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Lecture 6 - 49 

of quantum mechanics and improvements in experimental 
techniques succeeded over a few decades in laying the 
foundations for a solid body of knowledge about those 
electronic properties of metals and semiconductors that are 
determined by electrons in running-wave states, that is, states 
that extend for large distances through perfect-crystal 
material. 

However, there are also electronic states in crystals that are localized 
in regions of atomic dimensions, and such states turn out to be 
very important for the interpretation of a number of 
measurable properties, notably the optical properties of non
metals, that is, absorption and emission spectra, 
photoluminescence, photoconductivity, etc.; non-optical 
properties such as paramagnetism may also often be 
interpreted in terms of localized states. 

So the logical next step for our survey is to trace a few decades of 
progress in the development of theoretical concepts relevant 
to localized states in crystals, and in the detailed and 
quantitative determination of the properties of such states 
associated with particular centers in particular crystals. 

Before I start talking about the historical details, I should warn you 
that the boundaries of the areas I've tried to describe are not at 
all sharp, and some of the things I'm going to talk about will 
merge into the collective effects that are going to be a Inain 
subject of the next lecture, and some of the experiments I 
describe will make a lot of use of the material I covered in 
Lecture 3 on energies and motions of impurities and defects. 

Also, it will turn out that in the earliest decade or so a number of very 
general conclusions of a theoretical nature were worked out 
by theorists, but did not play much of a role in the design or 
interpretation of contemporary experiments. 

Before theory and experiment could work well together, it was 
necessary for the experimenters to determine, more explicitly 
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Lecture 6 - 50 

than.they could at first, the natures of the impurities or defects 
they were working with. 

In this viewgraph and the next, I'm going to follow the evolutionary 
paths of five.different aspects of the subject, for which I've 
used five different colors. 

But I'll have to do some jumping back and forth aInong the five, 
because their interactions with each other changed over the 
course of time. 

In gross terms, my strategy will be to discuss all five in turn for the 
period prior to World War 2, and then pick them up again one 
by one for the post-war period. 

This is the pre-war viewgraph. 

Let me start by mentioning a couple of facts that typify the state of 
knowledge in the early years of the 20th century. 

It had been known for some time, for example, that Inany insulating 
crystals would emit light when bombarded by cathode rays, 
radioactive radiations, x-rays, or sometimes even visible light. 

This luminescence sometimes lasted only during the bOlnbardment 
period, but sometimes persisted for a significant time after the 
cause was removed. 

And it was also known that the luminescence was usually sensitive to 
the presence of small concentrations of impurities in the 
crystals. 

In some cases the luminescence was observed to be correlated with 
emission of photoelectrons from the crystal surface, or with an 
increase in the bulk electrical conductivity of crystals that 
ordinarily were very good insulators. 

But in those days, when the mechanics of atoms and electrons were 
largely unknown, there was practically no theoretical 
know ledge of the mechanisms of these phenolnena. 
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However, the discovery of electrons and the rise of speculations that 
electrons detached from atoms were responsible for the 
conductivity of metals led the German physicist Philipp 
Lenard to suggest, in 1904, that illumination or bombardment 
could detach electrons from centers associated with impurity 
atoms, and that these electrons could contribute to 
conductivity until they were captured by another impurity 
center, where the capture process would be associated with 
the emission of light. 

This speculation served as a stimulus to experimentalists who 
accumulated a fair amount of data in the following couple of 
decades. 

But progress was slow because experimenters had to do a lot of 
refining of their techniques before they could disentangle all 
the different factors determining the structure and dynamics 
of the impurity or imperfection centers responsible for the 
effects they were measuring. 

These efforts did succeed, by the late 1930s, in yielding sonle very 
illuminating pictures, and did so without much contact with 
the great flurry of theoretical work on electronic properties of 
such centers that ensued after the discovery of quantum 
mechanics. 

But I'd like to postpone my discussion of the experiInental work until 
a little later, and talk about the quantum mechanical work 
now, partly because it did develop so rapidly starting in the 
middle 20's, and partly because it provided a logical 
framework of very general applicability, whereas the 
experimentalists at that time were working on specific 
substances one at a time. 

The questions the theorists addressed can be given a rough logical 
grouping, going from the simpler to the more complex. 

The theory of the electronic structure of free atoms was of course a 
very early application of quantum mechanics and is covered 
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in every elementary quantull11nechanics course, so I don't 
need to discuss it. 

However, atOlns in a crystal are not free but Inay have a variety of 
enviromnents, and one much understand both how these 
enviromnents affect the internal state of the atoll1s, and how 
they affect their interactions with each other. 

I have listed here in the red boxes SOlne of the silnple aspects of 
atOlnic interactions that were studied in the early years . 

Even before the advent of wave mechanics, of course, as I explained 
in the second lecture of this series, Max Born and others had 
pictured ionic crystals as ll1ade up of positive and negative 
ions, which attracted or repelled each other by CoulOlnb's law, 
and which in aSYll1ll1etricai situations could induce dipole 
ll10ll1ents in each other which would also affect the interaction 
energy. 

But they realized that there ll1USt also be repulsive forces that would 
predoll1inate over the CoulOlnb forces at close ran ges, and 
also long-range attractive forces of a non-Couloll1b n ature, 
similar to the forces van der Waals had assluned SOll1e 
decades earlier to explain the equations of s tate of gases. 

