrons 7 and the use of an electro-
static analyser instead of the famous Siegbahn double focussing iron-free mag-
netic spectrometer **!% enabled him to build a smalil, rugged and easy to han-
dle system without the need for magnetic field compensation by Helmholtz
coils 19, Other commercial companies followed 'V and today the scientist
has quite a large choice of instruments to fulfill the different requirements of
his specific field of work.

The name most commonly used today is “X-Ray Photoelectron Spectro-
scopy” (XPS) which clearly distinguishesESCA from the closely related “UV-
Photoelectron Spectroscopy ™ (UPS). The latter technique uses UV-photons,
normally a He(I)-lamp of 21.21 eV, for the liberation of photoelectrons.
While only valence electrons can be observed, the resolution of UPS-spectra in
the gas phase is much higher, thus yielding detailed information on the struc-
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ture of molecular orbitals '*). The development of this technique is closely
connected with the names of D. Turner '*) and E. Heilbronner '*) and UPS-
spectrometers can be found in many modern laboratories. However, because
of the differences both in instrumentation '3) and in the information content
of the spectra, we will restrict ourselves in the present article to the x-ray ex-
citation and refer the reader interested in UPS to the appropriate review arti-
cles 12:16),

2. The Basic Experiment

As the name XPS implies, the analytical sample is irradiated with x-ray light
and the energy distribution of the emitted photoelectrons is recorded. Fig. 1
shows a comparison between the four different processes which are caused by
the interaction between x-ray photons and matter, and which can be observed
by four different spectroscopic techniques 17+18),
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Fig. 1. Comparison of the four different physical processes which can be observed during
the interaction of X-ray photons with matter 28, The two phenomena scetched below,
namely photoelectron emission and Auger electron emission, can be detected and measured
in a photoelectron spectrometer by determining the kinetic energy of the ejected “free”
electrons
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Fig. 2. Comparison of photo electron- and X-ray absorption spectrum 1. Both types of
spectra are a direct image of the orbital diagram of the element under study, however, the
resolution in the X-ray absorption is much lower because of the numerous possible final
states in the conduction or valence band

In the photoionisation process the x-rays liberate electrons in the various
orbitals of the chemical compound. Depending on the experimental set-up
and especially the photon energy Ex = hv, these electrons are either absorbed
in the valence band near the Fermilevel, or they leave the atom as free elec-
trons with a kinetic energy £,

EK =Ex -El (l)

which reflects the ionisation energy E; of the orbital. While in x-ray absorption
spectroscopy we measure the attenuation of the x-ray beam as a function of
the frequency v, photoelectron spectroscopy works with a constant photon
energy which should be as monochromatic as possible. In principle both types
of spectra contain the same information, however, the lines in the x-ray ab-
sorption spectrum are much broader due to the numerous possible electron
states in the valence or conduction band (Fig. 2).

After the primary process we have a cation with a vacancy in one of its
inner orbitals. In the following relaxation process this hole will be filled with
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an electron from an outer orbital. There are two possible ways in which the
system can loose this surplus energy:

either an x-ray photon is emitted (x-ray fluorescence) or
a second photoelectron is ejected (Auger electron emission).

Which of these two competing relaxation mechanisms can be observed, is
independe:at of the primary excitation and only a function of excited ion.
For light elements the Auger process prevails '*, while the heavier atoms
exclusively show fluorescence spectra.

Thus we have three possibilities to determine the electron binding en-
ergies by means of x-ray excitation:

1) from the edges of the broad x-ray absorption bands,

2) from the sharp lines in the x-ray fluorescence spectrum. How-
ever, this technique is restricted to elements of high atomic
number and because of the demanding experimental conditions
to rather stable inorganic compounds. Furthermore we only
observe differences between two orbital energies which in-
creases the line width, makes the whole spectrum more diffi-
cult to grasp and obscures chemical shift effects 2%,

3) from the kinetic energy of the emitted photoelectrons, which
either originate from the primary photoionisation process or
from the Auger effect. Again the Auger process is confined to
certain elements of the periodic table and three energy levels
are involved, adding to the complexity of the spectrum and the
observed line width 2V. However, chemical shifts can be ob-
served ¥ and increase the potential of this technique, especially
for surface investigation 22,

Photoelectron spectra on the other hand are a direct image of the orbital
structure of the element under investigation (cf. Fig. 2) because of the defined
energy of the “free electron™. This greatly facilitates the interpretation. All ele-
ments can be observed with approximately equal intensity 23:2*), Chemical
shifts are clearly visible. At the same time, the intense Auger lines can also
be detected by a normal XPS-spectrometer ), A distinction between these
two types of photoelectrons is easily possible by varying the excitation en-
ergy Ex . Therefore, modem spectrometers contain a split dual anode for easy
change-over from Mg Ka- to Al Ka-irradiation without mechanical alterations
or loss in sensitivity.

3. The Photoelectron Spectrometer

The aim of the XPS-experiment is the determination of binding energies
by measuring the velocity of the emitted photoelectrons. Fig. 3 shows the in-
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X-Ray Tube

Photoslectrons

Fig. 3. Schematic presentation of a typical photoelectron spectrometer. The sample is
introduced from the top. For detailed discussion see text

strumental realization of this principle. The whole arrangement is of rotational
symmetry along the dotted vertical axis. This 360° angle of acceptance of the
analyzer guarantees optimum sensitivity of the spectrometer for cylindrical
samples and a high flexibility when different sources from different angles
have to be incorporated. Such an arrangement with an electron gun for Auger
spectroscopy, an Al- and Mg-x-ray source for XPS and an He(I)-lamp for UPS
would allow an elegant combination of various techniques in one single spec-
trometer as well as “two-beam” experiments 3%,

Electrons from the heated tungsten filament are accelerated to the annular
anode. Depending on the anticathode material a characteristic fluorescence
radiation is emitted, passes through a thin Aluminum window and induces
photoelectrons on the surface of the analytical sample. These photoelectrons
are deflected in the spherical electrostatic analyzer, double focussed to elim-
inate stray electrons and finally counted by the electron multiplier. The whole
system works under a vacuum of 107% to 1077 torr or even 107!° torr, if sur-
face properties have to be studied. This vacuum is generated by a Titanium
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sublimation- or a turbomolecular pump, the sample can be entered through a
vacuum interlock without breaking the vacuum 7). If ultra-high vacuum is
desired or if volatile compounds are measured, provision for baking the system
should be made in order to allow fast cleaning of a contaminated system.

The line broadening A, introduced by an electrostatic analyzer is a fune-
tion of the kinetic energy Ex of the photoelectrons

AA =EK/A (2)

where A is the resolution of the analyzer. In order to enhance the resolution
without loosing too much sensitivity by changing the slit width, i.e. the value
of A, the photoelectrons are retarded by applying a negative potential Ex to
the sample and the sample cage 7). This permits to analyze electrons at lower
velocity

EKI=EK *ER (3)

and thereby higher resolution.

There are basically two different ways of sweeping a spectrum. Either the
potential between the two spheres of the analyzer is increased continuously,
thus bringing electrons of higher energy into the focus. Or the analyzer energy
E,, ie. the kinetic energy of the electrons that are focussed at the specific ana-

Line width
{filtered)

15000 375 15 4

Line width
(unfiltered)

0cco 250 1.0 1

Counting rate
5000 125 08

Sensitivity

Analyzer energy

Fig. 4. Variation of line width (A), counting rate (Z) and sensitivity (£) with changing
energy of the analyzed electrons 112, It is apparent that the line broadening introduced by
digital filtering is more severe for lower analyzer energies, i.e, higher resolution, because

of the quadratic terms in Eq. 6, The increasing noise at lower kinetic energies is responsi-
ble for the non-linear decay of the signal to average noise ratio (E). An illustrative example
is given in Fig. 12
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lyzer potential, is kept constant and the retarding voltage is increased continuously.
The latter technique, i.e. sweeping the retarding voltage, has the great advan-

tage that both resolution and sensitivity are kept constant throughout the
spectrum. Furthermore changing the analyzer energy between two experiments
now provides an excellent possibility to either work under higher sensitivity

and low resolution conditions or to trade off sensitivity in order to gain res-
olution by lowering the setting for the analyzer potential 2®) (cf. Fig. 4).
Because these variations of the operating parameters do not involve any
mechanical adjustments like changing slits, they are practically continuous,

easy to reproduce and do not need refocussing after each new setting.

Retarding voitage

Computer

X-Y recorder N .'. Vacuum

. 1 system
Teletype ." .
‘.
.. .,

Oscilloscope IR Analyzer

I. ."
@ n

Pulse output

Fig. 5. Block diagram of a computerized photoelectron spectrometer 27)

In order to enhance the sensitivity 1) of the technique, time averaging
over several scans is essential. Therefore, it was only a small step from the
multichannel data storage device to a dedicated computer which can at the
same time control the spectrometer and manipulate the raw data. Fig. 5 illus-
trates the flow of information 2”) in a computerized system. The commands
of the operator are given via teletype. The computer asks for all the experi-
mental parameters needed, calculates the appropriate retarding voltage and
starts scanning the desired spectral region. The pulses counted in the multiplier
are stored in a specified part of the memory. Up to ten independent spectral
regions can thus be analyzed and stored without an operator being present.
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After the experiment the raw data can be inspected on the oscilloscope,
manipulated and finally recorded on a flat bed recorder for further use. A
teletype output of all the spectral parameters provides an excellent record for
later reference 7.

There are several advantages of a spectrometer with an incorporated com-
puter system. Besides the automated operation especially during overnight
runs the computer offers a greater flexibility in the choice of spectral para-
meters. The accumulated data are not asymmetrically distorted by an analog
filter, but can be digitally smoothed in a variety of ways 7 after the experi-
ment without the risk of overfiltration. A digital output for further procession
on a larger computer or for storage on magnetic tape is readily available. Spec-
tra can be expanded or compressed for optimum presentation, more scans can
be added for improving the signal to noise ratio and peak maxima can be lo-
cated and counted for kinetic studies. Differentiation, integration and decon-
volution subroutines allow further evaluation of the data. Examples of typical
experiments are described in the literature 17-2%),

4. Experimental Difficulties

In principle the determination of the electron binding energies Ep relative to
the Fermi level (cf. Fig. 1) is done be measuring the kinetic energy of the emit-
ted photoelectrons:

Ey =E -Ey =Ex ~Ex - Ey. 4

The workfunction Ey, is a spectrometer constant and represents mainly the
work necessary to excite the electron from the Fermi-level to the free electron
level. Bearing in mind the experimental set-up, where E, = Ey. is the constant
analyzer energy, the complete equation reads

EB =EX_EA —ER '—Ew. (5)

Thus only the retarding potential Fg is varied in order to determine the bind-
ing energy Ey, the other three parameters are kept constant.

However, in practical work some difficulties are encounted and it seems
appropriate to shortly discuss these problems in order to allow the reader a
full appreciation of the results obtained and summarized in the second part
of this article.

4.1 Sample Preparation and Handling

As mentioned above, the XPS-experiment is performed in a vaccum of 1073
torr or better. If solid samples are to be examined, certain requirements con-
cerning the vapour pressure of these compounds have to be met. If the vola-
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tility under operating conditions is too high, the sample should be cooled
down. This can be done effectively by flowing cold nitrogen gas through the
interior of the dewared probe holder, monitoring the gas temperature with a
thermocouple and heating the nitrogen up to the desired temperature. The
same arrangement also allows to reach working conditions well above room
temperature. This variable temperature unit can be used to freeze down li-
quids if their vapour pressure is too high, however, it has to be pointed out
clearly that the liquid state in itself is not a handicap, because a thin film of
compound sticking on the surface of a sample holder will always be sufficient
for the observation of a spectrum. This has been demonstrated with liquid
polymers of low volatility.

On the other hand, with an efficient pumping system spectra of gaseous
compounds can be observed, if the technique of differential pumping is em-
ployed. Gas spectra >’ normally show excellent resolution and no charging
effects. Only water solutions as “liquid beams™ 3® still cause severe instrumen-
tal problems and wait for a suitable solution.

There are numerous ways to prepare a solid sample for XPS-analysis 177,
Because of the 360° angle of acceptance, the optimum sample geometry is a
cylinder of 11 mm diameter and 2 mm width. However, with a certain loss in
sensitivity, flat samples as well as odd shaped samples can be analyzed as well,
if they do not exceed the maximum size defined by the vacuum interlock.
Sample powders are normally mounted on sticky tape or pressed into a metal
grid 7). Excellent results were also obtained by pressing pellets 3 or by sub-
liming the sample directly unto the sample holder.

4.2 Surface Contamination

XPS is a surface technique. The photoelectrons leaving the atoms loose energy
due to inelastic scattering, i.e. the plasmon excitations of the electron plasma
in the specimen 32), This effect results in the spectrum in a long tail at lower
kinetic energies (higher binding energies), eventually summing up to the rising
baseline observed in a survey spectrum (Fig. 9). However, because of the quan-
tisation of this effect, some electrons leave the lattice without any energy los-
ses and can be observed as the characteristic photoelectron line. The intensity
ratio between line and tail, i.e. between unscattered and scattered electrons,
depends on the Kinetic energy of the electron and the characteristics of the
lattice, but also on the distance of the excited atoms from the surface. The
maximum escape depth of unscattered photoelectrons is about 50 to 100 A
for x-ray (Al Ko or Mg Ka) excitation 33> and much lower (two to three
monolayers) when using UV light.

All this makes XPS a perfect technique for studying the surface properties
of solid material. On the other hand, when trying to deduce bulk properties
from the XPS-spectra of the outer layers, the spectroscopist has to ensure that

10
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bulk and surface are at least comparable, if not identical. Chemically speaking,
the surface is often contaminated by oxidation, adsorption (mainly hydro-
carbons, oxygen and carbondioxide), decomposition or crystal defeciencies,
which have to be considered if reliable results are to be obtained. In many
cases, simple exposure of the sample to the lab atmosphere is sufficient to in-
fluence the surface properties of the compound.

Several sample preparation techniques have been developed to overcome
these problems. A reaction chamber flanged on top of the spectrometer allows
all sort of sample treatments directly before the introduction into the analyzer
chamber. Oxydation and reduction with different gases at various temperatures
and pressures permit the simulation of reactions and the formation of a defined
surface state. Sublimation in vacuo unto a cooled sample holder deposits a fresh
surface. Sputtering, i.e. a gas discharge in argon atmosphere, cleans the surface
from hydrocarbons and oxides 7. Finally, the sample preparation in a glove
box under nitrogen and the use of a transportation chamber for introduction
of such an air-sensitive sample directly into the spectrometer avoiding any con-
tact with the atmosphere adds to the versatility of the spectrometer.

4.3 Surface Charging

The workfunction £y introduced in Eq. 5 actually contains three contributions:

the energy difference between the Fermi level and the free electron
level. This effect should be small for gaseous compounds 2%,

the potential difference between the compound and the entrance
slit of the analyzer. Because of the unequal workfunctions of probe
and slit, the resultant difference in macropotential creates an elec-
tric field which the photoelectron has to overcome with additional
energy 3%, As long as this contribution does not change with time,
it is a spectrometer constant and can be determined by calibration.

the phenomenon of surface charging of nonconductors 1+:36:37)

which can result in a chemical shift of more than 3 eV between
materials of different conductivity 37:38),

Whereas the first two contributions are constant over longer observation
times 3%), the surface charge has to be determined for each measurement by
observing the shift of a reference signal. Besides the ingeneous, but experimen-
tally difficult approach of Perlman 3%, several other techniques have been used
in practise, e.g. the carbon surface contamination 1}, the carbon of the sticky
tape 2 or a standard added to form a homogeneous mixture 37, Further-
more the surface charge also depends to a certain extent on the x-ray flux and
the sample preparation 37’ Thus precise calibration is essential to obtain reli-
able values for the electron binding energies in insulators.

11
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4.4 Resolution and Sensitivity

Like in all spectroscopic techniques resolution and sensitivity of the spectro-
meter determine the usefulness of an analytical technique and define the
limitations of its application.

Following Eq. 4 there are three different sources of line broadening add-
ing to the natural line width Ag, which reflects the lifetime of the final state
(Heisenberg uncertainty principle) and in some cases an unresolved spin orbit
splitting. In first approximation '7)

AT = A2 + AL + AL+ A 6)

only the influence of the largest parameters has to be considered. This is
normally not the limited resolution of the analyzer (Ax = A,), because after
reducing the analyzer energy (Eq. 2) to 10 eV, the line width is only reflecting
the broadening of the x-ray source (Ay), the solid state effects (Ay, ), and the
orbital itself (Ag).

The non-monochromaticity of the x-ray photons results firstly from the
finite width of the ls- and 2p-levels involved in the fluorescence process and
then from the overlap of the K« -Ka,-spin doublet. Not considering the
monochromatic UV-light !5, Magnesium and Aluminium with a line width
of 0.7 eV, resp. 0.9 eV proved to be most suitable as anticathode-material.

A further improvement is possible with the help of an x-ray monochroma-
tor 2%:30) however, the inherent loss in sensitivity and the problems of probe
adjustment create a number of difficulties which still have to be overcome
in practise. Also the spectra obtained with the help of 2 monochromator
clearly indicate that the gain in resolution for the test standard graphite is
around 0.2 eV and the remaining 0.7 eV are obviously due to other para-
meters 39,

On the other hand, the monochromator has the great advantage that it
automatically eliminates the Ka; 4-satellites. Fig. 6 demonstrates that this
can be achieved as well with the help of a Fourier transform filtering pro-
gram, allowing a satellite free spectrum also for Magnesium irradiation where
monochromatization with the help of a spherically bent quartz crystal so far
has not been shown.

For solid materials the ultimate line width obtainable depends to a large
extent on the preparation of the sample. Smooth surfaces and clean metals
normally show only small broadening due to level bending or uneven charge
distribution. However, if the surface potential varies, especially if the total
charging is considerable 37, different atoms of the sample experience differ-
ent workfuntions Evw . Besides there is the usual “‘solid state” broadening of
atomic levels into bands due to the matrix effects 3® and the crystal deficien-
cies on the surface.

12
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Fig. 6. Elimination of Koy ,4-satellites in the C 1s-spectrum of paraffin. The raw data in
Fig. 6 A are transformed with the help of the Fourier transform filtering procedure into
the satellite-free spectrum in Fig. 6 B. For details see example in Fig. 7

Summing up, there are several contributions to the line width, most of
them well understood. However, like in all spectroscopic techniques, high res-
olution and high sensitivity are to a great deal mutually exclusive 1. On the
other hand, the improvement in sensitivity in the new spectrometers by means
of a new anode design allows in many cases to trade off sensitivity for resolu-
tion. Another way to go is to employ the capabilities of the computer to arti-
ficially enhance the resolution. The classical way is the peak matching tech-
nique, where line position and intensity of two or more lines are varied until
the sum of the overlapping lines gives an optimum fit with the experimental
spectrum 7.

A more elegant and more flexible method is the Fourier transform decon-
volution illustrated in Fig. 7. Spectrum 7a shows the chlorine 2p-spin doublet
in potassium chloride which is only partly resolved. This spectrum was Fourier
analyzed,i e. transformed from the frequency domaine to the time domaine
(spectrum 7b). Deconvolution with the filter 7¢ resulted in the Fourier spec-
trum 7d, which was afterwards Fourier transformed into the frequency do-
maine spectrum 7e. A comparison of the initial spectrum 7a and the resolu-
tion enhanced spectrum 7e demonstrates the drastic gain in resolution accom-
panied by a slight loss in sensitivity. The great advantage of this technique is
the possibility to construct a filter by deconvoluting two reference spectra or
a spectrum and a curve obtained with the help of a mathematical function.
This is the reason why these experimentally obtained filters can correct for
very specific effects, like analyzer broadening, asymmetric x-ray broadening
or x-ray satellites.

13
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Fig. 7. Resolution enhancement of the chlorine 2p-spin doublet by Fourier transform de-
convolution (see text for details)

5. Applications

Since the appearance of the first book solely devoted to XPS V) many scien-
tists started working in this field and have solved pending problems with the
help of this new analytical technique. A number of review articles gave a more
or less complete picture of the developments and helped to promote this unique
yet still relatively unknown method. To allow a more general information I feel
it worth mentioning some of the authors: K. Siegbahn !:2%:30:9.41) D _Shirley
42) R.S.Berry ), D. M. Hercules %% C. K. Jgrgensen 2445) J. M. Hollan-
der 48 R. Nordberg *7), S. Pignataro *®), G. Mavel *, W. Bremser '7:2® B,
Lindberg %@ and C. Nordling 5.
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5.1 Valence Bands in Solids

One of the first tasks of XPS was the precise determination of core electron
binding energies for all elements of the periodic table. These data are now
tabulated V and available for reference (Table 1). On the other hand, there
is a great interest in the measurement of the range of low binding energies
(0-20 eV) to get a clearer picture about structure and symmetry of the mo-
lecular orbitals.

The usefulness of UV-excitation for these experiments was already stress-
ed on page 2. In many cases UPS and XPS give valuable complementary in-
formation ¥ | therefore an instrument for band structure analysis should per-
mit different modes of excitation of both gases and solids. However, in the
present article we have to restrict ourselves to studies on solids by means of
x-ray photons.