These latter forces Born was only able to describe crudely with 
elnpirically fitted parall1eters. 

After the advent of wave Inechanics, it becalne obvious th at all forces 
between atOlns could in principle be calculated if one could 
solve the Schrbdinger equation for all the electrons of two 
atOlns or ll10re generally for any nUll1ber of atoll1S. 

But this was so cOlnplicated a task that only rough approxll11ations 
could be attell1pted. 

A particularly fruitful such approxilnation was described in 1927 by 
Walter Heitler and Fritz London. 
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You've probably all been through the l1'lathel1'latics of the Heitler
London luethod at some tilue or another, so I'll just write 
down here a few of the key steps as a rel1'linder and a basis for 
the few COlUluents I'llluake. 

As you know, their basic idea was to write down a zero 
approximation to the wave function of a two-atmu systelu in 
tenus of the wave functions, presulned known, of the 
individual atmus separately. 

This would seel1'l, superficially at least, to be a good approxilnation if 
the separation of the atmus was large enough to ll'lake the 
overlap of their wave functions very sl1'lall. 

~ I'll d· . . f h· .. .1tdl 'C OJ1. 1 ~ ISCUSS cntlques 0 t IS apprOXll1'latlOn U9=@ J:@~lTlll\:t::-:.~ w l.en we 
cOlue to the post-War period, but for now I'll just d iscuss the 
original Heitler-London work. 

They focused, as I will at the lUOl1'lent, on the siluplest possible 
problel1'l, nal1'lely two hydrogen atOl1'ls. 

For this case the two lowest electronic levels approach the sal1'le 
energy at infinite separation of the atOlus, nalnely twice the 
ground state energy of a single atOIU. 

These are respectively, a spin singlet, which by the antisYl1'lInetry 
principle l1'lust have a coordinate wave function that is 
antisYlumetrical in the coordinates of the two electrons, and a 
spin triplet, whose coordinate wave function is sYluluetrical. 

The singlet and triplet coordinate wave functions constructed out of 
products of the wave functions of isolated atOl1'lS are shown 
on the top line here. 

Here, A and B label the two atOIus, fl and. f2 are the position vectors 
a-St/~ . --->- of the two electrons, the sl1'lalll~ are single-atol1'l wave 

fLmctions, and the plus or l1'linus signs refer to the singlet and 
triplet states respectively. 
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The denominator involving the small scalar product of the wave 
functions \II A and \liB on the two different atOlns, is simply a 
normalizing factor. 

The total Hamiltonian of the problem differs from the sum of the 
separate Hamiltonians of two different atoms by a term ~H, 
representing the interaction of the electron and nucleus of one 
atom with the electron and nucleus of the other. 

Since the one-atom wave functions have the form of silnple 
exponentials, the integrals that are encountered in the 
evaluation of the expectation value of this Hmniltonian in 
these wave functions can be evaluated without too Inuch 
difficulty, and yield plots of the approximate singlet and 
triplet energies of the form shown here, with attractive or 
repulsive energies quite comparable with those observed 
experimentally, at least for separations R modestly larger than 
the equilibrium separation for a stable molecule. 

It was natural, therefore, that over the succeeding years a sizable 
literature developed based on the same type of philosophy as 
that used by Heitler and London, nalnely, trying to calculate 
the interaction energies of multi-electron atoms by 
diagonalizing the Hamiltonian in a sub-space Inade up of 
linear combinations of products of eigenfunctions of isolated 
atoms. 

This approach gave valence-bonded ground states when the 
individual atoms had unfilled shells and hence non-zero 
spins, but gave purely repulsive forces between closed-shell 
atoms. 

These latter repulsive forces, having an exponential dependence on 
interatomic separation, could of course be identified with the 
repulsive forces that had been assumed half a century earlier 
by van der Waals between gas molecules. 

The longer ranged attractive forces of van der Waals were soon 
shown by Fritz London to be a natural consequence of the 
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quantLuU-Iuechanical interaction of atOll'lS or Inolecules with 
each other. 

This interaction arises frOlu the sall'le p erturbation tenu, which I call 
f..H, for the two-hydrogen problell'l I discussed over here, but 
which can of course be defined sill'lilarly for ll'lany-electron 
atOll'ls . 

However, one now needs to evaluate the second-order perturbation 
to the energy caused by this terll'l, whereas for the Heitler
London problelu we evaluated only the first-order 
perturbation. 

This second-order perturbation, involving the squares of the matrix 
eleluents of the perturbation operator between the ground 
and excited states of the unperturbed systell'l, becolnes 
dOluinant over the first-order p erturbation at large 
interatmnic separations, because the first-order perturbation 
decays exponentially with distance, whereas th e second-order 
perturbation turns out to decay only algebraically, being 
proportional to the inverse sixth power of the separation. 

The physical cause of the interatOluic attraction, in other words, of 
the lowering of the energy by the perturbation, is that the 
Iuotion of electrons around the nucleu s causes each atOll'l to 
have a fluctuating electric dipole IUOll'lent, which averages to 
zero of course if the atOlu is isolated, but which in the 
presence of another polarizable atOlu has a tendency to be 
correlated with the dipole IUOluent of the oth er atoll'l, in such 
way that dipole-dipole interactions lowering the en ergy are 
favored over those raising the energy. 

This idea, like those of valence forces and closed-shell repulsions, 
received considerable refinell'lent in the subsequent literature. 

Of course, everyone realized frOlU the early days on , that to calculate 
properly the interaction energy of the electron shells of 
different atOlus, one really ought to solve the Inany-body 
Schrbdinger equation for all the electrons of both atOlus, but 
they realized that this problell'l was so difficult that they 
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would have to content themselves with starting from rough 
approximate calculations such as the ones I have recorded 
here, and then try to improve them gradually. 

Today we have much better schemes of approximation, which I'll 
discuss in the next lecture. 

Before I leave the subject of interatomic or interionic interactions, 
however, I'd like to mention another aspect that is already 
conspicuous in the Heitler-London theory. 

This is the dependence of the interaction energy on the relative 
orientations of the spins of the two atoms, if the isolated 
atoms possess non-zero spins. 

The need to understand the interaction of magnetic moments on 
different atoms had been obvious for many years, as I'll 
explain when I take up magnetism in the next lecture. 

So it was welcome news when the work of Heitler and London 
showed how the purely electrostatic interaction of two atoms 
with spin depended on the relative orientations of the atomic 
spins, as this diagram here showed a minute ago. 

It was easily shown that a Heitler-London type theory would, when 
applied to the case of orbitally nondegenerate atolns,lead to a 
level structure describable in terms of the total spin operators 
for the different atoms, with each pair of atoms contributing 
an energy equal to a constant J, dependent on the nature and 
spacing of the atoms, times the product of the spins of the two 
atoms. 

Heisenberg at once made the application that everyone had been 
waiting for, by studying a model consisting of atoms each 
possessing a spin and each neighboring pair contributing a 
term of this form to the energy. 

He studied in particular the statistical mechanics of such a system, 
and thereby constructed what proved to be a very fruitful 
model of ferromagnetism. 
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btt H~f f.J~ 
-7 I'll discuss Inagnetisln at SOlne length in Iny ~ lecture~but before 

leaving the subject of spin couplings I'd like to ll1ention one 
slightly different type of spin coupling that 'il\Tas su ggested a 
few years later, and then, when I get to the pos t-War period, 
to critique these and ll1ention S0111e further types of couplings 
that were suggested later. 

The early concept was one introduce in 1934 by the Dutch phYSicist 
Hendrik Krall1ers. 

Kralners was intrigued by experiments on Inagnetic ionic crystals at 
low tell1peratures, which indicated that there could be a quite 
significant coupling of the spins of Inagnetic ll1etal ions that 
were separated frOln each other by significant distances with 
non-lnagnetic ions in between. 

So he reasoned that a Inagnetic ion could distort the spin dis tribution 
in a non-lnagnetic neighbor, and thereby prejudice the spin 
orientation of a Inore distant Inagnetic ion. 

This type of coupling, called "superexchange" has turned out to be 
very ilnportant, and work in the post-War period, which I'll 
discuss presently, has greatly clarified the theory of it. 

Now I want to Inention briefly a few rather general theorell1s having 
to do with isolated localized electronic levels, w hich I've listed 
in the purple boxes. 

The first of these has to do with the fact that whereas an isolated 
atOln in elnpty space has a spherically sYlnlne trical 
Hmniltonian so that its eigenstates have conserved angular 
1110111entuln quantlun nUIll_bers, an atOln in a crystal, on the 
other hand, or any sort of localized defect center, h as 
neighbors with which it will interact, whose fields destroy the 
spherical syn:unetry, although smne lower sYll11n etry, such as 
is provided by eleIll_ents of a space group, Inay relnain. 

Hans Bethe recognized this fact early on and using group theory 
gave a fairly cOlnplete description of the way in w hich the 
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levels of an atOln with any type of angular In0111entuln 
degeneracy would be split by a crystal field of any other 
specific sYlnmetry. 

Thus for exa111ple if a transition-111etal ion were placed at a site in a 
crystal having cubic syn1111etry, the five different 3-D orbitals, 
which all have the san1e energy in the free ion, will be split 
into a group of three orbitals with one energy and an oth er 
group of two orbitals with a different energy. 

This and silnilar facts have proved to be very useful in the study of 
transition-Inetal cOlnpounds . 

Another theoreln, of considerable ilnportance for its generality, \l\Tas 
proved by Kralners ~{~~aRl:e ye1~(i{({111el1'or any systen1 
containing an odd n tunber of ele~trons interacting with each 
other and with an arbitrary an10unt of spin orbit coupling, 
every eigenstate is at least two-fold degenerate in the absence 
of an externallnagnetic field. 

The proof is based on the concept of tilne-reversal syn1111etry. 

Specifically, a silnple prescription can be defined for converting the 
wave function describing any arbitrary state of a sys ten1 of 
spin-l / 2 fennions into a wave function that describes the 
saIne quanttun state as it would be seen by an observer ·whose 
tin1e axis is reversed relative to that of the first one, and this 
prescription has the property that if it is again applied to the 
latter wave function, the result will always be the negative of 
the starting wave function, which of course describes the 
initial state just as well as the starting wave function did. 

Fron1 this property it takes only one n10re easy step to show that the 
wave function and its tin1e reversed function 111uSt always be 
orthogonal. 

Since in the absence of a lnagnetic field a state and its ti111e reverse 
lnust always have the saIne energy, it follows th at all 
eigenstates lnust be at least doubly degenerate. 

Ii 
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Let Ine go on now to the last area of general theoretical results that 
were derived in this pre-War period, nall1ely, the interaction 
of localized electrons with lattice vibrations or lattice 
distortions. 