COUNTS GOLD VALENCE BAND
100,000

80,000

60,000

40,000

20,000

10 9 -] 7 6 L) 4 3 2 [ ]
BINDING ENERGY (eV)

Fig. 8. Spectrum of the conduction band of metallic gold deposited on the sample holder
by ion sputtering in the reaction chamber (Mg Ka irradiaton). Note the sharp step at the
Fermilevel £y

Conduction bands in metals represent at the moment the most interesting
problems. Fig. 8 shows a spectrum obtained of the low energy range of gold.
The small intensity-s-band 3% extending to the Fermi level (Ef ) is clearly vis-
ible. The spectrum itself is in good agreement with predictions by relativistic
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Table 1. Reference list of core eiectron binding energies from 20 to 1100 eV

24
24
25
25
26
26
27
27
29
29
31

31

31

32
32
33

34
34
34
35

35

37
37
37
38
40
41

43
43
43
45
46
47
48
49
S0
50
51

51

51

52
52
54
55
56
56
57
58
60

0 2%
Sn 44
Ta 4fq.
Bi 5ds;;
Ca 3p
Y 4p
Ta 4fs);
Bi 5d3;
Zr 4p
Ge 3d
F 2s
Na 2p
Hf 5p3;2
Sc 3p
Sh 4d
U 6pj3)2
W 4fq2
Ti 3p
Nb 4p
Mo 4p
Re 5p3;2
Ta 5p3j2
W Sp32
W 4fspp
vV 3p
Te 44
As 3d
Cr 3p
Ru 4p
Th 6p3/2
Re 4f712
Os 5p3/2
Re 4f5/2
Rh 4p
Mn3p
I 4d
0s 4fyy2
Pd 4p
It 5p3p
Pt 5py2
Os 4fs;2
Mg 2p
Au Spyj
Li 1s
Fe 3p
Ag 4papa
Se 3d
Hg 5p3p2
Ir 4f7/2

60
63
63
67
68
69
70
70
73
74
74
76
71
77
79
83
86
87
87
88
89
89
90
93
93
95
96
99
99
99
99
103
103
105
110
111
111
111
112
114
118
118
122
122
123
133
135
135
138

Co 3p
Ir 4fsp
Na 2s
Cd 4p
Ni 3p
Br 3ds;,
Br 3{13/2
Pt 4fq2
Al 2p3,2
Pt 4f5),
Cu 3p
Ti 3p3;2
In 4p
Cs 4d5/2
Cs 4d3/2
Au 4f7/2
Po 5p3,2
Zn 3p
Au 4f5)s
Th 5ds
Mg 25
Sn 4p
Ba 4d5/2
Ba 4d3,z
Bi 5p312
Th 5d3;2
U 5ds;e
Sb 4p
Si 2p32
La 42
Hg 4fq/2
Ga 3p3;2
Hg 4152
U S5dzp
Te 4p
Be 1s
Ce 4d
Rb 3dgy;
Rb 3d3,
Ce 4d
Al 2s
T1 4f7;2
Ge 3p32
Tl 4f5)
J 4p
Sr 3ds;y
P 2ps2
Sr 3d3/2
Pb 4f7)2

141
143
149
158
158
160
162
162
163
164
180
180
182
182
183
188
189
192
195
200
205
208
208
214
224
227
229
230
210
239
242
246
259
260
269
270
273
274
279
284
284
290
294
295
301
307
312
312
314

As 3p3/2
Pb 4fss2
Si 2

Y 3dsp
Bi 4fq.;
Y 3d3/2
Se 3py/s
Cs 4p3)s
Bi 4f5/2
S 2p3p
Ba 4p3;s
Zr 3d5[2
Br 3py)s
Th 5p3;2
Zr 3d3/2
B 1Is

P 2

La 4p3y
U 5p3p
Cl 2p3;a
Nb 3ds)2
Ce 4p3;2
Nb 3ds;
Hf 4dg),
Hf 4d3;;
Mo 3ds;,
S 2

Mo 3d3,2
Ta 4ds)s
Rb 3p3;
Ta 4dy)s
W 4dg))
W ddy
Re 4d5/2
Sr 3p3/2
Cl 2s

Os 4d5/2
Re 4d3;
Ru 3ds),
C Is

Ru 3d3;,
Os 4d3/2
K 2Zp3p
Ir 4ds;2
Y 3p3p
Rh 3ds)
Rh 3d32
Ir 4d3p2
Pt 4ds;2

331
331
334
335
335
340
344
347
352
360
363
367
373
377
379
380
381
386
392
393
399
402
404
405
407
411

413

426
435

438
440
443
445

451

455

461

464
469
485

494
495

496
500
513
519
528
531

532
537

Zr 3p32
Pt 4(13/2
Au 4d3;;
Pa 3ds;z
Th 4f7;,
Pd 3d3
Th 4f5/5
Ca 2p3p2
Au 4d3/2
Hg 4ds);
Nb 3p3,2
Ag 3dsy
Ag 3d3;
K 2

Hg 4d3;,
Hf 4p312
U 4y
T 4ds;2
U 4f5
Mo 3py;,
N 1s

S¢ 2pajy
Cd 3d5/2
Ta 4p312
Tl 4dy,
Cd 3d3/2
Pb 4d5/2
W 4p3
Ca 2

Bi 4d5/2
In 3d5/2
Re 4p3/2
In 3d3,2
Ti 2p3)2
Ru 3p3/2
Os 4p312
Sn 3d5/2
Sn 3d3,2
Ir 4p3/2
Rh 3p3/2
Sc 2s

V 2p3;
Pt 4ps;;
Sb 3:2'5/2
Pd 3p3/2
0O 1s

Sb 3d3;y

546
564
571
571
572
575
582
609
617
620
628
631
641
645
664
677
679
686
695
710
714
715
726
738
740
766
769
779
780
781
796
819
832
846
849
855
875
884
902
926
931
968
998
1008
1021
1045
1063
1072
1096

Au 4p312
Ti 2
Ag 3ps)2
Hg 4p3;e
Te 3675,2
Cr 2p3/2
Te 3d3/2
Tl 4p3l2
Cd 3p3,
I 3dg,,
vV 2
I 3dj,
Mn 2p3lz
Pb 4p5),
In 3p3,s
Th 4ds);
F 1s
Cr 2s
Fe 2p3),
Sn 3p3/2
Cs 3ds)y
U 4ds),
Cs 3d3;;
Sb 3p3,
Mn 25
Co 2pyp2
U 4dy)p,
Ba 3ds;;
Ba 3d3;,
Te 3p3p2
La 3ds;y
2s

La 3d3/2
Ni 2p3;2
1 3p3p
Ce 3d5/2
Ce 3d3p;

Cu 2pgpa
Th 4p3/2

Cs 3pyp2

Zn 2py)2
U 4p3)2
Ba 3py/2
Na Is
Cu 2¢
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band structure calculations 2. Other studies on conduction bands and density
of states in transition metals are reported by Y. Baer et al. 5*5% and in rare
earthsmetals by S. Hagstrom et al. 55-3% _ Detailed work on organic heterocy-
cles 57, on graphite 58 and its isoelectronic compounds ¥ as well as on some
lithiumsalts ® has been published recently. Even though there are several con-
tributions to the photoelectron spectrum, that make it a non-trivial task to
extract a true picture of the density of states, this specific application is prob-
ably the most promising for the theoretician.

5.2 Qualitative Analysis

Knowing the binding energies of core level electrons of the elements common-
ly present in a chemical compound, these data can be arranged with increas-
ing magnitude (cf. Table 1) and used for the identification of photoelectron
peaks in an unknown compound. A survey spectrum of potassium alaun

KAl (SO,), in Fig. 9 clearly shows the different elements present. If two en-
ergy values in the table lie close together, an exact distinction can be made
with the help of the spin-orbit splitting with its characteristic value for each

KAI(SO,),
2.7eV
[
O1s
\\‘

O2s

Al2s Al2p
Y P

600 500 400 300 200 100
Binding energy (e V]

Fig. 9. Survey spectrum of 600 eV of KAl (SO,),. The different features are clearly visible:
photoelectron lines resulting from various orbitals, energy loss tails and X-ray satellites (S).
The expanded insert of the potassium-carbon region reveals the characteristic spin orbit
splitting of the K 2p-level. Mg K irradation, total observation time 30 min
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Fig. 10. Photoelectron lines of niobium and nitrogen. The spectra were obtained by sput-
tering a steel sample with a concentration of approximately 250 ppm NbN and by scan-
ning the appropriate regions for 500 s each under high sensitivity conditions (E4 = 100 eV)

element, or by identifying in the spectrum the photoelectron lines of the other
orbitals of the same element which should display a certain intensity relation-
ship and approximately identical chemical shifts 7).

A question frequently asked is the detection limit of this technique. First,
all elements of the periodic table can be observed with approximately equal
sensitivity 23-2) except hydrogen which does not possess closed electron shells.
However, XPS is by no means a trace method and concentrations below 100
ppm certainly cause problems. Fig. 10 exemplifies this with a steel sample con-
taining 250 ppm of niobium and nitrogen. The spectra were obtained in an
observation time of 500 sec each and show despite the short accumulation a
good signal to noise ratio. On the other hand, if the element to be investigated
is enriched on the surface, much lower concentrations than in the bulk material
would be sufficient. Even fractions of a monolayer can be observed in the XPS-
spectrum.

Three nice examples are worth mentioning: the moonrock spectra reported
by L. Wilson ¥, showing at the same time that iron is present as Fe (II). The
end of the polywater hoax with the discovery that this mysterious compound
consists mainly of sodiumsilicates, -sulfates and -lactates (from the transpira-
tion of the hard working chemists!) . And finally the air pollution studies
of T. Novakow %) working with very low quantities of smog particulates de-
posited on Teflon films and determining the lead concentration and the nitro-
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gen and sulfur oxidation as function of the day time, thus allowing a much
better insight into the kinetics of air pollution.

5.3 Quantitative Analysis

There is only a small step from the qualitative identification of a peak to the
measurement of its integral. However, if a precise concentration determina-
tion is desired, certain precautions must be observed !7). Because of the strong
dependence of the signal intensity from the sample preparation, only concen-
trations relative to an internal standard can be measured. Either an element of
high and constant concentration within the sample itself, or a homogeneous
mixture with an added standard, e.g. LiF, can serve this purpose. The “relative
photoelectric cross-sections” 1-17:17%) should be calibrated or taken from re-
ference tables 23:52), The spectra of different spectral regions, i.e. of different
elements, must be recorded with the sequential scanning technique in order
to exclude time dependent intensity distortions due to surface contamination
or destruction, and changes of the x-ray energy or the vacuum '7. Before the
actual digital integration the rising baseline of the photoelectron spectra (cf.
Fig. 9) has to be corrected 7, possibly followed by a peak matching, if two
closely spaced lines overlap like in the case of the NaNO,/NaNO,-mixture '?,

The determination of the nitrogen content in different cereal grains repre-
sents a nice example %67, The flour of the grain was mixed with 10% of lith-
ium fluoride. The relative integrals Fy and Fr obtained are now plotted
against the nitrogen content Cy determined by classical analytical techniques
(Fig. 11). The bent slope of the curve can be easily explained even with a
crude picture. The integral F is proportional to the intensity of the photo-
electron beam I:

F=k-1I.

This intensity now depends on two factors: the concentration Cy of the ni-
trogen in the compound and the attenuation S by inelastic scattering:

I=k(1-5)Cy.

In first approximation S should decrease with increasing nitrogen concentra-
tion:
S=k-(1-Cx)

thus leading to the final equation

I=k,Cy +k,C% )

and under the assumption that I is constant (Cg = constant) to the formula
inserted in Fig. 11.
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Fig. 11. Plot of relative integrals of the nitrogen photoelectron line (Fy/Fg) versus the
concentration Cy of nitrogen in cereal grains 66), The values are the mean of at least three
integrations

Because the nitrogen concentration is a good measure for the total pro-
tein content of grain and thereby its nutritional value, the fast and relatively
accurate XPS-measurements can help the plant breeder to improve the quan-
tity of his grain protein. Other examples of quantitative analysis have been re-
ported in the literature 1.79), Besides the determination of bulk concentra-
tions, quantitative studies on sample surfaces are easily possible and a sequence
of measuring — sputtering — measuring — sputtering — etc. can help to de-
termine concentration gradients of different elements near the surface.

5.4 Chemical Shift

The most important information in XPS originates from the small shifts of
the binding energy induced by changes in the chemical environment of the
atoms. For instance a positive charge, i.e. a lack of electrons, in the electron
cloud creates an additional potential which the photoelectron has to overcome
when it leaves the atom. Thus the binding energy Ey increases by AEy which
shows in the XPS-spectrum as a shift of the photoelectron line to lower
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75 170 165 160
Binding energy[eV]

Fig. 12. Photoelectron spectra of sodiumthiosulfate Na;8,04 under different instrumental
conditions. The sulphur peak at higher binding energies corresponds to the more positive
central sulphur atom. Fig. 12 A is a high sensitivity scan (E5 = 100 eV) over a period of
100 s, while Fig. 12 B was run at higher resolution (£ = 30 eV) and increased observation
time (200 s). Note the spin orbit splitting of the sulphur 2p-doublet appearing in the second
spectrum. The noise of the digitally filtered line is demonstrated by the accompanying point
plot .

kinetic energies. This phenomenon was called ‘“chemical shift” ! in analogy
to a related parameter in NMR spectroscopy ®). Fig. 12 illustrates this for a
spectrum of sodiumthiosulfate which displays two lines for the positive sul-
phur (+6) on the left and the negative thio-sulphur (-2) on the right. Thiosul-
fate was actually the first evidence for a separation of two lines of the same
element due to chemical shift effects 71,

There is quite a number of theoretical approaches to the understanding
of experimentally observed chemical shifts. It was early realized that chem-
ical shifts could be related to the formal oxidation state of the element under
study. Further investigations revealed that the effective charge ¢ (A) of an
atom A in a molecule is the important parameter and numerous correlations
based on the equation

AEp =kq(A) ®)
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were published in the literature. However, many theoretical models with
various levels of sophistication can be used. Simple correlations with the elec-
tronegativity of the neighbours ®) and with charges based on the concept

of partial electronegativities *:7) gave surprisingly good results. An example
for 80 sulphur containing compounds  is depicted in Fig. 12. Similar relation-
ships have been reported for boron 72), carbon 29:73)  nitrogen !:74:75) oxy-
gen 29) silicon 767 phosphorous 77, sulphur 178 and chlorine V.

In many cases more refined molecular orbital models give a better agree-
ment between theory and experiment. Self-consistent field- 88D or CNDO-
82) calculations as well as other ab initio calculations 83.84) were performed
and the results of several different approaches for phosphorous compounds
were critically evaluated by M. Pelavin 77). For the nitrogen compounds two
different linear relationships, one for cations and for neutral molecules, the
other for anoins, were observed 82}, a phenomenon which might be explained
with a Madelung contribution.

Even though correlations of binding energy with atomic charge are very
useful in structure determination and studies of chemical bonds, one has to
keep in mind that these models are approximations and the conclusions
drawn are only valid within the specific limitations of each theoretical ap-
proach. Further sophisticated calculations 3-°® and correlations with ther-

v
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Fig. 13. Plot of the binding energies Ep of the sulphur 2p-electrons versus calculated charge
g for more than eighty compounds containing sulphur D
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modynamic data 8 will certainly allow much better understanding of the
theoretical background of the chemical shift, however, it does not influence
the basic usefulness of first order approaches for the every day work of the
analytical chemist.

5.5 Effects of the Crystal Lattice

C. Fadley and S. Hagstrém 87 were among the first to realize how important
the contributions of the crystal lattice to the chemical shift of an ion are. This
effect can be approximated with the Madelung-equation ®%:

AEB~L(1-1) 9)
dme \ry r,

where € is the dielectric constant and r, and r, the distances of the gegenions
in the lattice.

This Madelung potential should be taken into account in all detailed stud-
ies of chemical shifts in ionic crystals. Examples of calculations 24,87.89.91)
show the order of magnitude to be expected, but are still away from being
accurate.

However, the practical application of this phenomenon for crystal struc-
ture investigations has recently been demonstrated by Freund 29, There ex-
ists a linear relationship between the electron binding energies of different
magnesium orbitals and the mean magnesium-oxygen distance as calculated
from x-ray crystallographic data for a series of magnesium silicates. This re-
lationship allowed an estimate of the structure of two x-ray amorphous com-
pounds and confirmed predictions that a vacancy was formed in the crystal
lattice. ‘

There are certainly more effects to be considered, like polarisability
of counterions 69:91) and all the questions connected with the persistance of
atomic orbitals 92> and the applicability of Koopman’s theorem 53.94). How-
ever, as the article is mainly intended to reach the practically oriented chemist,
the reader interested in theoretical considerations has to be referred to the
literature.

5.6 Some Applications in Practical Chemistry

The applications of XPS-spectroscopy in practical chemistry are manifold and
we can only touch some typical results in order to exemplify the potential of
this technique. A more complete picture can be obtained by consulting the re-
ferences listed in Table 2. As can be seen, nearly all elements of the periodic
table have been investigated by XPS and the chemical shifts reported in the
literature might help with the interpretation of data and can give a feeling,
whether a problem is suitable for XPS-spectroscopy.
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Table 2. Reference list for chemicalshift data of most elements of the periodic table

Element Authors Year Ref.
Lithium Jérgensen 1972 95)
4 Beryllium Jgrgensen 1972 95)
Hamrin, Siegbahn 1968 96)
5 Boron Hendrickson, Hollander 1970 72)
Bremser, Linnemann 1972 69)
6 Carbon Siegbahin et al. 1969 29)
Gelius, Siegbahn 1970 73)
Hendrickson, Hollander 1970 72)
Axelson, Siegbahn 1967 97)
Olah, Mateescu 1970 98)
Barber, Clark 1970 99)
Schwartz, Coulson 1970 100)
‘Thomas , 1970 101)
Mateescu, Riemenschneider 1971 102)
7 Nitrogen Siegbahn et al. 1967 1))
Siegbahn et al. 1969 29)
Nordberg, Siegbahn 1968 74
Hendrickson, Hollander 1969 75)
Finn, Hollander 1971 103)
Jack, Hercules 1971 104)
Patsch, Thieme 1971 105)
Jgrgensen 1972 95)
Clark, Lilley 1971 106)
Leigh, Bremser 1970 167)
8 Oxygen Siegbahn et al. 1969 29)
Yin, Adler 1971 108)
Morgan, van Wazer 1971 109)
9 Fluorine Hayes, Edelstein 1971 110)
J¢rgensen, Berthou 1972 89)
J¢rgensen 1972 95)
Siegbahn et al. 1969 29)
11 Sodium Jgrgensen 1972 95)
12 Magnesium Freund, Hamich 1971 20)
i3 Aluminium Ogilvie, Wolberg 1972 1ny
14 Silicon Nordberg, van Wazer 1970 76)
15 Phosphorous Pelavin, Hollander 1970 )
Morgan, van Wazer 1971 109)
Swartz, Hercules 1971 112)
Bremser, Schipper 1971 17)
Hedman, Klasson 1971 113)
Blackburn, Nordberg 1970 114)
Leigh, Bremser 1971 115)
Igrgensen 1972 95)
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Element Authors Year Ref.
16 Sulphur Siegbahn et al. 1967 D
Siegbahn et al. 1969 29)
Lindberg, Siegbahn 1970 78)
Lindberg, Hamrin 1970 116)
Lindberg, Hogberg 1971 117)
Jgrgensen 1972 95)
Kramer, Klein 1969 118)
Lindberg 1970 119)
Clark, Lilley 1971 106)
Patsch, Thieme 19714 105)
17 Chlorine Fahlman, Siegbahn 1966 n
Jérgensen 1972 95)
19 Potassium Térgensen 1972 95)
Jgrgensen, Berthou 1972 89)
20 Calcium Jgrgensen 1972 95)
22 Titanium Ramquist, Hamrin 1969 12y
Jérgensen 1972 95)
23 Vanadium Hamrin, Nordling 1970 122)
Jgrgensen 1972 95)
Ramquist, Hamrin 1970 123)
24 Chromium Hendrickson, Hollander 1970 72)
Helmer 1970 124)
Jgrgensen 1972 95)
Clark, Adams 1971 125,126)
25 Manganese Jgrgensen 1972 95)
26 Iron Kramer, Klein 1969 118)
Leibfritz, Bremser 1970 127)
Winogradow, Nefedow 1971 128)
Jgrgensen 1972 95)
Kramer, Klein 1971 130)
Leibfritz 1972 129)
Wertheim, Rosencwaig 1971 131)
Clark, Adams 1971 125)
Kramer, Klein 1971 132)
27 Cobalt Jgrgensen 1972 95)
Bremser, Cardin 1971 17
Mavel, Escard 1971 133)
28 Nickel Jgrgensen 1971 24)
Jgrgensen 1972 95)
Clark, Adams 1971 125)
29 Copper Wolberg, Ogilvie 1970 139)
Jprgensen 1972 95)
Novakov, Prins 1971 135)
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Table 2 (continued)

Element Authors Year Ref.
30 Zinc Mavel, Escard 1971 133)
Jprgensen 1972 95)
Langner, Vesely 1971 135,137)
31 Gallium Jérgensen 1972 95}
33 Arsenic Hulett, Carlson 1971 138)
Jdrgensen 1972 95)
34 Selenium Maimsten, Hogberg 1970 139)
Swartz, Hercules 1971 140)
Tgrgensen 1972 95)
Morgan, van Wazer 1971 109)
35 Bromine Hulett, Carlson 1971 138)
Jgrgensen 1972 95)
37-40 Rb,Sr,Y,Zr  J¢rgensen 1972 95)
41 Niobium Ramquist, Nordling 1970 123)
. Jérgensen 1972 95)
42 Molybdenum  Swartz, Hercules 1971 79)
Miller, Barber 1971 141)
. Jgrgensen 1972 95)
44,46 Ru, Pd Jgrgensen 1972 95)
48 Cadmium Vesely, Langner 1971 137)
Jgrgensen 1972 95)
50,51 Sn, Sb Jgrgensen 1972 95)
52 Tellurium Swartz, Hercules 1971 140)
J¢rgensen 1972 95)
53 Jodine Fadley, Hagstrém 1968 87,142
Jgrgensen, Berthou 1972 85}
Jgrgensen 1972 95)
54 Xenon Siegbahn et ql. 1969 29)
55-57 Cs, Ba, La Jgrgensen 1972 95)
58-71 Rare earths Fadley, Hagstrom 1968 87,142
Nilsson, Siegbahn 1968 143)
Nilsson, Bergmark 1970 144)
Jgrgensen 1972 95)
Hedén, Hagstrom 1971 55)
72~73 Hf, Ta Jgrgensen 1972 95)
74 Tungsten Hamrin, Nordling 1970 122)
Tgrgensen 1972 95)
75 Rhenium Leigh, Bremser 1971 115)
Nefedow 1971 145)
Jgrgensen 1972 95)
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Table 2 (continued)

Element Authors Year Ref.
76,77 Os, Ir Nefedow 1971 145)
Jgrgensen 1972 95)
78 Platinum Cook, Siegbahn 1971 146)
Riggs 1971 147)
Moddeman, Blackburn 1971 148)
Clark, Adams 1971 149)
Jgrgensen 1972 95)
79-83 Au, Hg, T, Jprgensen 1972 95)
Pb, Bi
90, 92 Th,U Jgrgensen 1972 95)
Novakaw 1969 176)
95 Americium Krause, Wuilleumier 1971 150)

XPS has been applied extensively for the determination of molecular struc-
ture 50.151.152) Following a reaction by measuring the spectra of the starting
material and the reaction products reveals in many cases, which atoms were
oxydised 28) or where a new bond was formed 51), Symmetry considerations
can help to distinguish between structures where the charge distribution is
symmetrical or where a polarisation can be identified in the spectrum by the
broadening, splitting, or even separation of peaks. For example, cystine diox-
ide (1) was assigned the thiolsulfonate structure because of the observed sul-
phurdoublet !-153) and the oxydation product of 4,4"-diethylazobenzene
could be interpreted as an azoxybenzene (1) 17,

In organic chemistry XPS spectra gave a direct evidence for a classical
carbonium ion in z-butyl-hexafluoroantimonate (7/7) with a chemical shift

% _ ? H:C CH,
R—é—S—R H;C N=N C;H ~Cc% o
(b) 716 2105 SbFs

L,
m ) )

difference of 3.4 eV between the two carbon lines %8), In the meantime the
spectra of various organic ions have been recorded 192}, M. Patsch studied the
charge distribution in mesoionic compounds (/V) structurally related to syd-
none and showed that they exist predominantly in the betaine form 105}, A
similar charge separation was found in phosphorous-ylides { V) clearly ruling
out the existence of an ylen-structure 17),
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A very interesting question in this context is the electron distribution in
complexes involving the free electrons of a lone pair. The molecular nitrogen
bound to rhenium in the phosphinecomplex (V1) is strongly polarized and
the XPS-spectrum shows a shift of 2.1 eV between the two nitrogen atoms 107
115} In cobalt porphyrin-complexes of the vitamin B,,-type a strong m-back
bonding could be detected increasing the negative charge on the central metal
as compared with the cobalt salts of corresponding oxydation state 7). Fig. 14
shows a series of iron compounds and reveales that the iron in the hexacyano-
complexes, though formally of oxydation state +2 or +3, is more negative
than the metallic iron indicated by the dotted line at 710 eV. Only in the
prussiate Na, [Fe (CN)s NO] the complexed iron possesses approximately zero
charge, because of the different w-acid strength of the nitrosyl-ligand, which is
in good agreement with results obtained from Méssbauer-spectroscopy 59).

Besides information on the strong back donation effect in iron-com-
plexes, Fig. 14 also reveales that the famous prussian-blue KFe [Fe (CN)4]
contains two different irons with localized charge 127,131), The sharp signal
on the left at lowest binding energies corresponds to the [Fe(CN), *-
anion, while the broad peak at 713 eV can be assigned to the Fe3* cation.
The striking differences in line width observed in this series of iron spectra
must be ascribed to the number of unpaired spins. While the zero- and low-
spin complexes exhibit very narrow lines, the high spin irons appear as a
rather broad hump. Effects of this kind will be considered in more detail
in the last chapter.

An interesting study of the electron affinity of different ligands as well as
comparisons between inner and outer ligands in iridium-complexes was report-
ed by W. Nefedow 145) demonstrating clearly that XPS can fumish a lot of
valuable information on transition metal complexes and organometallic com-
pounds in general.