These I have listed in the brown boxes. 

~ II 

Taking the developlnents in chronological order, the earliest, yet also 
one of the most important, was the observation Inade by 
Franck and by Condon in 1926, that as one would expect if 
one treated the nuclei as behaving alll10st claSSically, because 
of their large ll1ass, a transition between two electronic states, 
as would occur in absorption or ell1ission of light, ought to 
leave both the positions and the velocities of the nuclei ahnost 
unchanged. 

The situation becalne clearer in the following year, when Max Born 
and his brilliant Alnerican postdoc, Robert Oppenheilner, 
published a long and very tedious, though quite 
straightforward, paper on the solution of Schrbdinger's 
equation for a systeln containing electrons and nuclei, all of 
which were subject to quantull1 ll1echanics. 

They developed a series of approxilnations valid when the ratio of 
electronic to nuclear ll1asses was very s111all, and showed that 
the appropriate expansion parall1eter for a p erturbation series 
was the fourth root of this quantity. 

Their lowest-order result was the so-called adiabatic approximation, 
according to which the wave function for the systell1 was 
represented as a product of a function cp of both the electronic 
and the nuclear coordinates, and a function \jf of the nuclear 
coordinates alone, w here phi is the solution of a Schrbdinger 
equation for the electrons in which the nuclear coordinates are 
Sill1ply classical parall1eters, and where the energy eigenvalue 
is thus a function of these coordinates, and where cp is the 
solution of a Schrbdinger equation in the nuclear coordinates 
alone, in which the energy eigenvalue of the elec tronic 
equation is used as a potential energy for the nuclei. 
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This approach stimulated the universal custom of describing 
molecules or luminescent centers in crystals, etc., by 
configuration-coordinate diagrams like this. 

Though the principles are very general, I've chosen in this particular 
figure to illustrate a very common application that gives an 
immediate explanation for an empirical fact that had been 
known for some time. 

Though of course the nuclear coordinate space is multidimensional, I 
have chosen as my horizontal axis just one generalized 
nuclear coordinate that has a particularly strong effect on the 
spectrum of electronic levels, and I have shown the energies-
what I called Eq> (R) above -- for an electronic bound state, and 
a single electronic excited state here. 

A number of different vibrational levels are associated with each of 
these electronic states, and their energies are shown by these 
green lines. 

I have picked out two of the lower set and two of the upper set, and 
extended the green lines all the way over to the vertical axis, 
and I've sketched in red the corresponding nuclear wave 
functions which as you can see are pretty much confined to 
the range of coordinates that would be accessible to a classical 
particle of the given energy, namely the range where the 
green line is above the black curve. 

Now suppose we start with the center in its ground state, that is, in 
the lowest vibrational state of the lowest electronic level here. 

If we try to excite it to a higher state with a photon, the probability 
for getting to the lowest vibrational state of the upper group 
will be very low, because the wave functions of these two 
states do not overlap appreciably. 

The easiest transition to make will be to one of the excited states 
whose nuclear wave function has a maximum near the same 
nuclear positions as the initial state, and this ll'leanS a state 

/2.7 
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whose classical turning point is close to the configuration in 
the initial state. 

Also, the wave function of the final state should not oscillate too 
rapidly in the region of space occupied by the initial state 
wave function, so that the integral for the matrix element 
between the two states is not too much reduced by a 
cancellation of positive and negative values. 

This again occurs near the classical turning point of the excited state. 

So both requirements of the Franck-Condon principle will tend to be 
fulfilled. 

A similar situation presents itself in the emission of radiation, 
because an excited state with large vibrational mnplitude 
generally loses its vibrational energy long before it makes an 
electronic transition emitting a photon of light. 

So after the absorption process I just described, the system will 
quickly drop down to this level here, the ground vibrational 
state of the electronically excited center, and will then emit a 
photon with any of a number of frequencies, but a spectrum 
peaking near the frequency where a turning point on the 
lower curve comes at roughly the same configuration as the 
potential minimum on the upper. 

Thus the photon energy, measured by the length of the dashed 
vertical line, is less for the emitted phonon than for the 
absorbed one, usually by quite a sizable fraction. 

This difference had been long known as an observational fact to 
researchers in luminescence. 

Now if I may jump ahead by a decade, I'd like to mention one further 
very general principle that was established in the pre-War 
period, one that happens to be very general not because there 
is a simple, concise proof of it, but because when it is 
investigated for all of the many possible cases, it turns out to 
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be true, except for a couple of easily rel1l.eInbered classes of 
cases. 

To Inake the argul1l.ent, Jahn and Teller sunply exarnul.ed the 
sYl1l.lnetry properties of the first-order p erturbations to the 
Halniltonian that could be produced by arbitrary infinitesil1l.al 
shifts of the nuclear coordinates, and verified that for nearly 
every sYInInetry type of the initial electronic wave function 
w hich required a symInetry-induced degeneracy, there was 
always SOlne infinitesilnal shift of nuclear coordinates for 
w hich symmetry would not require the matrix of the 
perturbation between the various degenerate wave functions 
to be siInply a Inultiple of the unit Inatrix. 

In other words, there would be no sYIuIuetry rule forbidding a firs t
order lifting of the degeneracy. 

The only exceptions to this conclusion were first, the case where the 
degeneracy was due sil1l.ply to the Kralners rule I discussed a 
Ininute ago, in other words the tilne-reversal sYl1l.l1l.etry 
always present when the nUl1l.ber of electrons is odd, and 
second, the case of l1l.olecules with cOl1l.plete axial sYInl1l.etry, 
in other words, with all atOl1l.S on the straight line . 

This latter case of course does not occur in crystals. 

Although the J alul.-Teller theorel1l. is very general there is one further 
caveat that needs to be kept in Iuind: the theorel1l. really 
applies only to the leading order of Born-Oppenheil1l.er 
theory, that is, to the case w here the nuclear l1l.asses are very 
large. 

The theorel1l. says nothing about the l1l.agnitudes of the sp littul.gs, 
only that they are all1l.ost certainly not exac tly zero. 

If the splittings calculated for inful.ite nuclear Inasses are sIn all, it Inay 
well be that the zero point Iuotion of the nuclei will wipe theln 
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out, or ill other words, that the systel1l. will n ot relnain in a 
particular one of the split configurations for a lon g enou gh 
til1l.e for its preference for this configuration to be observed. 

Indeed, even when the distortions are long-lived, they In ay be sl1l.all 
enough to be difficult to Ineasure. 

For this latter reason, it took a good l1l.any years before th e pred icted 
splittings were verified to exist, though w e n ow kn ow th at 
they are sOlnetilnes quite ilnportant. 

Well, now at last let Ine turn to the world of experinl.ent. 

In the decades between the Wars, a nLll1l.ber of research grou ps in 
Gennany, and also in Russia, England, and o ther countries, 
continued to study optical absorption, lUl1l.inescence, and 
photoconductivity associated with il1l.purity or defect centers 
in crystals. 

Progress was generally slow, and hal1l.pered by exp erilnental 
lil1l.itations and ilnperfect knowledge of iInpurity ch enl.istry 
and other il1l.portant factors . 

I think the most illulninating course for us now is to ign ore nl.ost of 
this work, and look in some detail at the w ork of a sin gle 
group, the one that Inade the Inost progress and wh ose 
l1l.ethods illustrate how SOl1l.e of the handicaps could be 
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In the early years of the century, Pohl had worked a t a nUl1l.ber of 
centers in Gennany on a variety of topics su ch as gas 
discharges and surface photoelectric elnission frOln nl.etals, 
and had acquired a sufficient reputation to be ch osen to h ead 
what was called the First Physical Institute a t Gb ttingen in 
1918. " J f; ..k J r-Ig "*,,uJ to .rte.!J fir< ~)I~If/.f?~"~6 '1 ~ -fie ~~ blf-i. '-(;A,k/~ .1..1 ~ i~Q4'~wll-t'<. 

r 

-t~c illt;~1 fol" N,J1-V~kH._ Wf/1'k.;.t,e auid,tJ 1t1~,Ic lIt:t .e.kct Y'eJ#1It: P~H/tIQ'W,i; 
He did SOl1l.e early studies on the photoconductivity of d ial1l.ond, but '<T)~ 

being farniliar with the recent work of PrzibraIn in Vienna on 
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coloration and luminescence of alkali-halide crystals subjected 
to radioactive bombardment he took special notice of the very 
long and carefully written paper by Rontgen in 1921, 
describing the extensive work that had been done in his 
laboratory at Munich over a number of years. 

So Pohl decided to focus attention in his group on the color center 
phenomenon in alkali-halides, materials which were easy to 
obtain and to crystallize. 

With the aid of a very talented student, Bernhard Gudden, whom he 
reta~d as his assistCJJ.!} many key properties were measured 
for 'metsBAemi~~6Wr'centers", or in German "Farbzentren", 
or most commonly of all, simply "F-centers". 

These could be produced not only by radioactive or x-ray 
bombardment, but also, and in some respects lTIOre 
controllably, by heating the crystal in the presence of alkali 
metal vapor so as to produce a small stoichiometric excess of 
cations over anions. 

In the early years, Gudden and Pohl measured the spectral 
distribution due to these centers over a wide range from the 
infrared to the ultraviolet, and its temperature dependence 
down to 200 Kelvin. 

They found that the F absorption band narrows significantly at low 
temperatures, and that it also shifts the position of its center. 

And a striking fact emerged with regard to the effect of 
miscellaneous impurities on the F-band: the shape and 
position of the band was unaffected by impurities. 

An improved technique for growing pure and highly perfect crystals 
was soon developed with the aid of the chelIDst Spiro 
Kyropoulos at a neighboring institute. 

His method involved growth from a small seed of a desired crystal in 
a bath of the molten material. 

I( 
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Rudolph Hilsch, who had replaced Gudden as Pohl's chief 
experimental coordinator in 1925, collaborated a few years 
later with Pohl in measurements of the absorption of pure 
alkali-halides well into the ultraviolet. 

They found that just before the onset of the strong continuous 
absorption there were typically some rather sharp absorption 
lines. 

Other workers had already reported some such, but the Gottingen 
study, extending into the vacuum ultraviolet, was lllore 
accurate and detailed, and uncovered an important regularity, 
namely, that for alkali-halides with the same anion but 
different cations, the positions and shapes of the lines were 
very similar. 

This encouraged the speculation that the line absorption was due to 
transfer of an electron from an anion to a cation neighboring, 
making both atoms neutral, and that a similar type of 
absorption might be responsible for the photographic latent 
image in the silver halides. 