Many examples of this type are also found in biochemical molecules, an
application which suffered so far under the requirement for very high sensitivi-
ty, but will be overcome with modern spectrometers. A series of ferredoxines
and iron-proteides 129) as well as RNA and its nucleotide bases 155) were studied
by observing the iron spectrum, but also sulphur becomes more and more interest-
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Fig. 14, Photoelectron spectra of the Fe 2p-spin doublet for a series of iron compounds 127)

ing D The application of XPS to quantitative biological problems has already been
mentioned above 66.67), One important question in this connection is the in-
vestigation of frozen aqueous solutions 156), because many biological com-
pounds cannot be isolated as solids and the technique of freeze drying 129)

gives doubtful resulis. _

Pollution studies is another area where XPS showed promising results. T.
Novakov 65) demonstrated the potential of XPS for air pollution studies 157,
while other investigations 138 detected arsenic in soil samples. Also the poly-
water controversy was revealed to be in reality a pollution problem 64,

The study of metals and metal surfaces is rapidly gaining general interest,
mainly because of its importance in industrial research. Semiconductors 136)
and especially the doping of semiconductors %8 are of prime interest. Studies
of oxydation states were for instance carried out for W—V—O-phases 122 or for
a series of carbides 123), An example is shown in Fig. 10, where the state of the
niobium and nitrogen present in very low concentrations in steel, had to be de-
tected.
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However, the most important application in this field is probably the study
of metal surfaces in order to gain a deeper insight into the mechanisms of cor-
rosion and catalysis. A review of some preliminary experiments can be found
in the article of W. N. Delgass 159), including activation, aging and poisoning.
Copper supported on alumina 134) as well as calcined and uncalcined Mo-Al,Q,-
systems 169) were investigated in detail. Especially the quantitative determina-
tion of molybdenum oxide mixtures 79 showed very promising results and
could be applied also in catalysis studies. Surface oxidation of metallic mag-
nesium !7) as well in platinum 61 pointed the way to studies of surface oxy-
dation and corrosion. Generally speaking, comparisons of catalysts before and
after the reaction 161) uncrushed and crushed to reveal the bulk properties,
making use of the full potential of the reaction chamber for simulating reac-
tions with gases under various conditions including poisoning, exposing deeper
layers by sputtering, etc. will certainly yield a treasure of informations on the
mechanism of catalysis and corrosion.

5.7 Some Theoretical Informations Contained in XPS-Spectra

The example of low- and high-spin iron in Fig. 14 revealed that the XPS spec-
tra also contain information on the arrangement of unpaired spins in various
shells of the atoms. C. S. Fadley was the first to observe core level splittings of
up to 7 eV in Mn-, Fe-, Co- and Ni-3s orbitais due to the coupling of a hole in
a metal-atom subshell to an unfilled valence subshell 168:169) The core elec-
trons with a spin parallel to the unpaired valence electron will expetience an
exchange potential reducing the average coulombic repulsion between two
electrons. Thus parallel spins will be favoured energetically. A similar splitting
was also reported for the Cr 3s-level 124} and the paramagnetic molecules oxy-
gen (O,) and nitrogenoxide (NO and NQO,) 29,163} (cf. Fig. 15). This phenome-
non might help in the future to study organic free radicals 17°) and to deduce
a more detailed information on electron distribution and spin pairing.

Other nice examples of exchange splitting were reported for the 4f elec-
trons of rare earth compounds 55-1%6)  which show a singie line for the half
filled shell of Gd3* and a second line of increasing intensity and decreasing dis-
tance for the heavier elements !66), On the other hand, a different kind of
splitting, called electrostatic splitting, was observed by T. Novakov 176) in the
spectra of heavy elements (Th, U). In contrast to the d- and f-levels, the P32
lines are structured because of the differential interaction of the internal elec-
trostatic field with the substates of the 5p electron. Theoretical calculations for
gold compounds 179 pointed out, however, that the electrons of the ligands
must be considered as well.

Configuration interaction was shown to be responsible for satellite lines
in XPS-spectra of alkali halides 167, If there are other final states present in
the atomic system with the same configuration, i.e. same angular momentum
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Fig. 15. Core level splitting of the ls-photoelectron lines in the paramagnetic molecules
NO and O, 2%, While molecular nitrogen N, with a closed shell configuration shows no
splitting, the NO™-jon formed in the photoelectron process can exist in a singlet or a triplet
state giving rise to the observed N ls-doublet with an intensity ratio of 1:3, while the oxygen
line is only broadened. Molecular oxygen O, finally displays a splitting of 1.1 eV and a
ratio of 1 : 2. All spectra were recorded in the gas phase 29)

and parity, but somewhat greater binding energy than the single-hole final
states, perturbation theory predicts the appearance of satellites which become
less and less in intensity the further they are shifted from the parent peak 167),
The multiple signals in the region of the 3d-levels of lanthanum(III) salts
have been explained by J¢rgensen !80) as a simultaneous transfer of an elec-
tron from the neighbour atoms to the empty 4f-shell during the ionisation.
This phenomenon is closely related to the monopole-excitation 171 or
shake-up process 152) observed for several atoms and molecules. Noble gases
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29,171,172) were most extensively studied and the results compared with the-
oretical calculations. The intensity of these shake-up peaks can be relatively
high, sometimes more than 20% of the main line. An interesting example

is presented in the spectrum of carbonsuboxide (C30,) 173). From the in-
tensity distribution U. Gelius 173 concluded that there is no C ls shake-up
transition associated with the central (inore negative) carbon corresponding
to the first O 1s shake-up line of C50,, while there is a characteristic sat-
ellite pattern connected with the other carbon atoms.

Similar effects have also been observed for solids and seem to become
a very important source of information, because for a given ion the satel-
lites are found to depend in intensity, position and shape on the type of
ligand in transition metal complexes 24,135,164,174,175) Thus in many cases
the study of shake-up peaks has provided additional evidence for a specific
oxydation state 17) and will certainly increase our understanding of crystal
and ligand field effects.

Finally one parameter in XPS, which so far has been neglected to a
great deal, should be mentioned briefly: the angular distribution of the
emitted photoelectrons. Studies on sodium chloride single crystals 165,178)
showed promising results and might open a new field of application in crys-
tal structure determinations.

6. Conclusion

The numerous applications in various fields of chemistry and physics have
clearly demonstrated the potential of X-ray photoelectron spectroscopy. A
number of interesting experimental projects will be completed in the near
future and papers with new and more reliable reference data will appear in
the literature. Further refinement of the theoretical models will add to the
fundamental understanding of the obtained results. And last, but not least
new developments in instrumentation will keep pace with the practical and
theoretical experience and open up new areas, which so far could not be
penetrated because of resolution, sensitivity or sample handling problems.

Acknowledgement. The author is indebted to F. Linnemann for his con-
stant valuable help and numerous authors for relating their results prior to
publication.
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(. Introduction

Many attempts have been made to effect chemical changes by means of elec-
trical discharges. As early as 1796 the conversion of ethylene to an oily sub-
stance under the influence of sparks was reported V. Towards the end of the
last century numerous compounds were subjected to corona discharges 2.
When high-voltage, shortwave and microwave discharges became available they,
too, were tested for their influence on various chemicals. The results of these
experiments, which are reported in several hundred papers, can be summarized
as follows:

1. Various forms of electrical discharges can effect chemical changes.

2. Many inorganic and practically all organic compounds can be destroyed
by electrical discharges.

3. Often products with higher molecular weights than the starting material,
or polymers, are formed.

4. Some experiments yielded products which could have been formed only
by some drastic changes within the molecules or by unusual mechanisms.

The significance of these observations for preparative chemistry was soon
realized. However, attempts to apply discharge techniques in chemical syn-
thesis had only limited success.

Of all the reactions studied, only the synthesis of nitrogen oxides and acet-
ylene in arcs or plasma torches and that of ozone in glow and corona discharges
are of major importance. In addition, a few small-scale preparations of inorgan-
ic compounds have been developed, e.g. synthesis of hydrazine and of hydrides
and halides of silicon, germanium, tin, lead, phosphorus or arsenic ¥:

2NH; - H;N—NH, +H,
SiH, — SiyHg, SizHg, SisH, o+
2PCl; — P,Cl, +Cl,

When organic compounds are subjected to the extreme temperatures pre-
sent in arcs or plasma torches they are completely pyrolysed. Equally “cold”
glow and corona discharges with low gas temperatures can destroy these com-
pounds. In all early attempts to synthesize organic compounds in glow or co-
rona discharges yields were small and most of the starting material was con-
verted to tars and polymers. These experiments, although of little value to
preparative chemistry, provided interesting information on chemical evolu-
tion . Mixtures of simple molecules like methane, ammonia and water, which
are suitable models for the atmosphere of the primitive earth, can produce
amino acids under the influence of glow or corona discharges .

The synthesis of organic compounds on the preparative scale has been
achieved, only very recently. Typical conditions are low power levels in the
glow or corona discharge and fast flow rates for the organic material. Fig. 1
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High voltage
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Fig. 1. Typical arrangements of organic plasma reactions

demonstrates several possible set-ups for such experiments. In d.c. or low-fre-
quency glow discharges a high voltage is fed to metal electrodes inside a reac-
tion vessel. In high-frequency arrangements a rf generator is coupled to the
plasma by means of a coil or two metal rings encircling the reaction tube. For
microwave glow discharges the reaction tube passes through a resonance cav-
ity. In corona discharges a high voltage is first passed through a glass wall, then
the vapor of the organic material, then another glass wall.

The results of plasma reactions are strongly dependent on pressure, elec-
trical field strength, and gas velocity. Most experiments have been carried out
at pressures of 1-5 Torr, power levels of approximately 100 W, and flow
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rates of several meters per second. In a typical run, about 50 g of an organic
substance pass through a discharge zone in one hour and some 30 per cent of
this material is converted to products.

iIl. Applications

A. Reactions of Atomic Gases with Organic Molecules

A very simple example of organic plasma chemistry is the reaction of atomic
gases with organic molecules. Normally atoms are generated through glow dis-
charges and mixed with the organic material outside the discharge zone. Occa-
sionally, higher yields have been obtained when mixtures of the molecular
gases and the organic substances pass through the discharge zone together.

The atoms of hydrogen, oxygen, nitrogen and halogen react readily with
various organic molecules 8. Atomic hydrogen abstracts hydrogen or other
atoms from saturated organic compounds. Unsaturated compounds add
hydrogen atoms. In both cases radicals are formed.

| to + H
H"(II—('J—H — H-C-C: <«— c=C
[

In the reaction with atomic nitrogen practically all organic compounds
are destroyed. The products are mainly hydrogen cyanide, some cyanide and
ammonia, low-molecular-weight gases and polymers 7. Very few cases are
known where nitrogen is incorporated into the products. When butadiene is
allowed to react with atomic nitrogen in addition to hydrogen cyanide
some 20 per cent of the yield consists of such nitrogen compounds as pyrrole
and unsaturated nitriles 8-9:

H,C=CH-CH=CH, + N ——> II;;D
H
CH3— CH=CH-CN
C4HLCN
CsHgCN

Atomic oxygen reacts with saturated organic compounds and abstracts
hydrogen ¢:10) Unsaturated compounds add oxygen atoms to form epoxides,
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some of which rearrange to carbonyl compounds. From 2-pentene roughly
equal amounts of epoxides, ketones and aldehydes are obtained !!}, The anal-
ogous synthesis of propylene oxide has been thoroughly studied because of
its possible commercial interest 12, The best results are obtained when oxygen
and propene pass through a discharge together.

B. Isomerizations

Some 100—200 plasma reactions of organic molecules have been studied during
recent years. This experimental material is not sufficient to establish general
rules about the reactivity of organic molecules in plasmas. But it makes it pos-
sible to describe the plasma behaviour of several classes of compounds. Some
typical reactions of organic compounds in glow discharges, like isomerizations,
eliminations, dimerizations and polymerizations, have been studied in greater
detail.

Numerous organic compounds isomerize when they pass through electrical
discharges. Such rearrangements are frequently side reactions of little impor-
tance. In a number of cases, however, isomerization is the predominant reac-
tion (Table 1). One example is the cis-trans-isomerization of olefines, a type
of reaction which has been studied with stilbene 13), Under mild reaction con-
ditions trans-stilbene forms the cis-isomer as the sole reaction product. When
the field strength is increased, a side reaction leading to phenanthrene gains in im-
portance. Olefines which polymerize easily are difficult to isomerize and often
give rather small yields.

\ Q ¢
Oy 1.

Many isomerizations involve migrations of subsituents like the rearrange-
ment of alkylaryl ethers to alkylphenols 4. This reaction shows similarities
to the Claisen rearrangement; however, primary, secondary, and tertiary alkyl
groups migrate equally well. Anisol isomerizes to about 70 per cent in a single
pass, forming ortho- and para-cresol. Besides these compounds, only phenol
appears in significant amounts. In cresol methylethers the o-alkyl group migrates
to the ortho- and para-positions 19),

R
¢ -or — @»w R~ -om
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OCH3 OCH3 OCH3
o X o
CH;

Naphthyl methylethers are easily converted to methylnaphthols 15}, The
o-isomer forms 2- and 4-methyl-a-naphthol, the f-isomer only I-methyl-3-
naphthol. Ethers with alkyl groups other than methyl sometimes show side
reactions due to fragmentation of the migrating group. For example, n-pro-
pylphenylether yields mainly ortho- and para-n-propylphenol, but also some
ethylphenols and cresols 14,

When diphenylether rearranges to hydroxybiphenyls, part of the ortho
isomer cyclizes to dibenzofurane 16}

Similar rearrangements are observed with the nitrogen analogues 7). N,
N-dimethylaniline isomerizes to orrho- and para-N-methyltoluidines and is
partly fragmented to N-methylaniline, benzonitrile and methyleneaniline.
When N-methylaniline is the starting material, the main products are
toluidines and aniline.

HiC HaC

NH
@L /Hs
e

NH
N\
CH;, _ :

30 °/o 10- 30 o

N= CHZ CN

In addition to these rearrangements of more general importance, a num-
ber of isomerizations have been observed which apply only to specific cases.
Some cycloolefines, like cyclooctatetraene and cycloheptatriene, are converted
almost quantitatively to the alkylaromats styrene and toluene respectively 18).
Of possible interest for preparative chemistry are ring-chain isomerizations
which have been observed with certain nitrogen compounds '), When pyrrole
is subjected to a discharge it is largely converted to croton nitrile.

['ND ——>  CH3—CH=CH-CN
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In a similar way indole isomerizes to benzyl cyanide, pyridine to cyano-
butadiene and quinoline to cinnamic acid nitrile, Aniline and o-phenylenedi-
amine also form large amounts of unsaturated nitriles in glow discharges.

NH,
@ ——>  H,C-CH=CH-CH=CH-CN

Table 1. Examples of isomerizations in glow discharges 13-19)

Starting material Conversion  Products %
rate %
trans. Stilbene 20 cis-Stilbene 95
Anisol 67 Cresol, 0:48; p: 25
Phenetol ~30 Ethylphenol, 0:41; p:29
N-Propyl-phenyl-ether ~30 Propylphenol, 0:38; p: 19
Ethylphenol, o:1; p:0.5
Cresol, 0:7; p:4
1-Naphthyl-methyl-ether 13 Methyl-1-naphthol, 2:48; 4:35
2-Naphthyl-methyl-ether 88 1-Methyl-2-naphthol 45
Diphenyl-ether 40 Hydroxybiphenyl, 2:36;4:18
Dibenzofurane 9
N,N-Dimethylaniline 15 N-Methyl-toluidine, 0:28; p:15
N-Methylaniline 6 Toluidine, 0:28; p:6
Cyclooctatetraene 80 Styrene 40
Pyrrole 6 cis-trans-Croton nitrile 57
Quinoline 8 Cinnamic acid nitrile 33

cis:5, trans:33

C. Eliminations

Plasma reactions which seem especially interesting for preparative work are
eliminations. In many plasma reactions atoms or small gronps are eliminated
without destroying the rest of the molecule (Table 2}. Thus aldehydes easily
decarbonylate to the corresponding hydrocarbons 290, The product obtained
from benzaldehyde is mainly benzene and to a lesser extent biphenyl:

CHO

9

—_—
-Co

o, OO

80 e

20
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Pyridinealdehyde yields pyridine and some dipyridyl, a reaction which
proceeds without destruction of the heterocyclic ring 19). Ketones decarbon-
ylate equally well. Benzophenone and dibenzoyl form diphenyl in high
yields 20). Several interesting eliminations have been found for cyclic and bi-
cyclic ketones. In the case of cyclohexanone the decarbonylation accounts
for only a small proportion of the reaction products. Benzoquinone decarbon-
vlates to cyclopentadienone in good yields 290, Under the reaction conditions
this compound dimerizes and decarbonylates again.

0

e
— O

The yields of decarbonylation reactions are quite high for bicyclic ketones.
When camphor is slowly distilled through a glow discharge some 70—80 per
cent of the starting material is converted predominantly to dimethyl-2,1,1-bi-
cyclohexane 20). Fluorenone decarbonylates to biphenylene almost quantita-
tively 2V thus providing a convenient one-step route for the preparation of

D) = O

0

biphenylene which requires a sequence of several steps by standard chemical
methods 22) _ In a similar way, anthrone forms fluorenone with the loss of car-
bon monoxide.

Decarbonylations useful for preparative work are also observed with some
aromatic hydroxy compounds. It is reasonable to assume a mechanism which
involves the keto form 23}, Phenol, which shows little tendency to tautomerize,
reacts mainly by forming benzene and to a small extent cyclopentadiene 9. For

OH 0y
Q) = LM — (0
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Table 2. Examples of elimination reactions !9-21.23)

Starting material Conversion  Products %
rate %
Benzaldehyde 63 Benzene 8!
Biphenyl 16
Pyridine-2-aldehyde 25 Pyridine 70
2,2-Dipyridyl 20
Benzophenone 68 Biphenyl 70
Dibenzoyl 18 Biphenyl 98
Cyclohexanone 8 Cyclopentane 5
Camphor 29 Trimethyl-[2.1.1])-
bicyclo-hexane 57
p-Benzoquinone 4 8,9-Dihydro-indenone (1) 60
Fluorenone 20 Biphenylene 98
9-Anthrone 69 Fluorene 77
1-Naphthol 20 Indene 76
2-Naphthol 24 Indene 92
Benzoic acid 20 Benzene 38
Biphenyl 48
Phthalic anhydride 70 Biphenylene 60
Triphenylene 27
Tetralene 50 Naphthalene 60
Tetrahydroquinolene 20 Quinolene 47
Acenaphthene 40 Acenaphthylene

naphthols the decarbonylation to indene becomes predominant while the elimi-
nation of the hydroxy group is of minor importance 23},

Another type of elimination reaction favoured under plasma conditions is the
decarboxylation. Carbocyclic acids easily lose carbon dioxide to form the par-
ent hydrocarbons. In acid anhydrides decarboxylation is followed by a decar-
bonylation. Cyclic or bicyclic anhydrides fragment forming unsaturated com-
pounds, a reaction which has been studied with phthalic anhydride 2%), This
anhydride decomposes to dehydrobenzene which, in the absence of other
compounds, dimerizes, trimerizes or polymerizes. Orientation experiments
indicated similar results for aliphatic acid anhydrides.

The elimination of hydrogen is very common in plasmas. Dehydrogena-
tion of compounds like tetraline, acenaphthene, tetrahydroquinoline or in-
dane has been carried out with excellent results. Elimination of hydrogen
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Table 3. Examples of the formation of five-membered rings in glow discharges 17.20,25,26)

Starting material Conversion Products Yield
rate % %
@-cm@ ~ 30 O'O 26
Deod w0 @
0
Dod  ® :
OwD o« 5
H
HO
24 Z] N ¢ 82
HoN H
gD
O,N

x

halides or water has been studied only in a few examples. The dehydro-
bromination of -bromoethylbenzene and the dehydration of phenylethyl-
alcohol both give high yields of styrene.

Interesting possibilities of synthesis arise when elimination leads to cyclic
products. Such cyclization is fairly common with aromatic compounds. The
mixture of products obtained from diphenylmethane contains about 25 per
cent fluorene 25) (Table 3). Similarly, benzophenone yields about 30 per cent
fluorenone 29, The same method can be applied to the synthesis of hetero-
cyclic compounds. Diphenylamine yields up to 30 per cent carbazol 26), di-
phenylether about 10 per cent dibenzofurane 19,
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H
N

oo — g

In both cases rearrangement to substituted biphenyls followed by ring
closure competes with direct cyclization. This assumption is supported by
the fact that yields of carbazol and dibenzofurane are considerable higher
when the starting material is 2-aminobiphenyl 26) or 2-hydroxybiphenyl.

~ QO = oo
— O-O-on

Nitrobiphenyl can also be converted to dibenzofurane. The nitrocom-
pound, after isomerization to a nitrite, loses nitrogen oxide 27, The remain-
ing oxygen radical attacks the phenyl ringand cyclizes to the furane system.

QO —-Q0 % QO = &L
NO, ONO .

"0 -

A number of examples are known where elimination gives six membered
rings (Table 4). A carbocyclic ring is formed in the cyclization of stilbene to
phenanthrene 13). In a similar way stilbazol forms azaphenanthrene 19),

Six membered heterocyclics can be synthesized in various ways. Nitro-
gen analogues of stilbene, like the anilides of benzaldehyde or acetophenone
sometimes form azaphenanthrenes 19). Similarly the plasma reaction of azo-
benzene yields a small amount of diazaphenanthrene 19), Better results are
observed in the cyclization of hydroxy, amino or nitro compounds. Suitable
starting materials are molecules with two phenyl groups linked by a carbon
or hetero atom.

- 0, NH
QX_@ X= CH,, CO, O,
Y= OH, NH;,NO;
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Table 4. Examples of the formation of six-membered rings in glow discharges 13:16,18,19,25)

Starting material Conversion Products Yield
rate % %

@’wz_%@ ~ 30 Q’Q 19
CH:CH@ 77 OOO 48

CH=N
CH=N ‘ .
CHy \© 2 HC—N O ?
C=N : T
0 18 :
N=N N=N
0 w D s

CH:CH@ 22 CNC@ 12
e N i SRR
0 ~25 @(Z]@ ~10
NH N

- 93 I 14

o ~30 @’\c :i@ ~20

NO,

(A

2R
&

D. Bimolecular Reactions

In all the examples mentioned above the plasma process is a monomolecular
reaction. Bimolecular processes can also occur but the experimental material
presently available on such reactions is limited. A very simple type of bimole-
cular reaction involving only one compound is the dimerization of the start-
ing material by loss of hydrogen or another group. Such reactions are fre-
quently observed in plasmas. When benzene is subjected to a discharge the
main product is biphenyl 28-31), Sometimes the reaction proceeds further to
terphenyl.
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O — O . O

The dimerization of toluene and substituted toluenes leads to diary}-
ethanes 25,28,32) Electron-attracting substituents favour the reaction 32 while
electron-donating groups reduce the yield. In alkylaromats with straight or
branched alkyl groups it is almost always the weakest bond of the side chain
which is broken 25:28) _ The resulting radicals combine to diarylethanes or sub-
stituted diarylethanes:

Ar-CHz+CHy—CH; —> Ar—CH;—CH,—Ar

otk G GHs
Al'"C{'[" _— Ar-CH-CH —Ar
CH;

Aliphatic compounds dimerize less readily. Methane forms considerable
amounts of ethane but also various other saturated and unsaturated hydro-
carbons 33,34.40) The dimerization of propene and substituted propenes gives

mainly hexadienes.

H,C=CH-CH; |
« HyC=CH-CHj3
- H > H;C=CH—CH;=CH,-CH=CH,
Ha€C=CH—-CHy* —
. CHz’
+ HzC—_—CH‘CHa ]
L > H,C=CH-CH,;-CH-CH;

l.H
H2C=CH—CH2-(':H *CH3
CH,

However the propenyl radicals also add to the double bond of other pro-
pene molecules. From isobutylene about equal amounts of dimethylhexa-
diene and dimethylhexenes are obtained.
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Plasma polymerizations are also very common 3¢:35-38) [t is possible to
convert almost every organic compound into a polymer by using vigorous
reaction conditions 35:39), Even under mild conditions various olefines or
dienes polymerize readily, either in the gaseous phase or on the surrounding
walls. This makes it possible to coat various objects with thin polymer films,

a technique which can be used to modify surfaces.

Plasma polymerizations allow some interesting variations when the mono-
mers are themselves products of plasma reactions, for example, the fragmenta-
tion of phthalic anhydride to dehydrobenzene which under certain reaction
conditions can polymerize to polyphenyl 24). Also, the isomerization of some
nitrogen heterocyclics gives unsaturated nitriles which polymerize easily 19).

Very few cases of oligomerization have been observed in discharges. A rather
surprising example is offered by the experiments with acetylene 8, This com-
pound has been studied frequently with various kinds of discharge, the prod-
uct being always a yellowbrown polymer (cuprene) 39:41,92) However, when
the surface area of the reaction vessel is large, polymerization can be prevented
and compounds having four, eight or ten carbon atoms are isolated, predomi-
nantly styrene, phenylacetylene, naphthalene and benzene 18},

Plasma reactions with two or more compounds require careful measurement
of all substances in order to ensure the correct total pressure and the required
ratio of reagents. Since such reactions are difficult to optimize, little experi-
mental material is at present available.