At about this time a new and particularly active student, Erich 
Mollwo, joined the group. 

One of his early discoveries was the empirical proportionality of the 
frequencies of the F-absorption bands of the various alkali
halides to the inverse square of the lattice constant. 

This was very suggestive, as it was what one would expect if the F
center were an electron bound in a box of size proportional to 
the lattice constant, with rigid walls and a constant potential 
inside it. 

Pohl did not allow any of his group to publish specific speCUlations 
on the nature of F-centers at this time, but there was llluch 
internal discussion of possibilities such as an electron 
localized in a halogen vacancy. 

{7 



Lecture 6 - 66 

Conclusive evidence on this question was finally built up with the 
aid of l11.eaSUrell1.ents of other types of absorption centers that 
occurred in the alkali-halides. 

The group had been studying a nUlnber of these over a period of 
years. 

I'll only take tilne to Inention two of the types. 

One, called "U-centers" showed up as absorption bands in the 
ultraviolet, and seelned at first not to be associated with 
ilnpurities, but to be due to SOln e sort of intrinsic defect of the 
Sall1.e general type as F-centers. 

However, several years after their discovery, H ilsch succeeded in 
showing that they appeared only in crystals containing 
hydrogen. 

Moreover, ilhnnination of crystals in the U-band caused the U
centers to disappear and be replaced by F-centers . 

After an initial period of confusion, it finally beCall1.e clear that the U
center was a hydrogen atOln at the position of a halogen 
vacancy, and that optical excitation cau sed the electron 
ultimately to be lost, and the proton to diffuse away, 
whereupon the halogen vacancy could attract a subsequent 
electron and beCOll1.e an F-center. 

The correctness of the identification of the F-center with an electron 
bound to a halogen vacancy was finally establish ed by 
ilnproved studies on another type of center w hich they called 
the "F-center" because it appeared as a new band just to the 
red of the F-center when the F-center was illull1.inated w hile 
the intensity of the F-band decreased correspondingly . 

These properties had been known for SOl11.e till1.e, but it was only in 
~4t ~ 1938 that another melnber of the group , Heinz Pick,;Was able 

to Ineasure the concentrations of the two types of centers with 
sufficient accuracy to be able to Inake the statell1.ent that 

Ie? 
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destruction of two F-centers resulted in production of one F
center if the temperature was not too low. 

He was able to draw this conclusion thanks to the fact that in 1936 
Kleinschrod had compared the total strength of the absorption 
in the F-band of potassium chloride with accurate 
measurements of the stoichiometric excess of potassiUITI, so 
that future workers on this material could determine the 
absolute number density of F-centers from optical 
measurements alone. 

What Pick actually found is shown here. 

The black points show the number of F-centers disappearing per 
quantum of light absorbed in the F-band of colored potassium 
chloride, as a function of temperature. 

The curve saturates at high temperatures, but falls off considerably at 
low, obviously because the rate of thermal ionization of the 
excited F-center becomes too slow to free the electron before it 
returns to its ground state. 

The quantum yield of two is what one expects if, in addition to the F
center that has been made to yield up its electron, another F
center somewhere else is destroyed by capturing the electron 
and becoming an F-center. 

This will happen if the great majority of anion vacancies were at the 
start filled with electrons and there were no appreciable 
number of unknown centers that could capture electrons 
alternatively. 

In subsequent experiments, Pick measured the quanhllTI yield of the 
inverse reaction, that is, the increase in the nUl11.ber of F
centers per quantum absorbed in the F-band. 

The open circles and crosses show his results for this case, under 
conditions where there were enough empty anion vacancies 
to do most of the capturing of the electons freed frOITI the Fs. 

IJ 
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This curve falls off at high tell1peratures, probably ll1ainly because an 
~ electron capturaifonning an excited F-center ll1ight, to high 

UJ~~ "---7 probability} be lost again before reverting to the Inore stable 
ground state. 

A variety of other pieces of evidence bearing on the nature and 
behavior of F-centers was accull1ulating at this tiIne, of which 
I'llinention only one. 

This was a careful set of ll1easurell1ents by Rbgener, es tablishing an 
accurate proportionality of the density of F-centers in 
additively colored sodiull1 chloride to the density of sodiuln 
vapor with which the crystal was equilibrated at a given 
teinperature . 

So Pohl felt that his group had at last put sogether a fairly convn" l.cing ) 
., ~ Gt' if"J7 LV/f::uo~"bN' u", 'rV<n~f!' i.'1 ~(.sbr.. pIcture of F, F , and U centers, ana"l.ewas gIven an exce leIn 

opportunity to present this picture to workers fro111 other 
groups in various countries, and to discuss it with thell1. 

In the discussions a number of older ide~about F centers were seen 
as discredited, a"1tcr,ta~6fable reception of the idea of an F 
center as an electron bound in or near an anion vacancy, an F' 
center as a pair of electrons so bound, and a U center as a 
hydrogen atOln in such a vacancy. 

However, SOlne workers still felt that further work was still needed 
before the picture could be considered finnl y established. 
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As we have seen to be the case in most other fields, there 
was quite a hiatus in research on electronic 
levels in insulators during the war years, except 

for areas of military interest, such as semiconduc
tors. 

In discussing the post-war developments, the most natural 
place to begin is with a continuation of investi
gations on the nature and properties of particular 
impurity or imperfection centers in ionic crystals, 
since this was the last area we were discussing 
in the pre-war period. 