In some experiments one constituent acts mainly as a dilution agent, i.e.
when an inert gas is used as carrier for the organic material. The inert gas re-
duces the number of collisions between organic molecules and in many cases
inhibits polymerization. In other cases the inert gas molecules, having low-ly-
ing excited states, transfer energy to the organic compounds by collision.

Reactions between two different molecules have been studied in great de-
tail for atomic oxygen and propene 2), Mixtures of oxygen and benzene form
some phenol in glow discharges 23.43), Similarly, mixtures of benzene and
ammonia yield aniline 19). Since the latter reactions have not been optimized,
it is not known whether they can compete with standard chemical methods.

In other types of bimolecular reactions reactive intermediates are trapped
with various additives. These synthesic possibilities have been studied with
phthalic anhydride 24, The compound decomposes in two steps to dehydro-
benzene which in turn dimerizes in two steps via a biphenyl radical:

0

KEQ W@fco’.—’©I
Q. — U0 — X
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Various additives can scavenge these intermediates. Added hydrogen traps
the diphenyl diradical, while acetylene combines with the dehydrobenzene.
Ammonia forms addition compounds with all three intermediates to give
aminobenzaldehyde, benzamide, aniline and carbazol.

Qco- @i A
NHa,L__Hl_—l. NH3l NH3l
@:‘ZZGCONHZ ©NH2

I11. Reaction Mechanisms

At present little is known about the mechanism of plasma reactions, due to the
complexity of the system 44-45), Electrons, positive and negative ions, excited
species and radicals are all present in plasma in addition to the molecules of
the starting materials and the products.

Most plasma reactions involve excited molecules which are generated
through direct collision, via negative ions, or by the recombination of positive
ions with electrons. The excited molecules can fragment or isomerize either
to stable compounds or to reactive intermediates which are precursors of the
final products. Frequently, excited molecules, ions, or intermediates attack
surrounding molecules so forming the products in bimolecular processes. An
estimate of the importance of the various elementary processes would require
the determination of the energy distribution and concentration of all charged
and neutral species. Such measurements are complicated and can be carried
out only in rare cases.

Some general ideas about the reaction mechanisms involved can be ob-
tained from a comparison of plasma products with the products of other reac-
tions. Often similarities are found between plasma chemistry and photochem-
istry, pyrolysis, radiochemistry or mass spectroscopy. If the reaction prod-
ucts are identical, it is reasonable to assume that the reaction mechanism
will be the same or at least the final steps in a sequence of elementary pro-
cesses. Occasionally, the products indicate mechanisms which have no known
analogues in other fields of organic chemistry 46).

Few mechanisms of plasma reactions have been studied in any detail. In
the reaction of toluene the bimolecular dimerization to bibenzyl competes
with the monomolecular generation of methyl and phenyl radicals which are
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the precursors of benzene and ethylbenzene 29, The rearrangement of alkyl-
aryl ethers to alkylphenols was found to proceed by a chain mechanism
having a phenoxonium ion as the chain propagator 7. The migration of the
alkyl group occurs within an ion-molecule complex. The oligomerization of
acetylene probably starts with the dimerization of acetylene to cyclobuta-
diene '8, This intermediate forms vinylacetylene and diacetylene by ring
opening and with acetylene, vinylacetylene and diacetylene forms the ad-
dition compounds benzene, styrene and phenylacetylene.

In plasma experiments only the starting materials and final products are
known. It is rare for intermediates to be identified with certainty so that
many questions concerning the mechanism remain open.

V. Outlook

The recent investigations of organic compounds in glow and corona discharges
have indicated numerous possibilities for preparative applications and further-
more provided interesting information concerning reaction mechanisms. Most
studies have been carried out with simple systems. Aromatic compounds
proved to be particularly suitable models because of the great stability of the
aromatic ring. The results obtained with these compounds generally apply

to nonaromatic substances, too.

Not every compound is suitable for plasma experiments. Since plasma is
limited to the gas phase, only compounds which distill in vacuum without de-
composing can be used in plasma chemistry. When such molecules have several
reactive groups, they frequently yield a number of products. If, however, one
of the possible reaction routes requires considerably less energy than the others,
the reaction leads exclusively or predominantly to a single product.

Plasma chemistry is at present mainly an empirical technique. Little is
known about relationships between the properties of the plasma and the reac-
tion mechanism or the product-distribution. Experimental conditions have to
be optimized for every new reaction. Once more experimental material and
improved methods of diagnosing plasma become available it may become rou-
tine to adjust plasmas for each specific chemical problem.
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1. Introduction
Preliminary

The advent of the modern generation of computers has made it possible to
calculate the frequencies of vibration and rotation of simple isolated inorganic
and organic molecules using the so-called ab-initio methods of quantum me-
chanics ¥, This means that quantum mechanics has confirmed the fact that
the infra-red and Raman spectra of isolated molecules are due to the excita-
tion of isolated molecules between quantized vibrational and rotational energy
levels by electromagnetic radiation. The calculation methods have been per-
fected in such a way that actual observed spectra can be matched against com-
puted spectra, thus identifying the absorbing species absolutely. A case in
point here is, e.g. the H, -calculation by Wolniewicz ¥, as well as the predicted
spectra of LiCN and LiNC by Bak, Clementi and Kortzeborn ¥.

This concept of isolated molecules undergoing vibrations and rotations
when excited by electromagnetic radiation of the appropriate Bohr frequency,
is applicable only to rarified pure gases. As soon as the pressure rizes, collision
becomes very important and the electronic structure of a molecule perturbs
the electronic structure of the other member of a colliding pair. It follows that
such a perturbed molecule will have an “equilibrium geometry” which is dif-
ferent from that of the unperturbed molecule, and hence the potential energy
hypersurface opposing vibrations changes. This means that the resulting rota-
tion-vibration spectrum is different from that of the unperturbed molecule.
The change is usually small, so that as the pressure rizes the rotation-vibration
band becomes smeared-out and the rotational fine structure is lost. This type
of effect is clearly illustrated by the spectrum of HCI (g) compressed by N, (g)
where the prohibited Q-branch even appears as obtained by Coulon e? al. 3.
As the collision frequency increases, there is always the chance that a colli-
sion pair exists long enough so that they can act as an “activated molecule”.
Such an effect is observed in the simultaneous transitions observed in liquids
first found in liquid mixtures by Ketelaar and Hooge *9, e.g. in mixtures of
CS, (1) and Br, (1) the transitions vcs, * vg,, occur where the “activated
molecule™ absorbs one quantum of radiation (these simultaneous are also ob-
served in gases *®). The structure of such an “activated molecule” is still very
near to that of the two unperturbed molecules because the frequencies
Vcs, * Vpr, are very near to the sums of the pure compounds (also liquids!),
but stable molecules can also be formed, e.g. by hydrogen bonding in
CH,;COOH which form dimers (see e.g. Witkowski ) with completely dif-
ferent vibrational spectra.

In crystals the colliding pairs of gases and liquids are replaced by identi-
cal molecules in a regular repetitive close-packed array which forms a lattice
consisting of unit cells (see, for example, any text-book on crystallography).
This means that there can be no (or very little) rotational freedom for the

58



The Infra-Red Spectra of Crystalline Solids

molecules, and that the fleeting collision perturbation in gases now becomes,
as it were, “frozen in” and the whole ensemble of molecules must be con-
sidered to be one vast molecule stretching over the volume of the crystal. Each
molecule is distorted from its “free’ geometry by the average perturbation of
the molecules surrounding it (both short and long range forces operate here),
and each molecule is coupled to its neighbours through this surrounding aver-
aged perturbing field. If the surrounding field is small, then each distorted
molecule absorbs as if it alone were present in the lattice; this situation is
described by the site-group method of Halford 7 (see also Couture ® for cor-
rections). If the surrounding perturbing field is large, it means that all the
molecules are coupled together (like coupled oscillators); the unit-cell method
(factor-group method) of Hornig ? adequately describes this coupling and
treats the atoms contained within one unit cell as if they constitute a unit-
cell molecule. Another feature, peculiar to the solid state, is the occurrence
of lattice modes of long wave-length due to the translations of molecules with
respect to each other, and to “rotations” which are caused by vibratory twist-
ing motions in the lattice; both types of motion are called external modes.
Both the unit-cell group method and the site-group method have recently
been discussed by Carter '@ and especially clearly (with many worked-out
examples) by Fateley, McDevitt and Bently ™, so that it is unnecessary to re-

OO O——O vy 5}

O O—0 i,

—

——

1 12

Fig. 1. The coupling case Y-X--.-X-Y as discussed in text
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peat a detailed description here. Bertie and Bell '? have given a critical dis-
cussion of problems relating to these methods.

Both methods can easily be derived from a very simple model. Consider a
unit cell which contains two XY molecules which are equivalent in the group-
theoretical sense, i.e. they are transformed into one-another by the operations
of the group of the unir cell (this group is the factor group of the space group
19 and is isomorphous with one of the 32 crystallographic point groups).?

An idealized situation is shown in Fig. 1, If k, is the force constant of the XY
bond, k, that of the X """ X bond, and &; the force constant corresponding
to the change in angle between XX and YY, then the frequencies of the normal
modes which are very schematically given (following Herzberg ') in Fig. 1,
are as follows

k k. k
v, +v, =2—1+uk2; v1v2=2—u,

m, mymy,

V3 = IJ.kz,
k 2 1, +21,)?

v, = 1_25_2 b +(_z_2)]’
iy my my
k m, +m

vs = —26 T (—x———L)) i.e. inverse reduced xy mass
r mym,

assuming valuence forces (see Herzberg13)-r-181) Ifk, is assumed to be inde-
pendent of k,, then »; are smooth functions of k, and ks . If k, - 0 (i.e. no
interaction) then »; = 0, v, + v, = 2k,/m, and v, v, = 0; making the logical
choice that », = 0 (because there is no internal potential opposing the motion),
then vy = »,,, of the “free” XY group imbedded in the general field of the
crystal (which perturbs the frequency from the ideally free value). If both
ky,ks = 0, then vy, v = 0, indicating that there is no potential opposing the
rotational motion of the “free” XY groups. In this case v, becomes one of the
translational (external) motions and v, vs become part of the rotational mo-
tions (external modes) of the crystal; v, is the antisymmetric stretching mode,
and ceases to have any meaning in the absence of any coupling (destructuve
interference within the same unit cell). It also follows, when k, = 0, that the
symmetric stretching mode v, > v,,, (eliminating v, from the first two equa-
tions of Eq. (1) and taking the positive square root), », <v, if k, <k, and
vy <»,.This simple model thus predicts two stretching modes for XY in the

3 See, however, Bertie and Bell 12) about the definition of the terms factor group and
unit-cell group, and references therein.
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simple lattice chosen; the difference v, - v; 2 0, depending upon &,. The site-
group approach of Halford ? assumes k, and k5 equal to zero, so that the site
group in this case becomes C_,, ; the frequency of the XY molecule as pertur-
bed (H = H® + H') by the general crystalline field, is vy, which is different
from u;’y of the totally free ion where H' = 0. The factor-group approach

uses the “factor group” D.,, and if k,, k5 = 0 predicts two stretching fre-
quencies viz. v, (symmetric stretch) ~ »,, and v, (antisymmetric stretch)
<y, ;.

One of the most important points, adequately emphasized by Fateley,
McDevitt and Bently 'V in their excellent paper, is that the spectroscopic
unit cell must be chosen, and »not the crystallographic unit cell. The spectros-
copic unit cell is identical with the Bravais cell; the Bravais cell is identical
with the crystallographic unit cell in the P (primitive) cells, but the other
structures, designated by B, C,I, F..... in the crystallographic tables '¥ con-
tain 2, 2, 3, 4, .. .. Bravais unit cells. Fateley, McDevitt and Bentley '? de-
scribe the procedure to obtain the correct Bravais (spectroscopic) unit cell
in detail, and should be consulted, and it must be remembered that a R-unijt
cell is either three times larger than the spectroscopic unit cell, or identical
to it, depending upon the specific case. Adams and Newton '5:19) published
a paper which contain tables for the factor group analyses of the vibrational
spectra of solids.

2. The Scope of this Review

The use of the infra-red spectrometer as a routine instrument has resulted in
an explosion of published infra-red spectra. As it is impossible to list and dis-
cuss the infra-red spectra of even such a “restricted” field as the solid state,
it is inevitable that a somewhat arbitrary choice must be made in order to
comply with the size of this review. The main emphasis is upon the published
work during the five-year period 1966—1970, although some important earlier
and later papers will also be dealt with. Only papers which give a full vibra-
tional analysis of at least the internal modes of the constituent ions/molecules
in the crystal lattice will be included, and full use will be made of the evidence
of both infra-red and Raman spectra. This means that papers which “just re-
port” the spectrum of a given compound, or give only a partial analysis for
“finger-printing”’ purposes, will not be included, unless they are especially
significant; this excludes the great majority of the papers on inorganic and
organic solids.

The following will be the main sections of solid-state infra-red spectros-
copy with which this article will concern itself:

the application of the factor group method to: (i) simple in-
organic compounds and (ii) to simple organic compounds;
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condensed pure gases; solid solution and matrix spectroscopy;
complexes; infra-red dichroism; the study of phase transitions;
internal reflection spectroscopy; pressure effects in spectra.

It is impossible to discuss all papers which have appeared on the subjects
included in this review (in order to keep it within reasonable limits); most of
the important papers are included, and this review should give the reader an -
insight in the state of the art of solid state infra-red spectroscopy. The atten-
tion of the reader is drawn to the existence of Science Citation Index®;if a
reference of this paper is used as a leading reference, Science Citation Index
will quickly yield a list of other works which have cited the particular refer-
ence, enabling him to do a relatively complete literature search in a short
time.

) Previous reviews on solid-state infra-red spectroscopy are, e.g. by Vedder

and Hornig '” which contains a relatively complete bibliography of all the
most important work up to 1960 and by Mitra '®, while Wilks and Hirsh-
feld 1 have written a review of internal reflection spectroscopy. Orville-
Thomas 20 wrote a review on L. R. spectroscopy as a diagnostic tool, and
Annual Reviews of Physical Chemistry 2V often contain review papers on
infra-red spectroscopy which also refer to the solid state.

3. The Application of the Factor Group Method

3.1. Applications to Small Inorganic Compounds

Very many such compounds containing relatively few equivalent (in the group-
theoretical sense) molecules or ions in the spectroscopic unit cell have been
exhaustively investigated by infra-red spectroscopy and the resulting spectra
‘interpreted by means of the correlation between the point group of the free
molecule and the factor group of the unit cell via the site group. However,
many authors did not realize the significance of the difference between the
crystallographic and spectroscopic unit cell groups, and included too many
vibrations to describe the vibrations of the lattice. In what follows, reference
will only be made to the internal motions of molecules or ions or lattices, ex-
cept for a few cases where libration or “free’ rotation occurs.

a) Planar XY 5 Ions in Lattices

The planar XY ;-ions like NO3 (nitrate) and CO3 (carbonate) are perennial
favourites because the D, -structure is especially sensitive to the perturbing
crystalline field. The following normal modes are generated by the Dy, -struc-

9 “Science Citation Index”, Institute for Scientific Information, Inc., Philadelphia.
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ture: A} (R), A (IR), 2E’' (R +IR), as discussed by, e.g. Buijs and Schutte 22
and Schroeder, Weir and Lippincott 29 ; any site symmetry lower than that of
the subgroup C,, of D3, will automatically split the E-modes of the X0, ion
so that the ion is a very sensitive probe for lattice forces or even crystal-sur-
face effects. '

The surface of an ionic crystal is structurally different from that of the
bulk solid. Weil 24 contends that the surface extends for ca. 10,000 atom
layers; this means that the surface of a crystal, as examined by attenuated
reflection spectroscopy, should show signs of this difference. Cooney er al. 25
took this idea up, and used the v,-mode of NOj in LiNO; and NaNO; to de-
tect this effect; the “surface depth” found is far greater than that predicted
theoretically, and is dependent upon temperature (up to the melting point).
Molten nitrates are studied very much in order to determine what the nature
of the liquid state is, e.g. Devlin, James and Frech 29 and references therein,
James and Leony 27, and Brooker 28,

The nitrates of the alkali metals, the alkaline-earth metals and AgNO,,
TINO,, etc. have been extensively studied again, and it is regrettable that so
many papers contain incomplete lists of references. Brooker 28 reported new
spectral features in the out-of-plane deformation and its first overtone of a
large number of nitrates, using Raman spectra of polycrystalline samples, and
band multiplicity in the overtone region has been used to confirm the non-
coincidence between the Raman and I.R.-components of the fundamental;
this paper gives a useful summary of the crystal structures of several nitrates.
The isomorphic cubic nitrates of Pb, Sr, Ba have been extensively re-cxamined;
Schutte 29 report that the unit-cell group method indicates that the newly-
reported Birnstock non-centro symmetric space group 39 T* P2PwithZ=4
could be correct, but Brooker, Irish and Boyd 31, and Schutte in an earlier
paper 32 show that an adequate explanation is afforded by the factor-group
splittings of the centrosymmetric Vegard space group T$-P2% 3i with Z =4,
There is, however, still some controversy regarding the crystal structure of
Ba(NO;), as shown by the work of Sirdeshmulch 33 and Belyustin, Levina
and Novoset’tseva 34, so that the problem must be regarded as still open to
verification. Bon and Vergnoux 3% studied these nitrates at various tempera-
tures using single crystals.

The Raman and infra-red spectra of single crystals of the alkali-metal
nitrates and AgNO; have been carefully studied by James and Leony 36}, who
give tables of factor group splittings predicted for all the major nitrate crystal
structures. This study is amplified by the work of Miller ez al. 37 on LiNO,
(polarized Raman Study; his v, of 1071.0 cm™! is in agreement with James
and Leony 36¢), but appreciably smaller than previous values of ca. 1086 cm™);
the absence of »; and v, from the x(zy)y spectrum is interpreted as evidence
for the absence interionic coupling. Nakagawa and Walter 38 have executed
a normal coordinate analysis for NO3 in LiNO,;, NaNO; and KNO;, obtain-
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ing reasonable agreements between calculated and observed values. Rosseau,
Miller and Le Roi 39 reported the single crystal Raman spectrum of NaNO,
which is birefringent (the problems of birefringent crystals have been dis-
cussed by Porto, Giordmaine and Damen 49 in their Raman Study of CaCO,
calcite).

The power of the reflection method is illustrated by the important study
of Hellwege et al. 4V on the two-phonon absorption spectra and dispersion of
the phonon branches in crystals of the calcite type, that is NaNO,, CaCO;,
MgCO; (with space group C%,-R3c) and dolomite CaMg(CO;), (with space
group C2,-R3) and dolomite CaMg(CO3), (with space group C%;-R3). The
spectra were recorded from 4000—20 cm™! using both absorption and polar-
ized reflection spectra (for the theory of reflection spectra, see Vedder and
Hornig 17); extensive tables of reflection and absorption spectra are given.

Most papers dealing with the spectrum of the carbonate ion CO§' neglect
to mention the important paper by Decius, Malan and Thompson 4? on the
effect of intermolecular forces on molecules in the crystalline state which
refer specifically to the out-of-plane bending mode of CO3". In this paper
they derive the dependence of this mode upon the '*C-'3C isotopic ratio.
Sterzel and Chlorinski 4? also discuss the effect of isotopes upon the CO3
vibrations; these two papers should be consulted when assigning CO2"-spectra
because the modes depend very much upon the 2C-3C ratio. Orville-Thomas
20) has discussed the dependence of the CO2- force constants upon the C-O
distance, and shows that this leads to a bond intermediate between a single
and a double bond.

The CO2-, CS2" and CSe?~ force constants are discussed by Miiller and
Fadini 49 ; this is also discussed for NO3 by Becher and Ballein 49 in a paper
which eliminates the multiplicity in the calculation of force constants from
normal vibrations, and Pfeiffer 46 gave a simpler method to calculate this.

The formate ion HCOj, is also planar, and exhibits a relatively simple
vibrational structure 47-52 in simple alkali-metal formates. Kuroda and Kubo
53) recently studied the normal vibrations of copper(II)formate tetrahydrate,
copper(IDformate tetradeuterium oxide, as well as anhydrous Cu(HCO,),
from 4000—200 cm . The tetrahydrate has a layer structure, which was
analysed with D3, via the factor-group method using the method of Bhaga-
vantam and Venkaterayudu 4.

b) The Hydroxy! Group

The isolated hydroxyl group shows only one infra-red absorption mode due
to the O-H stretching but compounds containing ionic hydroxyl show a sur-
prising amount of detail; a case in point here is mica as discussed by Mitra 18,
and reviewed by Buchanan, Caspers and Murphy 5. The same effect is also
shown by the spectrum of Ca(OH), and Ca(OD), as reported by Oehler and
Giinthard 59 for room temperature and for liquid He-temperature. Oehler
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and Giinthard use a method they developed 57 to determine the symmetry
coordinates and factorization of vibrational problems for crystals with sym-
morphic space groups to describe the OH-vibrations in Ca(OH),; in paticular
the OH-stretching region is discussed in terms of transitions between critical
points of the dispersion surface following a suggestion of Mitra 58 . Oehler
and Gimthard 59 followed this up with a paper on the symmetry property of
the critical point which is responsible for the combination bands in the OH
stretching region of Ca(OH),.

Following their paper on the microwave spectrum of CsOH(g) @, Ac-
quista, Abramonitz and Lide ¢V studied the spectra of matrix-isolated (in
argon) CsOH and CsOD; the Cs-O stretching mode is 335.6 and 330.5 cm™
and the bending mode at 306 and 226 cm ™!, respectively for CsOH and CsOD,
indicating a linear, or nearly-linear structure (which is also found in RbOH,
RbOD, NaOH, NaOD 2. The OH radical was trapped by Acquista, Schoen
and Lide ¥ in rare-gas matrices at ~4 °K by flash photolysis and they report
an OH-stretching of ~450 cm ™, but did not observe any rotational behav-
iour, although two different frequencies were observed. The libration of the
OH’ ion substitutionally imbedded in alkali-halide crystals was studied by
Klein, Wedding and Levine 4 ; they report a librational mode of ~300 cm™
in the various alkali-halides (the exact frequency depending upon the partic-
ular halide), which also occurs in the form of a combination band ca. 300cm”™
above the OH-stretching mode at ~3600 ¢cm ™ . The Devonshire model 65
which describes the quantum mechanical rotation of a diatomic molecule in
an octahedral hole, is used to explain the OH-OD frequency differences. The
same problem of OH ions in KCl and NaCl lattices was attacked by Scott
and Flygare 66 using microwave spectroscopy; they detected several lines be-
tween 8-40 GHz. The zero-field spectra obtained indicate that the OH ion
experiences a strong C,, perturbing potential in addition to the expected
octahedral field; the Cy4, field probably arizes from the shifting of the OH"
mass centre from the lattice site in question. The OH™ is discussed in terms
of a tunneling librator (see Refs. 67:63)) instead of a hindered rotor, as done
by Devonshire 69 ; a correlation diagram between a free rotator and a tun-
neling vibrator is given.

The infra-red spectrum of Li-6 hydroxide was discussed by Decius and
Lilley % who report that the major feature at 3681 £ ~400 cm™! in the
LiOH spectrum (which was previously assumed to involve a librational mode)
is partly due to the absorption at 3681 + ~290 cm™ which involves a trans-
latory mode in which there is a significant amount of Li’-participation; the
rest may be a two-phonon process (see Ochler and Giinthard 59),

1

1

c) Tetrahedral X0 ,-Species

Very many papers referring to mineral silicates, etc. have appeared, but they
will not be referred to here, except for the illuminating paper of Ochler and
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Giinthard 79 on the low-temperature infra-red spectra of silicates with the
olivine Mg, SiO, structure (see also Tarte 71.72) which also includes a normal-
coordinate analyses. Tarte 73, also published an excellent paper on the struc-
tures of the aluminates containing the AlO,-tetrahedra (see also Carrerra

et al. ™ for IR and Raman spectra of A1(OH); ions), and Griffith 79 analysed
silicate spectra.

Compounds containing PO}~ groups and the various hydrophosphates,
e.g. HPO3- etc. continue to be extensively investigated. Ratajczak 76 inves-
tigated the ferroelectrics KH,PO, and NH,H,PO, by polarized infra-red
radiation; Coignac 7%78) also investigated KH,PQ,, as well as Hill and Ichiki
79} ; these investigations give some insight into the nature of the ferroelectric
phases.

Kravitz, Kingsley and Elken 39 and Kingsley, Mahan and Kravitz ) made
a Raman and IR study of hexagonal Ca,,(PO,)¢F, and discussed the relevant
splittings and Davydov-splittings (or factor group) 82,83,

The sulphate ion SO2 also continue to be studied and Ananthanarayanan
84) published a paper on the SO2--symmetry in crystals, referring especially
to single crystals of the double sulphates M;M"(SO,),.6H,0 where M'=K",
NH} and M" = Mg?*, Zn?*, Ni?* or Co?*. Hester and Krishnan 8% discussed
the IR spectra of molten sulphates.

~ The permanganate ion MnO2" is also drawing some attention. Hendra 3¢
studied the Raman spectrum of KMnO,, AgMnO, and CsMnQy,, and suggested
that MnQj is always contaminated by MnO, . Doyle and Kirkpatrick 87 in-
vestigated the IR spectra of nine hydrated and ten anhydrous permanganates,
discussing the results in terms of the site symmetry of the MnO, group. It
might be worth-while to study these permanganates at low temperatures, to
“sharpen-up” some of the details, so that the factor-group correlations can be
used, since most crystal structures are sufficiently well-known.

The infra-red spectra of some Scheelite structures CaWQO,, CaMoO,,
PbWO, and PbMoO, were recorded and discussed by Khanna and Lippincott8),

Hezel and Ross 39 gave an extensive discussion on the occurrence of for-
bidden transitions in the infra-red spectra of tetrahedral anions of the type
MXO,, where M = Cl, S and P, referring to 61 papers.

Miiller °® discusses the factor-group analysis of potassium perrhenate
KReO,, using previously-published infra-red and Raman spectra. The space
group is C3, , where site symmetry of the ReOj ion is S, ; there are only two
formula units per spectroscopic unit cell, and all eight infra-red active modes
are found.

Scheuermann, Ritter and Schutte 90 discussed the spectra of SrCrO,
and PbCrQ, ; these salts are monolinic and isomorphous, but have remark-
ably different spectra as inversion doubling occursin SrCrQ,, but not in
PbCr0O,. It was also found that the Raman spectra of the orthorhombic and
monoclinic PbCrO, are identical.
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d) Tetrahedral XH, Structures

The tetrahedral structures XH,,ir are still extensively investigated, and the fac-
tor-group splittings reported, although the attention is now also focussed on
the single-crystal spectra. '

Durig, Antion and Pate % recorded the IR spectra of thin films of phos-
phonium bromide PH,Br and PD,Br at ~170 °C (the salt crystallizes with
space group DZ,, -P4/nmm, Z = 2) as well as those of the isomorphous PH,19%;
the librations and translations were assigned. The barrier opposing the rotation
of the PH; and PD}, ions in the bromide is 7.8 kcal/mole (v = 354 cm™ ) and
7.9 kcal/mole (v = 254 cm™!), which is higher than the barrier calculated from
NMR-data (7.03 kcal/mole) by Tsang, Farrar and Rush 99, The behaviour of
the phosphonium salts is quite analogous to that of the NHj salts in broad de-
tail. The laser Raman spectra of PH, I, PH, Br and PH,Cl have been measured
by Rush, Melveger and Lippincott 95 at 25 °C for the iodide and bromide
and at ~5 °C for the chloride, the factor-group-assignments made, and rota-
tional barriers calculated {and compared with those of the ammonium halides);
they also give a brief discussion of the phase relationships of the phosphonium
halides and the ammonium halides. A neutron diffraction study of PH,Br is
reported by Schroder and Rush %6),

The ammonium halides have again been subjected to a close scrutiny by sev-
eral authors, confirming the exhaustive investigations of Hornig and Co-wor-
kers in the early fifties 97-109)  Perry and Lowndes 190 studied the external
optical phonons of all the ammonium halides, also giving a useful table sum-
marizing the known phase changes; the results confirm the factor group pre-
dictions. Durig and Antion 199 measured the low-frequency vibrations of
NH,I and NH,;Br from -170 °C to room temperature; the Raman spectrum
of phase I confirmed the Whalley and Bertie 199 theory of transitions in op-
tically-disordered lattices, and the phase changes are extensively discussed.
Schumaker and Garland 199 made an investigation into the structural and
ordering changes in the infra-red and Raman spectra of NH,Cl and NH,Br
and their fully-deuterated analogues. They recorded the spectra of thin
films on alkali-halide plates at numerous temperatures, especially near the
transition points and determined the intensities; this method was also used
by Schutte and Heyns 199 in their study on (NH,4),S0, and applied to other
compounds. Schumaker and Garland 199 give tables of the fundamental fre-
quencies of the ammonium halides (excepting NH,F) in the various recorded
phases, including the fundamental modes, vg (the torsion) and the two lattice
modes v; (TO) and v5 (CO), as well as the overtones. Of especial importance
is the temperature-variation of the first overtone of the v -librational mode
in NH,Br (the detailed behaviour of this band in NH4CI has been reported
previously 199)), The temperature-dependence of all the main bands, as well
as the overtones are also given, and show details of the transitions. Schumaker
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and Garland 199 conclude that infra-red spectroscopy can provide significant
information on the phase behaviour of cooperative systems, but that further
work is needed on the theoretical aspects of phase changes and selection rules,
especially of the overtones; these conclusions also follow from the work of
Schutte and Heyns 199, where small changes in lattice, are picked up by infra-
red techniques (see Paragraph 7 of this review). Phase studies were also re-
proted for NH,Cl by Bartis 197, while the neutron-determined barriers of the
NHj ion were discussed by Leung, Taylor and Havens !98) in a paper on the
phase transitions of ammonium halides as determined by neutron-scattering.
Pistorius 199 reported the high-pressure phase diagram of the ammonium
halides, while Rapoport and Pistorius 119 reported the phase diagram of
NH,NO,.

Goldfinger and Verhaegen 111 determined the stability of the gaseous
ND,Cl molecule using a Knudsen cell and a quadrupole mass spectrometer.
The main decomposition products were ND4 and DCI, but small proportions
of ND,Cl-molecules were also observed. These are ‘ionic molecules’ NH;CI™ of
the type predicted by Clementi 112:113) and by Muliliken 119 but occur at
small concentrations — Goldfinger and Verhaegen state that the mass-spec-
trometric technique was probably the only technique which could identify
these ionpairs. However, Sterling and Haines 119 have published a spectrum
showing NH,Cl in the gas phase at 180 °C; NH; and HCI are present, as well
as NH;CI(g) which has a spectrum remarkably close to that of the high-tem-
perature crystalline modification, although Walker 116 has failed to confirm
this. A re-examination of the alkali halides in the gas phase is currently under
way in this laboratory, because the spectrum of NH,Cl !9 indicate bands at
ca. 100—-200 cm™ lower than in the solid state stretching region.

Rather surprising, the spectrum of NH,F has not been reinvestigated
after the study of Plumb and Hornig 11” who determined that NHj lies on

. a T, site and the nearest-neigbour F "ions are indeed tetrahedrally arranged.
Perhaps the recent determination of the phase diagram of NH,F by Kuria-
kose and Whalley 118 will lead to new spectroscopic research, especially in
the liquid region; four phases are reported in the range 1 to 20 kbar and 20°
to 340 °C. Calvert and Whalley 129 have determined the structure of NH,F
IV as cubic O -Fm3m (NaCl-structure) with a (probably) disordered NHj-
structure.

The infra-red spectrum of polycrystalline NH,CN was reported by
Clutter and Thompson 119 for temperatures between 125° and 4 °K. The
H-bond in NH,CN seems to be weaker than that of NH,Cl. The CN group is
orientationally indistinguishable between CN and NC, so that the space group
is D39 -P4, /mcm, Z = 2;if the CNare all pointing in one direction the space
group would be C;, -Pma2. The resulting spectra are so simple that it seems
as if the indistinguishability between the CN-orientations is of little conse-
quence, and the D,,,-factor group indicates most of the observed features.

68



The Infra-Red Spectra of Crystalline Solids

The torsion is not observed, but the combination mode is found, giving

vg ~410 cm™ for NH;. The simple spectrum found seems very similar to
the surprisingly simple spectrum found by Plumb and Hornig 11? for NH,F
with its very strong hydrogen bonds and a librational mode of 523 cm™ for
NH3 ; the v4 of NH,CN, although not exactly known, is higher than that of
all the other halides of NH (see Schumaker and Garland 199).

e) Various Ions and Molecules

The azide ion N3 : Bryant 12D has made a study of the infra-red spectrum

of CsNj over the frequency range 30—4000 cm ™!, using the Bhagavantam
and Venkaterayudu method 5% to determine the splittings; the spectra were
recorded at 77 °K and at 298 °K. The symmetric stretching frequency
should not occur (it is symmetry-prohibited); its occurence is explained by
the coupling of lattice modes observed in the far-infrared part of the spec-
trum with the B,,-species of v, . Assignments are made to ~50 absorptions,
confirming the reported crystal structure D“‘i -I4mcm. o-lead azide, as repor-
ted in the neutron-diffraction study by Choi and Boutin 122, has the space
group Pcmn and show four different N3 groups in the structure; the four
crystallographically different N3 groups are all essentially linear, but each
one is in a different environment. The spectrum of a-Pb(N;), should prob-
ably be worth-while to investigate (it should be remembered that azides are
explosive!). Igbal, Brown and Mitra 123) report a very interesting analysis of
the single crystal vibrational spectrum of barium azide Ba(N,), ; the infra-
red and Raman spectra confirm the presence of an asymmetric azide ion in
the unit cell (type Il-ions in the Ci,, -P2,/m, Z = 2 unit cell, as determined by
Choi 124)), ‘

Phosphorus P, : Durig and Casper 129 analyzed the infra-red and Raman
spectra of amorphous solid red phosphorus, and concluded that the structure
is polymeric with either a puckered 4-membered ring (D,,4) or two equilateral
triangles with a common base (C,, symmetry).

Amide ion NH, : Bouclier, Portier and Turrell 126) gave a factor-group
analysis of both phases (e, tetragonal D17 -4, famd with Z = 4; g disordered
cubic of the NaCl type Of, -Fm3M with Z = 2). The unit cell contains only
four coupling NH; -groups, because for the I-groups the Bravais unit cell
(spectroscopic unit cell) is half the crystallographic unit cell, so that their
modes are doubled. If the f-phase is cubic, as their X-ray results seem to in-
dicate with Z = 2, it means that the Bravais cell contains only !/, Ca(NH,),

— all F-groups have Bravais cells which are 1/, of the crystallographic unit cell ~
and hence no factor group splitting should occur, contrary to that observed;
it seems that further work is needed to unravel the spectrum of both phases
satisfactorily, e.g. a neutron-diffraction investigation to confirm the statisti-
cal disorder which Bouclier, Portier and Turrell 126) postulate to account for
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the cubic phase f structure. The NH; ion seems to enjoy a reasonable free-
dom of movement in the lattice of Ca(NH,), and Sr(NH,),, because the
temperature dependence of the wide-line N.M.R. spectrum shows evidence
of both librating motion, as well as rotations through 180° about its C,-axis,
according to Dufourcq, Chézeau and Lemanceau 127,

Substituted NH} ions: Whalley 128 discussed the spectroscopic effects
of orientional disorder about one axis (in contrast to the disorder about
three axes as described by Whalley and Bertie 19 and Bertie and Whalley 129
in the a-phases of the methylammonium halides. In principle, all vibrations
of an orientational disordered crystal are spectroscopically active, but if the
disorder is only about one axis, some restrictions operate, the symmetric
bands are sharp in the one-dimensional disordered case, but the bands due to
asymmetric vibrations (E) are broad. Whalley use the infra-red resuits of
Sandorfy et al. 139:131) of the CH;-ammonium halides to illustrate the effect
which is predicted from interionic coupling of the E-modes. No such effect
is visible in the spectrum of the methoxyammonium ion CH;ONHj reported
by Nelson 133,

Water of hydration: Berthold and Weiss 133 used infra-red spectroscopy
to help solve the crystal structures of the hydrates Na,$,04.2H,0 and
Li»S,04.2H,0 so that a complete atomic arrangement was obtained.

Hohler and Lutz 3% made a study of the combinational modes of gyp-
sum CaS0,.2H,0 in the region 1200—10,000 cm ™, using polarized light;
the IR spectrum shows a great number of bands, the most of which are assign-
ed and the rdle of the protons in the lattice is discussed (see also Hass and
Sutherland 139 and Schaack 136,137 Beattie, Gall and Ozin 13%) analyzed the
vibrational spectrum of Na,S,0,.2H,0 (dithionate); the factorgroup analysis
is described in detail because it is particularly easy to visualise.

o-Quartz: Merten 139 measured the directional dispersion of the extra-
ordinary infra-red bands of the n-, k- and the reflection spectra of a-quartz;
it is shown that resonances previously thought to be combinational modes
are wrongly assigned.

Rhombic Sulphur: Ozin 149 has obtained single-crystal polarization Raman
data for the rhombic Sy solid with its D44-molecules (D4, in the gas phase)
and used the factor group method to assign all the observed modes; he suggests
that the low frequency IR modes were correctly assigned by Scott, McCullough
and Kruse 40, The infra-red data of Chantry, Anderson and Gebbie 142 were
also utilized in the assignment.

The H-bond: Maréchal and Witkowski 149 gave a theoretical approach in
order to describe the peculiar vibrational features of H-bonded crystals; they
derive a Hamiltonian to describe the vibrations of a linear crystal (the X-H
modes in X-H- - - X), but no numerical results are derived.
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3.2. Organic Compounds

Very many organic compounds have been studied in their solid states, but
the problem is very often to obtain suitable crystals for a polarized light study.
Kruse 144 has built an automatic crystal growth apparatus in which thin pure
single crystals of organic compounds can be grown along any pre-determined
direction between alkali-halide plates spaced ca. 25 u apart. He applied this
to the crystals of p-dichloro-benzene, a compound which has caused much
confusion before; the quality of the dichroic spectra is excellent, and enabled
him to satisfactorily assign the vibrations. Suzuki and Ito 145 also reported
the polarized spectra of p-dichloro- and p-dibromo-benzene. Benzene has been
studied by Marzocchi, Bonadeo and Taddei 149, by Greer, ef al. 147 and the
normal modes of crystalline benzene and naphtalene by Harada and Shiman-
ouchi 148 (see also Greer et al. 147), while the Raman spectrum of C Hg
was studied by Gee and Robinson 149,

Naphtalene and anthracene were studied using Raman spectroscopy by
Suzuki, Yokohama and by Ito 159 ; the normal selection rules are not ap-
plicable to the Raman spectrum of single crystals of anthracene, as discussed
by Ting 15D, Anthracene was also studied by Bree and Kydd *5? and anthra-
cene-d,, by Bree and Kydd 153,

Fluorene was studied by Witt 159 and by Bree and Zwarich 155,

The polarized IR spectrum of single crystals of phenantrene was analysed
by Schettino, Neto and Califano 159, that of 9, 10-anthraquinone by Pecile
and Lunelli 157 pyrimidine by Brana, Adembri and Califano 158, and that
of CH,Br, by Marzocchi e al. 159 and by Brown ef al. 160, Furan and pyr-
role were studied by Loisiel and Lorenzelli 16, cyclopropyne by Jubino,
Dellepiane and Zerbi 162 | and cyclohexane by Obremski, Brown and Lippin-
cott 163, and cyclopropane by Bates, Sands and Smith 164,

Witt and Mecke 165 compared the orientated crystal spectra of phenan-
trene and 9—10 dichlorophenantrene, and Chafik and Mecke 179 measured
the dichroism of anthracene~d, (9-10) from 400—3100 cm™ ; the non-planar
A, vibrations are discussed because they appear in spite of the fact that they
are prohibited by the site symmetry D,,, of the molecule.

Formic acid H.COOH and acetic acid CH;.COOH were studied in the
crystalline state by Carlson, Witkowski and Fateley !9 in the far infra-red
region, while Fukushima and Zwolinski ‘67 gave a normal coordinate calcula-
tion of acetic acid dimers (CH;.COOH),; the acetate ion in Li(CH;.CO0).2H,0
was studied by Cadene 168 while DiLauro, Califano and Adembri 6% studied
the crystal spectra and normal modes of the anhydrides of maleic and suc-
cinic acids in polarized light.

Rey-Lafon et al. 179 analyzed the solid state vibrational spectrum of
1, 3, 5-trinitro hexahydro-s-triazine, and show that coupling between the
NO, -groups occur.
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4. Solid-Solution and Matrix-Isolation Spectra

Not very many solid-solution studies were reported, mainly because all the
“easy”” substituted ions have been previously experimentally treated. The
tetrahedral ions continue to be studied, and BD; in alkali halides was studied
by Coker and Hofer 172, see also Heyns, Schutte and Scheuermann 219, The
solid solutions were prepared by diffusing the deuteride into optical grade
crystals, and the IR spectra were recorded at 90 °K, yielding all 24 vibrational
bands of BH;, BH;D", BH,D;, BD;H™ and BDj3. The trends are similar to
those first found by Schutte and Ketelaar for BH; solid solutions 173. There
is still no satisfactory theory for the spectra of jions in solid solutions, but
Metselaar 179 gave a theory of lattice vibrations of solid solutions in his
thesis on the NOj ions in alkali halides.

Bonn, Metselaar and Van der Elsken 179 discussed the spectra of NO3
in various alkali-halide lattices in terms of rotatory motions of the nitrate
groups, but Kato and Rolfe 178} have questioned this approach, and prefer
isotopic interaction instead.

Manzelli and Taddei 177 succeeded in substituting the MnOj, ion on
lattice sites in KCl, RbCl, KBr and RbBr, and the solid solution spectra are
superposed upon the KMnO, spectrum; tables of frequencies are given.

~ Krynauw and Schutte 178-181 in a series of papers discussed the infra-
red spectra of solid solutions of ClOy and ClOj3 in alkali-halide lattices,
measured the absolute absorption intensities and discussed the lattice-depend-
ence of the vy and »,-modes of the ClOj ion in these lattices.

McKean 182 considered the matrix shifts and lattice contributions from a
classical electrostatic point of view, using a multipole expansion of the elec-
trostatic energy to represent the vibrating molecule and applied this to the
XY, molecules trapped in noble-gas matrices. Mann and Horrocks 189 dis-

- cussed the environmental effects on the IR frequencies of polyatomic mole-
cules, using the Buckingham potential 184 and applied it to HCN in various
liquid solvents. Decius %% analyzed the problem of dipolar vibrational coup-
ling in crystals composed of molecules or molecular ions, and applied the
derived theory to anisotropic Bravais lattices; the case of calcite (which in-
troduces extra complications) is treated separately. Freedman, Shalom and
Kimel 188) discussed the problem of the rotation-translation levels of a tetra-
hedral molecule in an octahedral cell.

The technique of matrix isolation continued to be exploited extensively
in order to isolate species which cannot be isolated in another way, e.g.
CH;.COOH monomers by Berney, Redington and Lin 187 glycine by Grenie,
Lasseques and Garringon-Lagrange 138) group IV oxides by Ogden and Ricks
189) H,S by Tursi and Nixon 199 and by Pacansky and V. Calder 19, 80,
by Allavena et al. 92, the dimer of nitric oxide (NO), by Guillory and Hun-
ter 199 who suggest cis and frans O=N=N=0), a series of tetrahedral molecules
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by King 199 the hydrogen dichloride ion CIHCI™ by Milligan and Jacox 195,
the SH radical by Acquista and Schoen 98, and HCI by Keyser and Robinson
197 and by Von Holle and Robinson 198),

5. Attenuated Total Reflection

Attenuated total reflection or frustrated total reflection, is being increasingly
used to obtain solid state spectra, and to reveal solid state surface effects
(see Paragraph 3.1 above); the general technique is described by Davies 199
see also Wilks and Hirshfeld 19, Brooker 299 reported the detection of trans-
verse modes in NaNO,, NaNOy and CaCO, (calcite) using this technique.
Devlin, Pollard and Frech 200 made a detailed study of the ATR IR spectra
of uniaxial nitrate single crystals, and it is shown that the band structures
are in accord with prediction based upon the damped-oscillator model and
the complex form of Snell’s law and Fresnel’s reflection equations as developed
for the uniaxial crystal in question. Ahlijah and Mooney 202 compare the ATR
frequencies of solid nitrates (Na, K, NH,, Mg, Ca, Pb, Th), nitrites (Na, K),
NaCN, NaCNS, etc., with the solution ATR spectra; this method can also be
used for quantitative analyses. Deane, Richards and Stephen 209 used the ATR
method to determine the bond orientations in uranyl nitrate hexahydrate
UO,NO, .6H,0.

This is a technigue which deserves to be more fully exploited.

6. Pressure Effects

The infra-red spectrum of a compound is also pressure-dependent, but the
experimental detection is often very difficult as high pressures are involved.
Lattice modes are especially sensitive, as the recent studies of cubic ionic
crystals of Ferraro, Postmus and Mitra 299, Ferraro ef al. 2%:206) show.
Ferraro 297 studied the internal and lattice modes of K,PtCl, , K,PdCl,,
K, PtCl¢ and K,PdCl, undér pressure and concluded that the lattice modes
show a higher pressure dependency than the internal modes. Blinc, Ferraro
and Postmus 208 determined the pressure effects of the far-IR spectra of
paraelectric KH,PO, and RbH,PO,; the room-temperature spectra of
RbH,PO, show the presence of a new phase with ordered protons. The
Raman spectrum of a-quartz at high pressures was investigated by Asell and
Nicol 209 up to 40 kbar, and the pressure dependence of the lines reported.
Fong and Nichol 2!9 made a very interesting high-pressure (up to 40 kbar)
Raman spectroscopic study of CaCO; 1l and CaCOj III. They report 13 lines
for phase II and 20 for III. This study disproves the earlier suggestions 211-213)
that CaCOj II and KNO, I1I and that CaCOj; I1I and KNOj II may be iso-
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structural, and alternative structures for these CaCQ, phases are considered.
The frequency of the Raman active phonon at 150—175 cm™ is also very
much dependent upon the applied pressure, being the lowest in phase II and
highest in phase III; in fact, the phase transitions: room pressure phase >
phase II » phase I1I could be determined. Phase II is also characterized by
the splitting of the v, CO3 mode into a pair of lines at 715 and 721 cm™!.

7. Phase Changes

The ease with which IR-spectroscopy detects the phase changes of ammonium
halides was already referred to in Paragraph 3.1d. The technique was used by
Schutte and Heyns 199 to determine the phase changes in (NH,),SO,; they
also found an IR-NMR line-width correlation at 163 °K, the first time that
such a correlation has been established. There is no evidence that in (NH,),80,
there is any “free rotation™ of NHj, since the torsional mode was identified.
Heyns, Schutte and Scheuermann 219 also used this technique to establish the
phase transition in NaBD,, which should be analogous to that found in NaBH,
by Ketelaar and Schutte 219 and by Schutte 216); the phase transition was
found to ocour at 197 + 1° using both Raman and IR-spectroscopy, in agree-
ment with the Na?3 resonance studies of Subratova 217, The v,-Raman com-
ponents are especially temperature-dependent, and offer an excellent opportu-
nity to determine the phase transition because there are both a frequency shift
and a reduction in the number of components. The spectra of NH,CuCl;
(ammonium trichlorocuprate) should show evidence of severe distortion ac-
cording to the X-ray results of Willett ez al. 219, although Heyns and Schutte
219) do not find any evidence of this and bands which should be activated by
both the site and factor group perturbations are not observed; it is, therefore
concluded that the NHj-ion must have considerable rotational freedom. A
‘possible antiferromagnetic transition was also observed by these authors.
Schutte and Van Rensburg 220 studied the temperature behaviour of
NH,HSO, and determined the transition temperature. NH,BF, was studied
by Caron et al. 221, Schutte and Heyns 229 also studied (NH,),Cr,05, and
observed three phase transitions and in the deuterated salt there are two
phase changes; the behaviour of NH, with respect to reorientation is also
discussed.

Castellucci, Sbrana and Verderame 223 report a phase transition at -60°
in CsHN (deutero pyridine), but could not induce a similar transition in
normal pyridine (see also Loisel and Lorenzelli 161). May and Pace 229 report
two phases in CH;SH and the deuterated CH;SD, using IR-techniques, as
well as X-ray diffraction; the transition takes place at ~136 °K. Brilesch and
Giinthard 229 report phase transitions for bicyclo (2.2.2) octane, triethylene-
diamine and quinuclidine.
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Craft and Slutsky 228 report an ultrasonic and IR-study of the A-point
transition in NaNQOj, at 276.7 °C, where the appearance of v, of NO3 below
the transition point is used as a phase-change criterion. Sato 227 report the
temperature-variation of the vibrational bands of KH,PO, and KD,PQO, to
determine the well-known phase transition; this throws some light on the
nature of the phase transition.