A very large sub-field of this, which we touched on only 
briefly in our discussion of F centers, was the 
whole vast area of luminescence, the emission of 

light by suitably prepared crystals due to heating 

them, to illuminating them with light of a differ
ent frequency, to bombarding them with fast 
particles, or to applyimg a strong electric 

field at their surfaces. 

Such studies began to be more f~cused in the post-war 

era, because of the advances in the control of 

small amounts of impurities in crystals. 

Once the key impurities responsible for the many observed 
effects could be identified and their concentra

tions determined, serious attempts could be 
made to identify the mechanisms involved and to 
account quantitatively for relations between 
observed excitation and emission wavelenghts, 
time constants, temperature dependences, etc. 
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Theoretical mod el s were based mostly on p rinciple s estab

lished in the nineteen-thirties and b efore, the 

most i mportant of which , like :the Franck-Condon 

principle ,W4.re discussed a little wh i le ago, 

_~(_ .. a:t.tYlough a few non- trivial theoretical ext ens i ons 

needed to be made , one of whi ch I 'll discuss 

presently. 

But the model-~akers also had to deal with another diffi

culty , name l y that their models had to be describ

able in terms of a small nwnber of adjustable 

cons tants, so that t h eir b ehavior could be easily 

calculated and the cons t8nts d etermined by 

fitting to experiment , y et at the same time their 

over- simplifications should not be so bad as to 

invalidate their application to real situations. 

A k e y paper that gave pe opl e hope that these two require~ 

ments could b e satisfie d was a theory of 

thermolv~inescence published in En g land in 1 945 

by Randall and Wilkins. 

This was followed i n succeeding year s by a number of 

attempts by other vvorkers to ref i ne and i mprove 

the theory. 

I won't have time to say much more on t h e field o f Iv~in

escence, though it's a vast fiel d a n d proliferated 

in these years i n the United s t a tes, the Nether

lands, Germany, and of course England. 

Let me return now to F and related centers, whi ch expanded 

greatly i n the United States . 
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I will just mention a few Eey developments. 

In 1949 a significant further support for the F center _ 

model that Pohl had described at the Bristol 

Conference of 1937 n,ras p rovided by Estermann, 

Leivo, and Stern a~arnegie Institute of Tech

nolog-y, who made very accurate measurements of 

the density of potas siurn-chloride crystals 

before and after coloration by x-rays . 

They found that the densit~as reduced by a little less 

than one part in 104 when the cont entration of 

F centers as dete r mine d by the light absorption 

in the F band was a few times 1018 per cubi c 

centimeter, about what would be expected if each 

F center represented a chlorine vacancy . 

This j_s only one exanple of the numerous studies that 

were b eing made in various Ameri can institutions 

that confirmed or rounded out the prevai l ing 

picture of the nature of F and F' centers . 

However, in parallel with these studies were others that 

kept uncovering new types of centers and new 

effects whose interpretations were often 

-: p-az Zl"- j;:ng • 

A g oo d e xample is provided by some work at the Ar g orLYle 

National Laboratory a few years later. 

C-e r ;'VI 0- r1 

Peter Pringsheim , a resp ected" experimentalist who had 

collaborated with Pohl in Berlin before the first 

World War and had emigrated to the United States 

in the Hitler years , and been recruited to the 
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University of Chicago, was eventually put in charge 

of a co l or center g roup at Argonne. 

There, he and two junior colle,g:gue s, Charles Delbecq and 

~ Philip Yuster disc overed two absorption bands in I . 
p otassium- iodide near the low frequency e dge of 

the f1Lndamental absorption band, which appeared 

only after F centers had been introduced. 

One, the ~ band , appeared as long as F centers were 

present, while the other, the ~ band, appeared 

after some of these had been changed to F' centers, 

the f1 band being correspondingly weakened. 

They speculated that these bands might be due to creation 

of an exciton bound adjacent to an F or F' center, 

but some features of the observations remain~J 

pu~zling. 

e.q d~ 
This sort of situation was typical for most of the p ost 

war work on F centers , lumines cence, etc. 

Whi le several efforts were made to calculate from first 

princi ples the electronj.c energies and optimuIn 

atomic configurations for spe cific i mpuri ty centers, 

the r esults were not yet a ccurate enough to 

provide reliable guidance in the interpretation 

of experiment. 

For example, this continued for some years to be uncertain 

whe ther F centers retained the ful l cubic symmetry 
a.-

of an ideal halogen vac"ncy, or whether they 

underwent a distortion to an asymmetri c configur

ation . 
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Although more and. more data were accumulating on various 

types of centers in various crystals data 

such as absorption and emission spectra, ionization 

or D exci t.!ti:o.n~~:rii1tes, and temperature depend:e.nces 

of all these properties - the necessary experi

mental and theoretical tools for really major 

advances in understanding were not yet avail-

able in the first few post war years. 

However, a major new experimental tool was soon discovered: 

electron paramagnetic resonance. 

The microwave technology develppe.d dur1ng the war provided 

radiation in the right frequency range to induce 

transitions between the Zeeman levels of eleclfonic 
systems in magnetic fields of convenient laboratory 

strength. 

This kind of spectroscopy, first used in 1945 by Zavoisky 

in Russia, and quickly developed in the United 

States and Britain, enables a number of character

istics of electronic centers to be measured 

qUa~tativelY. 