Wiener, Levin and Pelah 228 studied the proton dynamics in KH,PO,-
type ferro-electrics by means of IR-absorption, and observed spectral
changes when traversing the Curie temperature. The H-bonds are discussed
and the correlation tables are given. The same authors 229 studied the anti-
ferro-electric transitions in NH,H,PO, and in NH,H,As0,, also using IR-
absorption spectra; this throws some light on the structures of the phases.

8. Complexes

The IR-spectra of very many — perhaps most — new inorganic coordinate
complexes are yearly recorded. Most of these spectra are just fingerprinting
and identification purposes or for empirical correlations and predictions.
There is a definite need to put most of these empirical correlations — some
of the evidence is usually very flimsy, spectroscopically speaking, and the
reader is warned not to put too much faith in it — on a firmer footing
through normal-coordinate analyses. Only a few solid state compounds were
described by such theoretical techniques in the past few years, the most im-
portant being listed below.

Jones, who has been very active in the description of the complex cya-
nides, has published a short paper on Cs,LiCo(CN),, together with Swan-
son 239 ; the new observations on the cobalticyanide jon show that the old
assignments of the C—Co—C deformation vibration are in error for the po-
tassium salt (see Jones 231.232)  Bloor 233 and McAllister 239). The Raman
laser spectrum of K, Ag(CN), was reported by Loehr and Long 239 ; this
spectrum was exceedingly thoroughly investigated by Jones 236-238) by IR
and by Bottger 239 using far infra-red radiation, and the Raman evidence
is in favour of the attachment of CN through the C-atom to the metal. The
Ag(CN); ion in the K, Na and Tl salts was also studied by Chadwick and
Frankiss 240 . The vibrational spectra of many hexacyanides M (CN)*",

M = Co, Fe, Mn, Cr, Ru have been remeasured in the solid state by Griffith
and Turner 241, and analysed with reference to 31 literature references.

Krasser 249 made a normal mode calculation of the vibrational modes
of Na,(Fe(CN),NO) which gives a C,, anion. '

The octacoordinated ions Mo (CN g', W(CN)§~ and TaFg' were studied
by Raman and by infra-red spectra in solution and as the potassium dihy-
drate salts by Hartman and Miller 243, The solution spectra of the cyanides
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are consistent with the square Archimedian antiprism structure which be-
longs to the point group D,4, but do not establish a proof. The solid state
spectra corroborate the D, 4-structure established for K;Mo(CN)g.2H,0 by
Hoard and Nordsieck 2449, although the ion in Na,TaFg has the D,4-struc-
ture as established by Hoard et al. 249 ; this study thus clears up the dis-
crepancy between the work of Hoard and Nordsieck 2% and the solution
infrared and Raman work of Stammreich and Scala 246,247,

Siebert and Eysel 248) examined the Raman and infra-red spectra of the
amine complexes (Co(NH;)2*, Co(ND3)2* and Cr(NH;)2* with various an-
ions, and the influence of the lattice symmetry upon the vibrations is dis-
cussed.

Nakagawa and Shimanouchi 249, discussed the far-IR and lattice spectra
of Co(NO,)2" salts, giving a complete vibrational analysis. This paper is the
ninth by the same authors on the theoretical description of coordination
compounds (see References in 249)), The same type of calculation is reported
for the structure Co((NO2), (NH;)s-,)®*™* by the same authors 2°9.

Debeau and Poulet 251 reported an interesting study of 31 crystalline hexa-
chloro MCl, and hexabromo MBrg metallates and the force constants are cal-
culated with a modified Urey-Bradley force field; the relation between the
metal-X stretching frequency and the MX covalency is discussed.

Hartley and Ware 252 reported Raman and IR data for solid ferrocenes
and the isoelectronic cation (Co(CsHs)} ); Long and Huege 253 also reported
the Raman spectrum of ferrocene, and the two investigations are in substan-
tial agreement. This work seems to settle the assignment problem in these
compounds. Bunker 254 used the theory of non-rigid vibrations developed
empirically by Longuet-Higgins 259, and predicted five coincident bands in
the Raman and IR, a fact not predicted by the normal selection rules.

Murrell 256 shows theoretically that for MX, compounds the three bond
stretching force constants can be calculated sufficiently accurately from IR
and Raman spectra; from this the complete harmonic force field can be de-
duced. This is an important simplification, and bond strengths can be more
conveniently calculated. Murrell shows that e.g. in WFCl that replacement
of F by Cl strengthens the trans WF bond and weakens the cis WF bonds.
Lane and Sharp 257 discuss the hexafluorometallates of Group IV, using the
factor group approach, and Adams and Newton 258} report the single crystal
IR and Raman spectra of K,PtCl,.

Beattie et al. 259 analysed the factor group splittings (by Raman and IR-
spectroscopy) of B-NiF,, SbCl4F, VF;, NbF; and TaF;. Buttery et al. 260
analysed the crystal spectrum in the CO stretching region of 7-C4H¢Cr(CO);,
giving also a force-constant calculation; they followed this study up with one
on the methyl-substituted compound 269,
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9. Solidified Gases

Solidified gases are still studied, and the hydrogen halides, because of their
simple vibrational structure, are favourites. Examples are HF by Kittelberger
and Hornig 262, HCl by Wang and Fleury 26® and by Friedrich and Carlson
264 all the hydrogen halides by Savoie and Anderson 269 and the Raman
spectra by Ito, Suzuki and Yokoyama 266), De Bettignies and Wallert 267
gave an interesting report on the variations in the Raman spectrum of NHj
with temperature, starting from the solid state. Herzog and Schwab 268
looked at the Raman spectra of liquid and solid NO, observed no solid
Raman lines, but a few liquid lines, and use quoted literature IR values to
show that cis and trans forms are present (see also Guillory and Hunter 199,

Johansen 269 calculated the isotopic frequency shifts occurring in the
molecular crystals of carbon monoxide CO, using the infra-red spectrum of
Ewing and Pimentel 279 ; the crystal is considered to be an ensemble of
harmonic oscillators and the FG-method is used.

10. Conclusion

This review shows that infra-red spectroscopy is used very much today to
unravel the nature of the solid state and the forces operating in crystals. It
is clear that the advent of the automatic recording laser Raman spectro-
meter has enhanced the usefulness of the infra-red spectrometer for solid-
state studies. There is still scope for much work, e.g. in the study of phase
changes, and especially in the structure of complexes in order to clear up
many of the problems found in the empirical interpretation of the spectra.
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. The Different Causes of the Raman Effect

In the elementary Raman scattering process light is inelastically scattered in a
material system. An incident photon of frequency wj is annihilated and a scat-
tered photon of requency w; is created instead. In addition a quantum of fre-
quency w is created in the Stokes case or annihilated in the anti-Stokes case.
Already in 1923 Smekal ) postulated the existence of frequency-shifted
scattered radiation on the basis of quantum theory. He gave the energy relation

hw,- +Ek =En + ﬁws, (I.l)

where £}, is the energy of some state of the material system before the scatter-
ing process and E, that of another state after the process, and h= h/27 with
h for Planck’s constant. Accordingly the energy of the material system can be
changed by the scattering process. Smekal considered only the different energy
levels of a molecule, for instance vibrational and rotational levels. Today the
meaning of the term “energy level” must be understood much more generally.

The.low quantized excitation levels or elementary excitations of the
material system are also called quasi-particles in solid state physics by ana-
logy with the elementary particles in quantum-field theory 2.3,

Up to the present time the following elementary excitations are known to
be of importance for the Raman effect: rotation of a whole molecule, vibra-
tions of the atoms in a molecule, and coupled states of vibration and rotation.
An electronic level can also lead to frequency-shifted scattered radiation. Raset-
ti 4) observed the electronic Raman effect in nitric oxide as early as 1930. It
was not until 1963 that interest in this almost forgotten effect was revived by
its investigation in a single crystal of PrCl; 5. Since then it has become im-
portant in solid-state physics for the determination of electronic energy levels
in single crystals, mainly through the work of Koningstein and his group 9.
The rotational structure of the electronic Raman band of nitric oxide could
also be resolved 7).

The elementary excitations mentioned so far are not related in any special
way to the solid state and will therefore not be treated in this article. We will
discuss here the following low-lying quantized excitations or quasi-particles
which have been investigated by Raman spectroscopic methods: phonons,
polaritons, plasmons and coupled plasmon-phonon states, plasmaritons, mag-
nons, and Landau levels. Finally, phase transitions were also studied by light
scattering experiments; however, they cannot be dealt with in this article.

When the power of the exciting radiation is raised into the megawatt range,
nonlinear Raman effects are observed, namely the stimulated Raman effect,
the inverse Raman effect (Stoicheff absorption), and the hyper-Raman effect.
The results of such experiments with single crystals will be discussed in the
last chapter, with special emphasis on stimulated Raman scattering from po-
laritons.
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1. Linear Raman Effect

A. Long-Wave Optical Phonons and Polaritons

1. Longitudinal Optical and Acoustical Phonons

A simple example which can be used to explain the basic principles is the
linear infinite chain with two atoms in the unit cell.

a) The Linear AB Chain

We assume that a longitudinal wave propagates in the AB chain (Fig. 1). By
longitudinal, we mean that the elongation u of the atoms or ions coincides
with the direction of wave propagation, e.g. the x-axis.

Urn-2 Uzn U2n U2na1 U2n.2

fo— B —sle g
Fig. 1, Linear AB chain

All A atoms are labelled with the even numbers 2n, all B atoms with the
odd numbers 2n £ 1,n=1,2,3... When the distances of the 2nth atom from
both its neighbours are equal at any particular moment, no force is acting on
this atom taking only nearest-neighbour interactions into account, which is a
good approximation, The force on the 2nth A atom depends on the difference
of the distances d4 of this atom from its two nearest neighbours of type B,
namely d? - d?. The indices denote the positive and negative x-directions,
respectively,

The distance A-B in the positive x-direction is

A
di =Ugpyy —Uy, ta
and in negative x-direction
dt =uy, ~ Uy, ta

The equation of motion for the atom A,,, is therefore

mAi‘.2n =f(df _dé)=f(u2n+1 +u2"-1 '2"2"), (Hl)
and hence for the atom B,
Mpligney =J(@5 = d®) = flugpey 1y, = 2ippy ). (I1.2)
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These equations of motion are solved with a harmonic ansatz. u,,(x) and
Uan+ (x) are obtained as a functionof x at x, =2na and xg =(2rn 1) -a
because of the discontinuity of the chain.

For a harmonic plane wave propagating in the x-direction one obtains

Ugy = UAe— H{wt—KkxpA) = UAe— i{wt—2nka)

Uppsy = UBe—-i(wt—ka) = UBe—-i(wt—(2nil)ka] (11.3)

where U, and Uy are the amplitudes, w the angular frequency, and
k = 2m/\ the magnitude of the wave vector, with A the wavelength.

In order to find a dispersion relation w = w(k), a system of equations for
the unknown amplitudes U, and Ug is derived. The secular equation leads
immediately to the dispersion relation (see 8:%))

2 _ _1+L+V(L+L)2_‘M (I1.4)
W =INmy mg = Y \ma mp mamg | °

From this equation several conclusions can be drawn.

b) The Brillouin Zones

Becduse it contains sin?ka, the function w = w(k) is periodic. All possible
eigenfrequencies are obtained when in Eq. (II.4) sin?ka is varied only in the
range 0 <ka < /2. The magnitude of the wave vector is thus

0<k<7n/2a
This range in & space is called the first Brillouin zone (BZ 1), see Fig. 2; higher val-
ues of k give further Brillouin zones with identical values for w = w(k). The

wh

2f(rn5¢mEJ
a8 \
]/2 f/mg

V 2f/mA

0 n/2a A;
Fig. 2. Dispersion curves of the optical and acoustical branch in BZ 1 for the linear AB chain
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magnitude of the wave vector & cannot become negative. X =0 denotes the
center of BZ1. The other half of BZ1 is obtained when the wave vector &
points in the negative x-direction.

¢) Dispersion in the Center of BZ ]

Near the center of BZ 1 k£ <€ #/2a. When the root in (I1.4) is expanded and
nonlinear terms are neglected, one obtains

w’(k <_1r_) =

2
- [mA +mp £ (my +mg) T —2ATE k2a2]. (L5)

Hia My wia t g
The different signs lead to the two cases:

a) Upper signs. The term with k242 can be neglected and we are left with

2f
2 LA
wi{k <2a) o (ma ) (IL6)

In this approximation w becomes independent of k, therefore this branch
of the dispersion curve is horizontal in the center of the BZ 1. This is the
optical branch.

b) Lower signs. In this case

2
wifk <L)~ _ Y e (11.7)
2(1 mA + My

w_ is linearly dependent on k and goes to zero with k. This solution corre-
sponds to the acoustical branch.

d) Eigenfrequencies at the Edge of BZ 1

For k = w/2a Eq. (11.4) becomes

w (k= )=y +my + (mp - ma)l )
2a/ mamg

Again two cases are to be distinguished.

a) Upper sign.
2f
2= T\ 2
Wik 20) o (IL9)

The frequency of the optical branch at the edge of BZ 1

w+<k= 5’;—)= 2fimg
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is therefore smaller than

w, (k=0)= 2f(—1+—1-—) ,

Ma Mp
the frequency of the same branch in the center of BZ 1.

b) Lower sign.
2 w 2f
co_(k=—>=—. (11.10)
2a’ my
At this point a decision must be made as to whether atom A or atom B has
the greater mass. If w, is to denote the optical branch throughout BZ 1,atom
A must have the greater mass: m, > mpg. .
As regards the notation “acoustical™ and “optical” for phonons, what
is important is the ratio between the vibrational amplitudes in the acoustical
and optical branches. The amplitude ratio U, /Uy for the different values of
w and k can be calculated from Eqs. (I1.1) to (I1.3). We thus justify the use
of the terms acoustical and optical branches as follows.

e) Acoustical Branch

According to Eq. (I1.7), w_= 0 for £ = 0 in the center of BZ 1. With these
values Eqs. (I1.1) —(11.3) lead to the relation U, = Uy . This means that both
sets of atoms vibrate with the same amplitude and in phase (because they
have the same sign). A translation of the whole chain resuits which corresponds
to an acoustical wave with A = oo, This is called a longitudinal acoustical branch
(LA).

At the edge of BZ 1, according to Eq. (I1.10), the eigenfrequency
w_ =/2f/m, for k = w/2a. Insertion of these values in Eqs. (I1.3) and (I11.2)
gives (2 fmpg /ma - 2)Up = 0. For ms ¥ mp it follows that Ug =0 and U,
is arbitrary. This means that atoms with the smaller mass 2y remain in the
equilibrium position and only the heavier A atoms vibrate. For k = 7/2a it
follows from & = 27/X that the wavelength A = 4a. When atoms A and B are
charged, no change of electric dipole moment is associated with this vibration,
therefore it is also called acoustical.

1) Optical Branch

In the center of BZ 1,i.e. for k =0, w, is given by Eq. (I1.6). By insertion in
Egs. (I1.1) —(11.3) one obtains U, /Uy = -mp/m, .

The amplitude is inversely proportional to the mass and the A and B atoms
vibrate with opposite phases. 2F

At the edge of BZ 1 (k=7/20) w, = |/ . according to Eq. (I1.9). From

Eqgs. (11.1) and (I1.3) it therefore follows that (s /mg ~ 1) Uy = 0. For
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ma # my, therefore, U, = 0 and Uy is arbitrary; this means that the heavier

A atoms remain in equilibrium. For the w, modes the center of gravity of the
A and B atoms does not move throughout the whole of BZ 1. When the A and

B atoms have different electric charges, a change of electric dipole moment is
associated with these vibrations except at the edge of BZ 1. Therefore this
branch is called the longitudinal optical branch (LO). This notation is also valid,
when the atoms are not charged, provided they vibrate in the manner described
above. All exclusively Raman-active and also all *‘silent” modes (i.e. IR and
Raman-inactive) are called “optical” modes.

2. Transverse Optical and Acoustical Phonons

So far only one degree of freedom of the vibration has been considered,
namely, in the direction of the wave vector. The removal of this restriction
gives transverse optical and acoustical phonons. For these, the atoms or ions
move perpendicular to the direction of wave propagation. Again, there are
two possibilities. When A and B atoms vibrate in phase, there is no change of
dipole moment and one speaks of a transverse acoustical phonon (TA). How-
ever, for a vibration with opposite phases in the A and B atoms, the electric
dipole moment changes so that we have a transverse optical phonon (TO).

3. Space Lattice

The atoms or ions of a lattice are arranged in the three directions of space.
The regularity of the array of the atoms in ideal crystals permits the subdivi-
sion of the crystal space into equal and equally oriented regions of space, the
so-called elementary cells. Each cell contains the same complex of atoms with
the same orientation in space. Such an elementary cell may contain s atoms.
Each atom has three degrees of freedom, one in each of the directions of the
three coordinate axes. Therefore a space lattice has 3 s eigenfrequencies or
modes. Of these 3 s modes for k = 0 (i.e. in the center of BZ 1) three corres-
pond to the translations into the directions of the coordinate axes. These have
the frequency w = 0, which corresponds to the frequencies of the acoustical
branches according to Eq. (I1.7) for £ = 0. The 3 s eigenfrequencies of a crys-
tal with s atoms in the elementary cell correspond to 3 s — 3 optical and 3
acoustical branches.

A strict classification into longitudinal and transverse vibrations is pos-
sible only in special cases, e.g. for the linear chain because of its high symmetry.
In a space lattice, on the other hand, only the phonons propagating in the direc-
tions of the principal axes of the crystal are purely longitudinal or transverse,
whereas phonons with an oblique k vector generally have a mixed character.
This fact is decisive for the choice of useful scattering geometries for the as-
signment of the phonons to certain symmetry species.
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4. Observation of Phonons by Light Scattering

Raman scattering can be considered as inelastic scattering of a photon by the
phonons of a crystal. For a one-phonon process, energy conservation leads
to the relations w; = w, + w in the Stokes case and w; = w, ~ w in the anti-
Stokes case. The incident and the scattered photons, denoted by i and s, re-
spectively, also have momentum. The momentum [ of a photon is calculated
from/=m-cand hw = mc’_' as I = hw/c = hk. Because the momentum is a
vector, one must write 7 = ik, Now there arises the question whether 2 pho-
non also has momentum. With a mechanical wave in a crystal there is no mo-
tion of the center of gravity, therefore a phonon has no momentum in the
usual sense. In spite of this a quasi-momentum can be ascribed to it. This
question has been treated by Siissmann 19 . One may write down a relation
for the k vectors which corresponds to conservation of momentum if all wave
vectors of the phonons are within BZ |, namely k;= k. +k for the Stokes
case and k; = k K for the anti-Stokes case.

For the following argument the order of magnitude of the wave vectors
of the phonons created or annihilated by light scattering is of special impor-
tance. Usually visible light is used as the exciting radiation for the Raman
effect. Let us assume A; & 500 nm £ 5 - 1075 ¢m. Then the absolute magni-
tude of the wave vector of the incident photon k; = 27/X; =~ 10° em™ . The
wave number of the phonons observed in the Raman effect is in the order of
10 to 1000 cm™!, so that the wave numbers and the magnitudes of the wave
vectors of the incident and scattered photons differ only slightly. For 90 °
scattering, which is used in most cases, the wave vector triangle is nearly isos-
celes.

The magnitude of the phonon wave vector is then k ~+/2 k;, i.e. kisalso
approximately 10° cm™. At the edge of BZ 1 the phonon wave vector has
the magnitude k = 7/2a. The lattice constant of a crystal is approximately
a=~ 0.1 nm, so that we have k ~ 10® cm™! at the edge of BZ 1. Therefore in
light scattering experiments the phonon wave vector is about three orders of
magnitude smaller than at the edge of BZ 1, i.e. it is near its center.

The scattering at the acoustical branches leads to Brillouin scattering which
will not be treated here. According to elementary theory used until now,
the optical branches have no dispersion in the region of small & values. There-
fore one might assume that the results of group theory for k = 0 might be fully
applicable for finite but small values of &, as observed in light-scattering ex-
periments. However, this is not true, as the following considerations will show.

It should be emphasized, however, that we are dealing in this article main-
ly with one-phonon processes, i.e. fundamentals. For multiple phonon proc-
esses, i.e. overtones and combinations which are observed in second-order
Raman scattering, the whole of BZ 1 comes into play. Because the sum or
difference of two large k vectors can have a relatively small magnitude, it can
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fulfill the condition that the magnitude of the resulting phonon wave vector
is of the same order of magnitude as k;.
The following considerations are only valid for fundamentals.

5. The Dispersion of Long-Wave Polar Optical Phonons in Diatomic Cubic
Crystals

This was first investigated by Huang !V, Long-wave optical phonons are those
with small & values, A polar phonon is an infrared-active phonon. Polar phonons
therefore can only be observed in the Raman effect for crystals having no cen-
ter of symmetry in the elementary cell. For centro-symmetric crystals the rule
of mutual exclusion applies: infrared-active phonons are forbidden in Raman
scattering and vice versa. The elementary cells of NaCl and LiF have a center

of symmetry, but GaP has none. The following considerations may therefore

be applied to GaP as an example. This crystal has two atoms in the elementary
cell and is cubic. It can be treated as an optically isotropic medium.

a) Huang'’s Equations

For the polar vibrations of the two sublattices against each other, according
to Huang the following equation of motion is valid

Wb Wb, E . (L11)

Without the second term on the right-hand side this is the equation of a har-
monic oscillator. W is the (mass-loaded) vector of the relative elongation of
the two sublattices. For dimensional reasons b;, must be the square of a fre-
quency. From the solution of the harmonic equation one obtains

by =-wk, (11.12)

where wr designates for the moment the eigenfrequency of the system ob-
servable in infrared absorption. The second term in Eq. (I1.11) constitutes an
additional repelling force originating from an electrical field £ . This is not an
external field, but one that is created by the vibration of the two sublattices
with opposite charges. Thus a macroscopic electrical field is formed in the
crystal with a periodic time dependence (e'“*, with ¢ the frequency of the
phonon). Its frequency is, however, very small compared to that of a light
wave. Therefore the electric field originating from the mechanical vibration
may be regarded as quasi electrostatic. It is a long-range electric field extend-
ing over many elementary cells. This E field reacts on the motion of the ions,
so that the frequency of the LO phonon will be changed-under its influence.
This is the background for the Lyddane-Sachs-Teller relation to be treated
below. For transverse optical vibrations the origin of an E field is less ob-
vious, but it is also present and its reaction on the eigenfrequency of the TO
phonon later gives rise to the polaritons.
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In addition to Eq. (II.11) Huang writes a further one:
B=b,w +b,E. (11.13)

Pis the macroscopic polarization. It consists of a lattice polarization b,, W
originating from the electric dipole moment arising from the mutual displace-
ment of the two sublattices, and of a second term bnE originating from the
pure electron polarization. According to definition, P and E are connected by

=¢-1pg (I1.14)
dn

where € is the dielectric constant. The lattice vibration is assumed to be har-
monic:

W=y - enilwr-k (1.15)

From energy conservation !2) it follows that b, = b,, . From Egs. (IL.11).to
(I1.15) the following macroscopic expressions can be derived for the coef-
ficients by,:

€0 — € €—1

y “wr; bap = . (IL. 16)

€, is the static dielectric constant; €, the dielectric constant for frequencies
much greater than wy. €, = #% where n is the optical refractive index. Gen-
erally € is a function of w which can be written for a single absorption fre-
quency wr as

by, =

2 2 2 2
EoWF — €W’ _ Wi ~w
ewy=—=I =" =2 ¢ (1.17)
wi-w Wr -w :

w, is the frequency where the function e(w) is zero. Later it will acquire an-
other significance.

b) Retardation Effect

The relations derived up to this point are not sufficient to solve the
problem of the dispersion of the optical branch for small k values. The
retardation effect must also be taken into account. Because of the finite
velocity of electromagnetic waves, the forces at a certain point of time and
space in a crystal are determined by the states of the whole crystal at earlier
times. A precise description of the dispersion effect therefore requires the
introduction of Maxwell’s equations. With a harmonic ansatz for E and B
which is analogous to Eq. (I1.15) they lead to the relation

E=—f"-"—w—2[‘—c"; P-(E-ﬁ)ié}. (I1.18)

k? =<
C2
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From Egs. (I1.11), (I.13), (I1.14), and (I1.18) finally follows

e -Ey=0. (11.19)
This relation can be fulfilled in two ways.

c¢) Dispersion of the LO mode
€ = 0 leads according to Eq. (II.17) to the relation

w=w, =}/ 2 wr. (11.20)
One can show, that in this case kis parallel to E 1_5, and also to W, i.e, this so-
lution is the dispersion relation of the LO mode. It is remarkable that w,
which now turns out to be the frequency of the LO mode, does not depend
on k. wy has no dispersion in the center of BZ 1 and is always greater than
wr because 4 > €_. Eq. (I1.20) is called the Lyddane-Sachs-Teller relation.

d) Dispersion of the TO mode

The other poss1b1e way to fulfill Eq. (II. 19) is k£ « E = 0. One can show in
this case that & is perpendicular to E and w , therefore this is the solution for
the TO mode. After a short calculation from k-E=0 we obtain the dis-
persion relation

kz 2

Because € is a function of w according to Eq. (II.17), (1I.21) gives im-
plicitly the function w = w(k). An explicit calculation of this dispersion re-
lation is possible, but leads to somewhat awkward expressions. The result is
shown graphically in Fig. 3.

The full horizontal line is the dispersion line of the LO mode, Eq. (I1.20).
From Eq. (I1.21) two branches result. The lower branch starts at w =0 with the
slope c//€, . For very small k values the curve closely follows a straight line
with this slope. This dashed straight line represents the dispersion relation of
photons in a dielectric with the refractive index+/€,. The dispersion branch
then departs from this straight line for greater & values and asymptotically
approaches wr, the infrared absorption frequency. Therefore the lower dis-
persion curve is photon-like for small £ values and phonon-like for large ones.
In the transition region it represents a mixed state between an electromagne-
tic and a mechanical wave. These mixed photon-phonon states are called
“polaritons” 13},

The upper dispersion branch begins at w; for k£ = 0 and is at first phonon-
like, then increasingly assumes photon character. For large k values it is asymp-
totic to a straight line with the slope ¢/A/€,, which describes the dispersion
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Fig. 3. Dispersion curves of the long-wavelength optical phonons, photons, and polaritons
in the centre of BZ 1. In order to demonstrate the connection with the dispersion effects
in the region 107 <k < 10% cm™, the branches of an LO and an LA phonon in this region
have been added in a different linear scale. The figures correspond to a cubic lattice with
two atoms in the unit cell 3%

of a photon in an optical medium with the refractive index n =4/, . For in-
termediate k values we again have a mixed state, namely a polariton.

6. Dispersion of Biaxial, Polyatomic Crystals

Merten 14 has extended the theory for the general case of a biaxial, poly-
atomic crystal. His theory is worked out in detail for crystals of the ortho-
rhombic system and all crystal classes of higher symmetry, but not yet for
crystals of the monoclinic and triclinic systems.

a) The General Dispersion Formula

The general dispersion formula obtained for the coupling of the vibrational
equations with the Maxwell field can be brought into the form of Fresnel’s
wellknown equation for the wave normal from crystal optics. It is usually
written in the form

| G

133;/(,;17 -l) =0. (I1.22)

n e‘l‘l

When used as the dispersion formula for the phonons and polaritons in ortho-
rhombic crystals, the symbols in Eq. (I1.22) have the following meaning:

n = 1,2,3 designates the three directions of the principal orthogonal axes.

s, are the direction cosines of the normalized wave vector § = k/k with re-
spect to the three principal axes of the crystal. If the unit vectors in the
directions of these three principal axes are designated &,, &,, €5, one can
write
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$=15,8, +5,8, +5385= %lsné'77 . (11.23)
n=

The refractive index » is not regarded as a constant as in Fresnel’s equation,
but as an abbreviation for k - ¢/w. This can be understood as follows: in an
optical medium the phase velocity of light is ¢/n, where ¢ is the velocity of
light in the vacuum. Now the phase velocity is connected with wavelength
and frequency through the relation ¢/n = X - ». On the other hand k = 27/,
This leads to ¢/n = w/k and finally

_k-c

€, designates the frequency-dependent dielectric constants in the three prin-
cipal directions of the crystal. As a generalization of the expression for the
frequency-dependent dielectric constant of a cubic crystal with two atoms

in the elementary cell given in Eq. (I1.17), following Kurosawa 15) the ansatz
is made for an orthorhombic crystal with any number of atoms in the elemen-
tary cell

my w2 - w2
€ = €un I w_’;‘.__o_ﬁ : (11.25)
T¥

€., are the dielectric constants at high frequencies, i.e. the squares of the re-
fractive indices in the respective directionsn.i=1,...,m, is the index run-
ning over the infrared-active transverse absorption frequencies wy; measured
in direction 0. The w;; mathematically are the frequencies where the func-
tion €, = ¢, (w) becomes zero.

The physical significance of the w;; is that of the LO frequencies belong-
ing to the wy,. After insertion of Eqs (I1.24) and (I1.25) into Eq. (11.22) the
latter represents an implicit dispersion relation w = (k). The form of Eq.
(I1.22) is simple but has the disadvantage that the solution €, = n? must be
rejected because of the vanishing denominator. It is better to remove the
denominator. A short calculation leads to the less simple expression

3 3
z {e,,s?., 11 (e -n’)} =0. (11.22a)
n=1 =1
§¥n
This relation is of central importance for the dispersion of phonons and po-
laritons. Special cases can immediately be derived from it. The case of the
cubic diatomic crystal treated above follows from e€; =€, = €53 =¢€. Because
§ is a unit vector, s? + 53 + 52 = 1. Therefore from Eq. (I1.22a) follows

e(e-n2)® =0. (11.19a)

From Eq. (11.17) follows for € = 0 Eq. (I1.20). From the other possible way
to fulfill Eq. (11.19a) there follows with Eq. (I1.24) the condition (I1.21) al-
ready obtained above.
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b) Cubic, Polyatomic Crystals

Compared with the case of the diatomic crystal only the expression for € (¢w)
is changed. From Eq. (I1,25) we obtain for this case
m W2, -2
e(w)=e, M L7 (11.26)
Elop -w
m is the number of infrared active phonons. Barker 1¢) showed that from the
condition € = 0 there follows a generalized Lyddane-Sachs-Teller relation

m m
11 wi, =— Il Wi, (1.27)
Consequently, regarding only Eq. (I1.27) nothing can be said about the single

LO frequencies, but only about their product. The independence of k& is re-
tained. The behaviour of the polaritons follows from Eq. (I1.21) where Eq.

12

/ /'Slopez cleg

C/ ory
| [ L

=7 - —= Wiy

—/ / Wyl wn
J

0 ] l | | ]
k

Fig. 4. Polariton dispersion curves for a cubic crystal with three infrared active phonons 17)

100



Laser Raman Spectroscopy of the Solid State

(I1.26) is to be inserted for €(w). The form of the dispersion curves w = w(k)
described implicitly by this equation is reproduced in Fig. 4 for the case of a
cubic crystal with three infrared active phonons 7. The LO modes are re-
presented by dashed horizontal lines. Only the frequency of the lowest TO
branch goes to zero for K = 0. The two other TO branches merge with the
next lower LO mode for & = 0, as does the upper polariton branch. The
relations (I1.26) and (I11.27) retain their validity beyond the special case
considered here for non-cubic crystals, too, when the dispersion is only to
be described for directions parallel to the principal crystal axes.

¢) Uniaxial, Polyatomic Crystals

Here a new aspect arises. When the optical axis of the crystal points in the
z-direction of an orthogonal coordinate system, the xy-plane is isotropic.
Therefore the physical quantities are denoted according to their relation with
respect to the optical axis:

€1 =€ =€, =€, =€), €3 =€, T €.

For the direction cosine we write
2 242 =2 =qin? 2 _ 2 =2 = 2
s3 455 =53 +5, =5] =sin’9, §3 =57 =5} = cos J.

¥ is the angle between the optical axis (z-direction) and the wave vector £
From the general dispersion Eq. (I1.22a) it then follows

(el—nz) le;s] G n?) + e"sﬁ (e, -n®)]=0. (11.28)
There are again two possible ways to fulfil this equation.

&) Ordinary Phonons and Polaritons. The condition €, - n? = ( leads to the
dispersion relation .
=l =¢ (W) (I1.29)
w

One can show that for this solution E , I’ and w are perpendicular to k and the
z-direction. Phonons and polaritong. for which condition (II.29) is fulfilled are
called “ordinary®. Because of w 1 k there are by definition only transverse
ordinary phonons. In Eq. (11.29) the right-hand side is

mlwiy - w?

e{w =6, I ————.
1) ‘Li=1w§~l,—w2

(11.30)
m, is the number of infrared-active phonons when the infrared spectrum is
observed with the polarization perpendicular to the optical axis. wy); are
the frequencies of the transverse phonons and w ), those of the longitu-
dinal phonons, both measured perpendicular to the optical axis. Because
of the analogy between Egs. (II.21) and (I1.29), the behaviour of the disper-

101



J. Brandmiiller and H. W, Schrdtier

sion curves of the ordinary phonons in uniaxial crystals is the same as that of
the transverse phonons in cubic crystals. They appear as in Fig. 4, but with

the addition of an index 1 to every w. It is remarkable that no direction co-
sine occurs in the dispersion Eq. (I1.29) for the ordinary phonons. This means
that the ordinary phonons show dispersion only with respect to the magnitude
and not to the direction of the wave vector. This is not the case for the second
possible fulfiliment of Eq. (I1.28).

B) Extraordinary Phonons and Polaritons. The dispersion equation for extra-
ordinary phonons and polaritons is

eyst(ey - n?) +¢ysie, -n?) =0. (I1.31)

This equation gives with s) = sin ¢ and s = cos ¢

2 =k?c? € €L

n:= e o coR 9+ ey 20 (11.32)
There is no 51mple orientation between the optical axis and k on the one hand
and E, P and W on the other hand for arbitrary directions of k. It must be
emphasized that the direction cosines appear in Eq. (I1.32), and therefore the
extraordinary phonons and polaritons show dispersion not only with respect
to the magnitude, but also to the direction of the wave vector,

The situation is relatively easy to comprehend for the limiting cases

®#=0and 9 =7/2. =0 means that k¥ and z have the same direction. Then
5y =0and sp=1. From Eq. (I1.31) it follows

e (ep -n?) =0. (IL.33)

Again there are two solutions. From €= 0 we obtain the Lyddane-Sachs-Teller

relation, now in the form
m| eq

Wit I ke (11.34)

Therefore LO phonons exist with the frequencies w,|; independent of &.

The other solution €, - #? = 0 leads to strictly transverse optical phonons.
They degenerate with the ordinary phonons given by Eq. (11.29).

& = 7/2 finally means that the wave vector k propagates perpendicularly to
the optical axis. Then 5= 0 and s; = 1. From Eq. (I11.31) it then follows

el (e -n2) =0, (IL.35)

=1

€, = 0 again leads to k-independent LO phonons with the frequencies de-
termined by
I wi, =2 Owh, (11.36)

w] =1
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The further solution €) - n? = 0 describes the dispersion of another set of
strictly transverse phonons which do not degenerate with the ordinary
phonons because of the anisotropy of the crystal.

In all other cases with 0 < & < /2 no relations of the form € = 0 and
€ - n? = 0 can be derived from Eq. (I1.32). This means that only for the
limiting cases ¢ = 0 and & = 7/2 do pure LO and TO phonons exist. In all
other directions the eigenvibrations have a more or less mixed character.

In order to obtain approximate relations for directions 0 < & < 7/2
Merten 18 and Loudon ') considered a number of special cases where either
the anisotropy of the crystal or the electric fields causing LO-TO splitting
may be neglected.

B. Experimental Observation of Polaritons by Raman Scattering

The first experimental observation of polaritons was made in 1965 by Henry
and Hopfield 20) in the cubic diatomic crystal gallium phosphide. The ex-
perimental arrangement must be chosen so as to yield small & vectors. This
is the case for near forward scattering, namely when the angle ¢ between the
wave vectors of the incident and scattered light, l?, and I?s, respectively, be-
comes small. A device with which this may be achieved was described by
Claus 21, According to the dispersion curves (e.g. in Fig. 4) the Raman lines
arising from polaritons are shifted towards smaller wave numbers for de-
creasing k& values.

1. Zinc Oxide

Zn0O was the first uniaxial crystal in which polariton dispersion was detected
by Porto et al. 22 in 1966. ZnO is hexagonal and has the factor group Cg,.
From the character table for the point group Cg, one can immediately de-
duce that the vibrations of species A; and E, are infrared-active, i.e. polar,
and Raman-active. The vibrations of species E, on the other hand are non-
polar and exclusively Raman active. In an earlier paper Damen, Porto, and
Tell 23) determined the phonon spectrum of zinc oxide by 90° Raman scat-
tering. In this case the phonon wave vectors are much greater than those re-
quired for the observation of polariton dispersion. For small scattering angles
v the Raman line corresponding to the E; (TO) phonon at 407 cm™! was ob-
served to shift towards smaller wave numbers 22), For ZnQ the directional
dispersion can be neglected. However, this is not the case for our next ex-
ample.

2. a-Quartz

This uniaxial crystal belongs to the trigonal system (factor group D3) and
has 9 atoms in the elementary cell. Vibrations of species E are polar and Ra-
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man-active and polariton dispersion may be expected for the corresponding
lines. The polariton spectrum was observed by Scott ef al. 24) and the dis-
persion curves for the ordinary and the extraordinary phonons and polaritons
were calculated by Merten 25),

3. Lithium lodate

LiIO; is a uniaxial hexagonal crystal (factor group C¢). Vibrations of species
A, E,,and E, are allowed in the Raman effect, but only A and E, are infra-
red-active, therefore polariton dispersion is expected for the transverse phonons
of these two species. The phonon and polariton spectra were investigated by
Claus 26527 and Otaguro ef al. 28:29), Here we want to show two series of
spectra recorded by Claus.

I | J
800 750 em™ 700

Fig. 5. Polariton associated with the A (TO) phonon at 795 cm™!

triangles lie in the optically isotropic xy plane of the crystal 21)

in LilO4. Wave vector
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Fig. 6. Polariton associated with the A(TO) phonon at 354 cm™! in LilO,. a) Scattering
plane xy, b) scattering plane xz 352)

At 795 cm™! LilO4 has a transverse A phonon. Fig. 5 shows the shift of
the Raman line towards lower wave numbers for decreasing angles between
the directions of the incident and scattered light. Because the wave vector
triangle lies in the isotropic xy-plane, iis always perpendicular to the opti-
cal axis and no directional dispersion is to be expected, therefore the shift of
the line is due only to the variation of the magnitude of the wave vector.
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LilOj is called a negative crystal, because the extraordinary refractive index
is smaller than the ordinary one: n,-ny, = 1.78 ~ 1.93 < 0 (values for
514.5 nm). When the scattering geometry is chosen in such a way that the
incident light is an extraordinary ray, a greater polariton shift is obtained
because smaller k values can be realized, as in the case of ZnO.

Fig. 6 shows the scattering spectra of the polariton arising from the A
phonon at 354 cm ™. For the left series of spectra the scattering plane is the
xyp-plane, i.e. no directional dispersion can occur. With decreasing angle the
line is shifted towards smaller wave numbers. The right series was recorded
with a scattering geometry in the xz-plane. The spectra look quite different
because of the additional influence of directional dispersion, and at = 4.6°
the polariton line does not reach the position of the A phonon line at

0°
06°

13°

19°

32°

459

6.4°
L L i
cm 2100 2050 2000

i Y

Fig. 7. “Crossing” of a polariton branch with a second-order phonon line in K3Cu(CN),.
The scattering angles are those inside the sample 31

106



Laser Raman Spectroscopy of the Solid State

354 cm™!, asin the left series, but only the E, phonon at 328 cm™! to
which it is coupled. Otaguro et al. 29) have given a complete assignment of
the phonon spectrum, so that a full comparison of theoretical dispersion
curves with the experimental results is now possible.

4. Potassium Copper Cyanide

In this crystal an interesting effect occurs 30, K;Cu(CN), is uniaxial (factor
group C,, ), species A; and E are allowed in infrared absorption and in the
Raman effect. Polariton behaviour was observed for the TO phonon at

2076 cm ™! -of species A; which corresponds to an internal vibration of the
cyanide group. Fig. 7 shows the spectra recorded with He-Ne laser excita-
tion 31) . The scattering plane was xy, therefore no directional dispersion in-
fluences the results. With decreasing angle ¢ a line is shifted towards smaller
wave numbers. When it approaches a weak second-order phonon line at
2035 ecm ™1, the latter increases in intensity and begins to shift, while the
original polariton line loses its intensity and finally comes to a standstill at
the position of the second-order line, The exchange of intensities occurs in
the same way as in Fermi resonance in molecular spectra. Analogous be-
haviour was observed in the same crystal for a polariton originating from an
E phonon at 2082 cm™!. Agranovich et al. 32) have quoted this phenomenon
as experimental evidence for their theoretical considerations regarding Fermi
resonance in molecular crystals.

5. Lithium Niobate

a) Upper Polariton Branch

The measurements reported above did not refer to the upper polariton
branch which was first observed in LiNbO;. We refer here to the branch
having phonon character for small k£ values and approaching the photon
dispersion line for k large. First, we wish to make some more general
remarks. For scattering of light in a material medium, energy conserva-
tion leads to the relation w; = w, + w for the Stokes case, For Raman
scattering at large angles, w is the frequency of a phonon. For polariton
scattering, w is the frequency of a coupled phonon-photon state. Final-
ly the same relation is also valid for parametric luminescence. Here w
is the frequency of a photon; in this connection it is usually called the ““idler”
frequency. In the upper polariton branch a transition can be observed from
Raman scattering at a phonon to polariton scattering and finally to parame-
tric luminescence.

Apart from energy conservation, momentum conservation must also be
fulfilled: l?,- = I'c:. + k. From this wave vector relation a short calculation for
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exact forward scattering, i.e. ¢ = Q, leads to the following condition for « and
k which must be fulfilled in order to make the scattering observable:

o=k s (11.37)

n; and n, are the refractive indices for the incident and scattered light, re-
spectively. Eq. (I1.37) is a linear relation between ¢ and £ as long as disper-
sion of n, is neglected. £ = 0 can be realized for a finite value of w if n; <n,.
LiNbO, is a negative crystal, i.e. n,-n, <0. Therefore the scattering geometry
must be chosen in such a way that the incident ray is extraordinary and the
scattered ordinary. In LiNbO; the numerical values for the refractive indices
are so favourable that £ = 0 for exciting light of a wavelength near 500 nm
and for an w value very close to the frequency of the highest LO phonon
into which the upper polariton branch merges. Claus et al. 3% photoelec-
trically recorded this upper polariton branch for the first time and obtained
good agreement between theory and experiment.

In connection with parametric luminescence, the upper polariton branch
of LiNbO,; was photographed earlier by Klyshko et al. 3*). The beam of an
argon ion laser (488 nm) was incident perpendicular to the optical axis of
their LiNbO; crystal. Behind the crystal a lens focused the forward scattered
light on the entrance slit of a spectrograph. The light scattered in directions
¢ to the forward direction is then focused at different heights on the entrance
slit, so that the slit-height dimension becomes a function of ¢, and on the
spectrogram an (w, @) diagram is obtained. The straight line representing
the observation limit (I.37) for ¢ = O twice crosses the upper polariton branch.
Between ¢ = 0° and 4° two intersections are always obtained until the hyper-
bola 35) representing ¢ = 4° merely touches the upper polariton branch, i.e.
an elliptic figure is observed on the spectrogram 34),

b) Directional Dispersion

In LiNbOj; Claus 38 has also investigated directional dispersion. Borstel and
Merten 37 have calculated the directional dispersion of all optical phonons of
LiNbO; on the basis of the assignment given by Kaminow and Johnston 38).
However, the dispersion curve coupling the E(TQ) phonon at 582 ¢cm~! to an
E(LO) phonon at 621 cm™! could not be verified by experiment; instead this
E(TO) was found to couple to the A, (TO) at 637 cm™!. Therefore the as-
signment 38 of the E(LO) at 621 cm ™! and also that of some other phonons
had to be revised. The experimental basis for this reassignment are series of
spectra obtained by right-angle and backscattering experiments on LiNbO,
samples cut at different angles to the optical axis 3%. The directional disper-
sion has proven to be a very sensitive test for the assignment of the phonon
spectrum of a crystal.
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C. Plasmons and Coupled States

1. Plasmons

These are quantized vibrations of conduction electrons in a metal or semicon-
ductor 49, The quantized energy levels of the coliective longitudinal vibra-
tions of the electron gas are quasi-particles in the sense of the definition given
above and are called plasmons. The frequency of this longitudinal vibration,
the plasma frequency wp, is given by 40)

2
wr <)/ dmne (I1.38)
€. M

where n denotes the electron density, e the elementary charge, €., the optical
dielectric constant, and m* the effective mass of the electrons in the conduc-
tion band, which can be appreciably lower than the normal mass of the elec-
tron.

2. Coupled Plasmon-Phonon States

The coupling of plasmons with LO phonons leads to coupled plasmon-pho-
non states. For a cubic crystal with 2 atoms in the elementary cell and one
infrared-active eigenfrequency wr, the frequency-dependent dielectric con-
stant is according to Eq. (I1.17)
w? - w?
e(w)=¢,
@)= e s
This relation holds for a completely isolating crystal. When conduction elec-
trons are present, the so-called Drude-term has to be added on the right-hand

side and we have
2 2 2
Wy - w wp

e(w)=¢€. -€ ) . (11.39)

w% - w? = w<w + 1_
To

wp is the plasma frequency defined by (11.38), 7, the mean collision relaxa-

tion time for the electrons which determines the damping, and i the imaginary

unit. When damping is neglected (as for the phonons) we are left with

2 _ .2 2
€(w) =ew(2—1‘5—22——:%). (11.40)
e

According to the general rule, LO phonons are obtained when € = 0. With
(11.38) it follows from (11.40)

4mne? 1 wi - w? 1141
e e X
m*  w? w? - w? ( )
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Fig. 8. Frequency shift of the Raman-scattered light in GaAs at room temperature as a
function of the square root of the electron concentration 41

We obtained earlier a very similar expression for the dispersion of the TO
branches, namely

2 2
Wi - w

LY 20 S . a1.21n)

w? Twi_w
Therefore the dispersion of the LO plasmon-phonon states is formally equiva-
lent to the dispersion of the TO photon-phonon states, with 4wne? /m* re-
placing k?c?. When the plasmon-phonon frequency w is plotted against/n
instead of k, dispersion curves for the LO modes are obtained which are sim-

ilar to the polariton dispersion curves, the TO phonons showing no dispersion
with /7.

For high electron densities #, scattering at the pure plasmon is obtained, where-
as for relatively low values of 1 coupled plasmon-phonon states are observed. In
Fig. 8 the dispersion curves for gallium arsenide measured by Mooradian et al.
41,42) are shown. The black dots represent the unshifted TO phonons and the
circles the coupled modes designated L, and L_. The calculated full curves
agree very well with the measured values. The scattering at plasmons and cou-
pled states was also measured 43 for InP, CdTe, and AlSb and calculated 49
for InSb.
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3. Plasmaritons

Plasmon-phonon coupling represents mixing of two quasi-particles. The cou-
pling of three quasi-particles has also been observed. The term plasmariton was
used by Alfano 4% for a coupled state of a TO phonon and a “dressed pho-
ton”, namely, a photon surrounded by an electron cloud (a coupled state of
a plasmon and a photon). The quasi-particle “‘dressed photon” is also called
a transverse plasmon. Because the coupled state of a photon and a TO phonon
has been termed polariton, a plasmariton can also be regarded as coupled state
of a plasmon and a polariton. Earlier 46) the term plasmariton was used in a
more restricted sense, namely, when a partly transverse character of the plas-
mon is induced by an external magnetic field.

The corresponding dispersion curves are obtained by insertion into Eq. (11.21)
for the transverse states of Eq. (I.39) for €(w) including the Drude term. Dis-
regarding damping, this gives

2.2 2 2 2
k?c —e (wL-w _cﬁ,)

w? Wi - w W?

(11.42)

for the case of a cubic, diatomic crystal. Patel and Slusher 46) discussed and
evaluated this expression for GaAs. They found that the polariton dispersion
curve is modified in two ways. Firstly the lower polariton branch does not go

to w = 0 for k£ = 0. For an electron densitiy of # = 2.9 - 10'7 cm™~? an ordinate
value of w = 160 cm™! is obtained. Secondly the wave number of the k-inde-
pendent LO phonon is increased by about 10 cm™'. The same authors 48 also
investigated the influence of an external magnetic field of 8 - 10 A/m (100kOe).
Shah et al. 46?) gbserved Raman scattering from polaritons and plasmaritons in
CdS. McWhorter and Argyres 47) theoretically studied Raman scattering of
magnetoplasma waves in semiconductors with special reference to GaAs.

D. Scattering at Landau Levels

Landau levels are the quantized orbitals of free particles in a crystal in an ex-
ternal magnetic field 49). The motion of electrons in a magnetic field is gov-
erned by the Biot-Savart law. The energy levels of the circular orbitals of the
electrons revolving with the cyclotron frequency are called Landau levels. The
inelastic scattering of electromagnetic radiation in such a system, causing a
transition from one Landau level into another, is called Landau-level Raman
scattering. Theoretical studies of this effect were made by Wolff 48), Kelley
and Wright 4%, and Yafet 59, Slusher ef al. 51} confirmed the theoretical pre-
dictions through their measurements in InSb. Fig. 9 shows their results. The
experimental arrangement is indicated in the upper part of the figure. The
beam of a giant-pulse CO, laser with a peak power of 25 kW at a wavelength
of 10.6 um is focused by a BaF, lens into the InSb sample which is placed at
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Fig. 9. Spectrum of light scattered at 90° from n-InSb (n, = 5 - 10'® ¢cm™?). Notice the
scale change in curve (a) for the intensity of the spin-flip scattered light

the focal point of a parabolic mirror. The scattered light is detected by a Ge-

Cu detector cooled to 4.2 K. The lower spectrum (a) is recorded at a magnetic
field of 2.10 - 105 A/m (26.2 kOe), the upper (b) at 2.94 - 10® A/m (26.7 kQe).
The line designated A S = 1 corresponds to the “spin-flip” of the electrons, the
broad lines A/ =1 and Al = 2 are Landau-level transitions. / is the Landau-

level quantum number. At higher magnetic fields the lines are shifted towards
higher wave numbers. Further theoretical considerations were made by Wright
et al. 52) and Makarov 53),

E. Light Scattering at Magnons

Internal and external magnetic fields also play a special role for the observation of
light scattering at magnons, as the quanta of spin waves are called 49 -see Fig. 10.
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Fig. 10, Explanation of spin waves (see text) 40

In a ferromagnetic material the spins are parallel within a Weiss domain. The
left upper part of the figure shows the classical picture of the ground state of
a ferromagnet. All spins are parallel. A possible energy level requiring a rela-
tively high energy is drawn at top center: one spin is completely flipped. How-
ever, when the energy is not sufficient for a complete flipping, the spins can
only deviate from their equilibrium (parallel) position by a small amount.
Such a low-lying excitation is shown on the right. These elementary excita-
tions are called spin waves. The spin vectors precess on cones and successive
spins have a constant angle of phase shift. This is shown in the lower part of
the figure showing one wavelength of a spin wave in a chain of spins (a) in
perspective projection and (b) viewed from above.

1. Antiferromagnetic Magnons

There are also spin waves in antiferromagnetic materials in which the spins are
paired with anti-parallel directions. Their quanta are called antiferromagnetic
magnons. FeF, is antiferromagnetic. The infrared absorption corresponding
to a two-magnon process was known to be situated at about 154 cm™! at 5 K
in this substance. Further, the position of the one-magnon line at 52.7 ¢cm™
near O K had been determined by antiferromagnetic resonance.

Porto et al. 54 investigated the Raman spectrum of a FeF, crystal with
argon laser excitation at 488 nm. The phonon spectrum of the unaxial crystal
FeF, could be fully explained on the basis of the factor group D,4;. The low-
temperature Raman spectra were recorded by Fleury er al. 55). The result in
the low-frequency region is shown in Fig. 11. The Néel temperature of FeF,
is 78.5 K, i.e. the substance is paramagnetic above this temperature and anti-
ferromagnetic below it. With decreasing temperature of the sample a Raman
line appears in the wing of the exciting line and shifts to higher wave num-
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Fig. 11. Low frequency shift Raman Specira in the (zy} scattering geometry for various
temperatures in FeF, 55)

bers; at 20 K it has reached 50 cm ™, in good agreement with the one-magnon
line at 52.7 cm™! known from antiferromagnetic resonance. This line was also
observed in the anti-Stokes region. The temperature dependence of the wave
number shift supports this assignment: when it is extrapolated towards the
Néel temperature, it goes to «w = 0 cm ™!, as expected from theoretical con-
siderations. Moreover the polarization properties are in agreement with the
selection rules for magnons derived by Shen and Bloembergen 56)_ This means
that the photons interact with the magnons indirectly through spin-orbit coup-
ling and not directly through the magnetic field of the photon.

Fig. 11 also shows the gradual appearance of another line in the Raman
spectrum at about 150 cm™ . At 70 K it is weak and broad, at 20 K it becomes
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sharp and intense. The temperature dependence of its wave number is not so
pronounced as for the one-magnon line. This indicates that the line corresponds
to a second-oder process at the edge of BZ 1, where two magnons W1th W~

77 cm™! are simultaneously excited. The resulting wave vector k=k y + k2 is
small when it is composed of two large wave vectors of nearly opposite direc-
tion (see Section A.4).

The intensities of these two lines pose interesting problems. According to
theoretical calculations magnon scattering should be only one or two orders of
magnitude less intense than vibrational Raman lines in liquids. Measurements
show, however, that they are about four orders of magnitude weaker than the
totally symmetric Raman line of benzene at 992 cm™ . The increase in inten-
sity with decreasing temperature is remarkable, as well as the fact that the
two-magnon process has a higher scattering cross section than the one-magnon

NiFX(Z¥)z 0
= T/TN

0-122\gK (X3)
9139 wox" T>Ty

101°K (X3)

Paramagnetic «——= Antiferromagnetic

160°K (X3)
209°K ( X3}

Instrument
response

L i L | | ! { L

0 50 100 150 200 250
cm!

Fig. 12. Raman scattering from magnons in NiF, in the antiferromagnetic (T < Ty ) and
paramagnetic (7 > Ty) phases 59). Néel temperature Ty = 73 K. Threefold intensity scale
above 88 K
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process. Hutchings et al. 57) have investigated the dispersion curves of FeF, by
inelastic neutron scattering and have compared their results with those of Ra-
man spectroscopy. Antiferromagnetic magnons were also studied in MnF, 58),
One-magnon scattering is very difficult to detect in this case, because the Ra-
man line is expected at 8 cm™!, very close to the exciting line.

2. Paramagnons

Shen and Bloembergen 56) also predicted the existence of paramagnons and
these were detected by Fleury et al. 59) in NiF,. The spectra are shown in
Fig. 12. NiF, is antiferromagnetic below 73 K. The one-magnon (I) and two-
magnon (II) lines are clearly seen below this temperature. Above the Néel
temperature the one-magnon line disappears, but two-magnon scattering is
discernible up to 160 K. This means that spin waves also exist in the para-
magnetic phase. These “paramagnons” have also been detected in rubidium
nickel fluoride 69,

3. Ferromagnetic Magnons

These were found in CdCr,;Se, by Harbecke and Steigmeier 61 with He-Ne
laser excitation.

4, Localized Magnons

These were observed by Oseroff and Pershan $2) in MnF, doped with Ni?*
and Fe?*. They detected two-magnon scattering of the dopants and empha-
size the excellent agreement between theory and experiment. It is obvious
that the intensity problem was remarkable in this experiment. Magnon
scattering is already very weak and here it has to be detected from a do-
pant.

11l. Nonlinear Raman Effects

A. Stimulated Raman Scattering

Not long after the discovery of the stimulated Raman effect in liquids 63) it
was also detected in single crystals 64), namely diamond, calcite, and a-sulfur.
Only much later could it be shown that the effect can also be observed in
crystal powders 65). The stimulated Raman effect 99 is excited by giant-pulse
lasers with a power of several MW. The strongest Raman lines of a substance
are amplified until their intensity is of the same order of magnitude as that of
the exciting line; furthermore second, third, etc. Stokes lines of the fundamen-
tals in question are observed with twice, thrice, etc. the frequency shift.
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Anti-Stokes stimulated Raman lines are emitted only in cones around the
laser beam due to the wave-vector relation 68)

2k =R+ Ry, (I1L.1)

where ﬁ, is the wave vector of the incident photon and I?S and l-c:z those of the
Stokes and anti-Stokes Raman photons, respectively. Quantitative agreement
of the experimental data on calcite 7 and diamond 8) with relation (II1.1)
was obtained. This underlines the fact that the stimulated anti-Stokes radia-
tion is generated through interaction of the laser beam and the Stokes radia-
tion in the crystal. Various other aspects of stimulated Raman scattering in
calcite were investigated by other authors 62-71),

1. Application to the Measurement of Phonon Lifetimes

Giordmaine and Kaiser 72 were the first to observe Stokes and anti-Stokes
Raman scattering excited by a probe pulse from phonons in calcite which
were generated by stimulated Raman scattering. The development of picose-
cond pulse lasers 73 allowed the direct measurement of optical phonon life-
times. The much longer vibrational lifetime of hydrogen molecules in the
gaseous state had been measured before 74, Now Alfano and Shapiro 75) ex-
cited coherent optical phonons at 1086 cm™! in calcite by stimulated Raman
scattering of a 1.06 pm laser beam and subsequently measured the intensity
of the Stokes Raman scattering of a probe pulse at 0.53 um. A plot of the
relative intensity at 0.562 um, the Stokes Raman line, versus the variable
delay time of the probe pulse gave an exponential decay with a lifetime of
8.5 ps at room temperature and 19 ps at 100 K, much greater values than
those deduced from the Raman linewidths. A different result was obtained
for the 1332 cm™ phonon in diamond by Laubereau et al. 76) who used the
phase-matched anti-Stokes Raman scattering of a delayed probe pulse as in-
dicator of the phonon decay and measured lifetimes of 2.9 ps at room tem-
perature and 3.4 ps at 77 K, in good agreement with the linewidth measured
in the linear Raman effect.

2. Stimulated Polariton Scattering

This has aroused much interest because of the possibility of constructing
tunable light sources in the infrared. Polariton behavior is only observed

for polar, i.e. infrared active phonons. When polar phonons are coherently
excited by stimulated Raman scattering, the stored vibrational energy can sub-
sequently be emitted as infrared photons, so that stimulated polariton scatter-
ing will lead to tunable infrared emission. Before discussing the first experi-
ments of this sort, we want to review briefly the results of linear Raman scat-
tering at polaritons in LiNbO; .
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a) Polaritons in Lithium Niobate

Puthoff ef al. 7 found two polaritons associated with TO phonons of species
A, with tuning ranges from 630 to 500 cm™ and 250 to nearly 0 cm™!. The
Raman scattering at these extraordinary polaritons was used to study 36) the
directional dispersion of the phonons in LINbO; . Recently Winter and Claus
78) also investigated the polaritons associated with the E phonons at 582 and
154 cm™! by both photographic and photoelectric methods. These branches
were important for the assignment of the phonon spectrum 39,

The large scattering cross section of the extraordinary polaritons and their
wide tuning range made tunable stimulated polariton scattering possible.

b) Tunable Stimulated Polariton Scattering in Lithium Niobate

Kurtz and Giordmaine 79) were the first to observe stimulated Raman scat-
tering at the polariton associated with the TO phonon at 630 cm ™! which was
shifted to 497 cm™ for 0° scattering excited with a Q-switched ruby laser.
The corresponding phonon was also observed in this experiment. This can be
explained by backward (180°) stimulated Raman scattering reflected from
the laser resonator mirrors as confirmed by measurements of relative time of
arrival at the spectrometer.

Stimulated Raman scattering at the lower extraordinary polariton branch
was detected for scattering angles of 3.5° and 5° by Gelbwachs e al. 8 in an

350
300
0

5 20

.Y

3

::"’ 150

h&l

]

* joor-
50_

A‘: ! ! 1 i I

1 I} N
0 5000 10000 15000 20000
Jgfem)

Fig. 13. Dispersion curve of LiNbO; for the polariton associated with the A, (TO) phonon
at 248 cm™'. Experimentally observed stimulated Raman scattering: crosses 80) and dots 81
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external optical resonator. The ruby laser beam was focused into the crystal
at the corresponding angle to the resonator axis.

The limitation of the tuning range through the resonator was soon over-
come by the same group 81 through the use of a longer crystal. The increased
gain allowed them to use the polished plane parallel end faces of the crystal
itself as the resonator and to accomplish the tuning through variation of the
angle of incidence of the ruby laser beam.

Fig. 13 shows the polariton dispersion curve calculated from infrared re-
flectivity data. The inserted wave vector triangle visualizes the variation of the
phonon wave vector (% ;4),) With scattering angle ©. The k values realized for
different angles are indicated. The measured data points 80.81) agree very well
with the calculated curve. The sharp tum of this curve towards the ordinate
axis is caused by the fact that pure spatial damping corresponding to IR-ab-
sorption has been considered and does not occur when pure temporal damp-
ing is taken into account 113,119 On the right is indicated the frequency at which
the TO phonon was observed for 180° scattering. Shifts smaller than 42 cm™!
could not be observed for very small scattering angles because the scattering cross
section of this polariton decreases 32) for £ = 0 and, moreover, the gain is
proportional to/w for small w and hence becomes too small.

The far-infrared emission of the “idler” frequency was also detected 81)
with an InSb detector cooled with liquid He. The power of the pulses was
estimated to be about 5 W. Their frequency was not directly measured but
only inferred from energy conservation. Later measurements 33) gave a power
from 0.25 W at 60 um to 3 W at 200 um and a linewidth of 0.1 to 0.5 ¢cm™!
for the signal radiation.

¢) Stimulated Polariton Scattering in Lithium Iodate

In LiIO; the polariton associated with the TO phonon at 795 cm™! (see
Fig. 5) has the largest scattering cross section when the incident light is
polarized perpendicular to the optical axis (ordinary ray) 3. In this scat-
tering geometry at 0° stimulated Raman scattering from the polariton was ob-
served at 753 cm™!, i.e. the tuning range is only 40 cm™ in this case. The sec-
ond Stokes stimulated Raman line at 1506 cm™ was also observed in this
work 89, Recently 85) a weak stimulated Raman line at 770 cm™! was attrib-
uted to 2° scattering from this polariton in agreement with the dispersion
curves determined by linear Raman scattering 27:29,35)

d) Difference Frequency Generation through Polariton Scattering

This was achieved in quartz 27) and gallium phosphide 98). Two beams of dif-
ferent frequency generated through stimulated Raman scattering in appropriate
liquids were directed to the crystal in directions calculated from the polariton
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dispersion curve and the wave vector relation. Polaritons were excited in the
crystal through stimulated Raman amplification and the subsequent infrared
emission was detected outside the crystal.

3. Stimulated Spin-Flip Raman Scattering

Another important source of tunable infrared radiation is stimulated spin-
flip Raman scattering. Linear Raman scattering by the spin-flip of the con-
duction electrons had been studied earlier 51) together with Landau-level
scattering (see Fig. 9). Patel and Shaw 86) succeeded in stimulating the spin-
flip Raman process by excitation with a Q-switched CO, laser emitting 2 kW
pulses at 10. 5915 um. An InSb sample with an electron concentration of
n, =3 - 10'% cm ™3 was placed in a superconducting solenoid. When the mag-
netic field was varied from 3,8 - 10°® to 8 - 10% A/m (48 to 100 kOe) the
stimulated Raman emission shifted from 11.7 um to 13 um. Mooradian e? al.
87) took advantage of the resonance-enhanced cross section for CO laser ex-
citation for cw operation of the spin-flip Raman laser in magnetic fields be-
tween 1.4 - 10% and 4 - 105 A/m (17 and 50 kOe). The Stokes scattered fre-
quency wy is given by

Wy =w; -8 Mg B, (111.2)

Grating
spectrometer
i3 W Spin fli
pin flip 6
2 4 laser \Z
source
A
] ] /]
854

852 850 848 846
h

NH; absorption

Frequency(cnv

Fig, 14, Comparison of a part of the v, band in the absorption spectrum of NH; taken with
(a) the spin-flip laser 88) and (b) a conventional grating spectrometer 8%
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where g is the g factor of the conduction electron, uy the Bohr magneton and
B the magnetic field strength. The second Stokes stimulated line at

Aw =2g g could also be detected 87). Patel and Shaw 88) determined the
linewidth of stimulated spin-flip Raman scattering to be < 0.03 em ™! at

800 ¢cm™ and were able to record a part of the v, absorption band of NH,
by tuning the source without use of a spectrometer. Fig. 14 shows a com-
parison of their spectrum with one recorded by a conventional grating spec-
trometer 89,

Part of the water-vapour absorption band at 1800 cm™ was recorded by
Mellish ef al. 90 in a similar way. They used a frequency-doubled CO, laser
for excitation of the stimulated spin-flip scattering tunable in the range from
5.24 to 5.62 um.

The resonance enhancement of the gain further studied by Brueck and
Mooradian *}) was recently used by Patel 92) to extend the observation limit
to magnetic fields to as low as 32 - 103 A/m (400 Oe), and he also observed
the anti-Stokes stimulated Raman line.

In Table I we summarize the tuning ranges of stimulated emission obtained
so far by stimulated polariton and spin-flip Raman scattering,

Table I. Tuning ranges of stimulated infrared emission

w(cm™) A(um) Reference

}. Polariten scattering

42 - 250 240 - 40 80,81)
497 - 630 20 - 16 9)
753 - 795 13,3-12,6 84)
1506 - 1590 6,65- 6,3 84)

2. Spin-flip scattering

770- 917 13 - 109 88)
1550 -2000 6,45~ 5 87,90-92)

B. The Inverse Raman Effect

The inverse Raman effect was detected in liquids 93} soon after the discovery
of the stimulated Raman effect. When a medium is irradiated simultaneously
by intense monochromatic light from a giant-pulse laser and by a continuum,
sharp absorption lines are observed on the anti-Stokes side of the laser line,

and under special conditions also on the Stokes side 24). McLaren and Stoicheff
95) used the intense fluorescence from a dye solution excited by frequency-
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doubled ruby laser radiation as the continuum together with the fundamental
ruby laser pulse to investigate the inverse Raman spectra of some liquids and
of a diamond crystal. The totally symmetric vibration was observed in the latter
at 1332 cm™!. The main potential of this effect lies in the investigation of
short-lived species which is facilitated by the use of picosecond-pulses for ex-
citation %),

C. The Hyper-Raman Effect

This effect seems to be of major importance for the study of energy levels in
crystals.

The intensity of Rayleigh scattering and the linear Raman effect is govern-
ed by the polarizability tensor a,; of a molecule and its derivatives with re-
spect to the normal coordinates. When the electric field of the exciting radia-
tion is very high, further terms in the expression for the induced dipole mo-
ment 104)

= 47 eo(S apnE; + % % BporELEq + é 2 YoorvEuErEa) ... (I11.3)

become significant, namely, the first and second hyperpolarizability 8,,, and
Yoars» r€spectively. The hyperpolarizabilities lead to second and third harmonic
light scattering at the frequencies 2 v; and 3 v; (hyper-Rayleigh scattering) and
their derivatives with respect to the normal coordinates to nonlinear inelastic
light scattering at 2 v; + v and 3 v; £ v (hyper-Raman scattering), where v; de-
notes the frequency of the incident light and v that of a molecular vibration,
a phonon, or another elementary excitation.

The extremely weak light scattering due to the hyper-Raman effect was dis-
covered in 1965 by Terhune, Maker, and Savage 199 in water, fused quartz,
and carbon tetrachloride. The only investigation of a single crystal published
to date was made on NH,Cl (factor group Oy,) 1°U_ In this case the potential
of the hyper-Raman effect becomes apparent: because the selection rules for
B-tensor scattering are different from those of infrared absorption and linear
Raman scattering, an additional “silent” mode at 370 cm™! could be observed.
It corresponds to a librational motion of the NHj ions.

The selection rules for § hyper-Raman scattering were derived by Cyvin,
Rauch, and Decius 192) and those for ¢ hyper-Raman scattering, which has
not yet been detected experimentally, by Christie and Lockwood 193, From
their tables one can see that silent modes become §-active for such important
point groups as Cg, Dy, C5,, Cq,. Cgp. Dy, O and O, . Examples of additional
7 activity can be found in the point groups C,,, Cgy, Dy, Dy, , and Op. Long
and Stanton 19% have derived a quantum-mechanical theory of the hyper-Ra-
man effect which indicates several possibilities for resonance enhancement of
hyper-Raman intensities. ITha and Woo 10%) extended the theory of nonlinear
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light scattering in crystals to the case of two incident photons with frequen-
cies vy and »,.

}V. Conclusion

The use of lasers for the excitation of Raman spectra of solids has led to the
detection of many new elementary excitations of crystals and to the observa-
tion of nonlinear effects, In this review we have tried to lead the reader to a
basic understanding of these elementary excitations or quasi-particles, namely,
phonons, polaritons, plasmons, plasmaritons, Landau levels, and magnons. Par-
ticular emphasis was placed upon linear and stimulated Raman scattering at
polaritons, because the authors are most familiar with this part of the field
and because it facilitates understanding of the other quasi-particles.

The investigation of elementary excitations in solids by Raman spectro-
scopy has developed very quickly in the last few years and will certainly lead
to many more new results in the future. For example, the huge class of biaxial
crystals has so far been avoided by many workers because of the difficulty of
the experimental techniques required, but many interesting effects are to be
expected from their study.

Intensity problems, second-order Raman spectra, Raman scattering from
impurities, and phase transitions could not be reviewed in this article. These
and other aspects of solid-state Raman spectroscopy were recently treated by
Poulet and Mathieu 199, Pick 107) Scott 108, Barker and Loudon 199, Cow-
ley 119 and Suschtschinskij !11), and further information may be found in the
proceedings of the conferences on light scattering in solids 17.112),

V. Zusammenfassung

Der Einsatz von Lasem fiir die Erregung der Ramanspektren von Festkdrpern
filhrte zum Nachweis zahlreicher neuer Elementaranregungen in Kristallen und
auflerdem zur Beobachtung nichtlinearer Effekte bei hoher Leistungsdichte
der Erregerstrahlung. Wir haben in diesem Artikel versucht, dem Leser ein
grundsitzliches Verstdndnis dieser Elementaranregungen oder Quasi-Teilchen
zu vermitteln, und zwar der Phononen, Polaritonen, Plasmonen, Plasmaritonen,
Landau-Niveaus und Magnonen. Das Schwergewicht lag dabei auf der linearen
und stimulierten Ramanstreuung an Polaritonen, da dieses Gebiet den Verfas-
sern durch eigene Arbeiten vertraut ist und weil die dabei behandelten Erschei-
nungen das Verstindnis der anderen Quasi-Teilchen erleichtern.

Die Untersuchung von Elementaranregungen in Festkorpern mit Hilfe
der Ramanspektroskopie hat sich in den letzten Jahren sehr schnell entwik-
kelt und wird in der Zukunft sicher noch viele neue Ergebnisse bringen. Bei-
spielsweise wurde bisher die grofie Klasse der optisch zweiachsigen Kristalle
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infolge der groferen experimentellen Schwierigkeiten kaum behandelt, aber
viele interessante Effekte sind von ihrer Untersuchung zu erwarten.

Auf Intensitatsprobleme, Ramanspektren zweiter Ordnung, Ramanstreu-
ung an Fehlstellen und die Erscheinungen bei Phaseniibergingen konnte in
diesem Artikel nicht eingegangen werden. Diese und andere Aspekte der Ra-
manspektroskopie an FestkOrpern wurden in letzter Zeit von Poulet und
Mathieu 108)  Pick 197), Scott 198} Barker und Loudon 199, Cowley 119 und
Suschtschinskij 111 ausfiihrlich behandelt. Weitere Informationsquelien sind
die Tagungsberichte der Konferenzen iiber Lichtstreuung an Festkérpern 17:112)
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