However, a nwnber of difficulties had to be surmounted 

before really useful details could be extracted 

reliably. 

For example, Hutchison in 1949 obtained clear spin 

resonance signals from ~ium fluoride and potas

siwn chloride that had been heavily irradiated 

with neutrons to produce strong coloration, 

and interpreted them as due to F center electrons. 
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He felt encouraged by the fact that ~his measured g factor, 

an indication of the distribution of magnetic 

moment between orbital ancl spin contributions, 
had almost exactly the spin-only value 2.0. 

But this was only what everyone would expect, and other 

details, such as line shape, could not be safely 
interpreted because the neutron bombardment 
undoubtedly contributed all sorts of damage other 
than halogen vacancies, ano. there was no assurance 
that some of these might not also be contributing 
to the paramagnetic resonance signal. 

Another cU.fficul ty was that the concentratj.on of F centers 

was so high that it could not be measured, because 

the s81nples were opaque. 

Thus although a nu.mber of gJ;oups made measurements of 

F-center EPR over the next few years, it was not 
until 1953 that Kip, Kittel, Levy, and Portis, at 
Berkeley, succeeded in making measurements of 

sufficient accuracy and with sufficient control 

of conditions to yield :mJml1 information about the 

wave functions of F centers. 

These authors measured the widths and shapes of resonance 

lines of F centers in sodium chloride, potassium 

chloride, and potassimTI bromide, and showed that 

these could be accounted for by the statistical 

distributions of hyperfine-structure shifts in 
the resonant frequencies of the different centers, 

due to the nuclear spins on all the different 

atoms on which the wave function of each center 

was appreciable. 
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A partial confirmation of the pi c ture ras obtained by 

comparing the line widt hs of p otass ium chloride 

crystals made !Ilith 39K and 4lK , whose nuclear 

momen ts differ bv about a factor 2 . 

The g values were a l s o measure d for a ll the salts, but 

could not b e relj.ably compared with theory 

because of the crudi. t y of the theoreti cally 

calcula ted wave f1..mcti ons at tha t time, 

Over the nex few years, such measurements were extended 

and applied by workers at various institutions 

to <ather t ypes of centers and other materials. 

Occasionall y, individual lines, or more p ro p erly g roups 

of lines, associated with specific configurations 

of the nuclear spins of the nearest shell of 

neighboring atoms could be resolved. 

5c0.Bsionally there was a real surprise, as occurred in 1957 
when two workers of Bob Maurer ' s color center 

group at I ll ino is studied the properties of a 

~ 1 ::, .,. r parama gmet i c center that seemed to be correlated 

with the V centers that had been disvovered a 

couple of de cades earlier by Mollwo in Pohl ' s 

g r ou p when he impregnated some alkali halides 

wi th an e x c ess of halogen. 

mh I I I .. k 5 wb;s~ . . t d W K"' T e lnOlS wor ers , a AP _YS lC lS na~me nerner anzlg 

and his student named Theo dore Castner , 

concluded,after a number of tests, that the i r 

paramagnetic center was different from the 

optically absorbing centers that had been 

studied before, although i t had an ultra

vio l et absor p t i on band that overlap e d them. 
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The very clear structure of seven hyperfine levels whi ch 

they observed indicated that the center, whi ch 

other evidence indicated contained a hole, 

consi st e d of the hole bound principall y to a 

pai r of halogen atoms. 

In other words, they had discovered an entity whose 

existence had long been speculated by theorists, 

namely what they call · a "self -trapped hole", 

that is, a hole around which the neighboring 

atoms had been sufficiently displaced from their 

normal sites to uroduce an almost stable bound 

state. 

The fine details of the hyperfine splitting turn out 

as one predicts for a random mixture of the 

two halogen isotopes , both of which in all cases 

have the spin 3/2, but different magnetic moments. 

About this time another maj or b reakthrough in magneti c 

resonance tec~niques occurred. 

George Feher, vvho had taken a PhD. with the magnetic reson

ance group at Berkeley, joined the Bell Laboratories 

staff in 1954, vvhere I knew him as a hard fighter 

on the tennis court and a most formidable opponent 

in p oker. 

He soon became a collaborator ~ work on the spin resonance 

of donor centers in silicon, which had succeeded 

in resolving the hyperfine structure. 

He soon showed that by performing electron spin resonance 
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and nuclEar spin resonance simultaneously one 

coul d induce a strong nuclear pola rization . 

In additi on, however, the double resonance technique 

provide d a way to measure, wi th tremendous 

resolution, the hyperfin e coupl ings of the 

electron spin with the spins of spe c ific 

neighboring nuclei. 

The pro ce dure c onsists in partially saturating t he electron 

spin resonance and then applying an auxilliary 

radi o- frequency field of a frequency correspondin g 

t o the i nteraction of ener~T of the electron 

~~~ a particular nucleus. 

The fli ppin g of the nuclear spin by this field re sults in 

a chang e of the degree of saturati on of the 

electron spin , whi ch can be easily detected. 

The radio frequency atwhi ch this happens thus measure s 
, 

the hyperfine coupling of the electron to this 

part i cular nucleus. 

In 1 95 7 Feher appli e d this techn ique - whi ch b ecame known 

as ENDOR (electron-nuclear double resonance) 

to F centers in potassiu~ chloride. 

Where both the p otassium and the chlorine nearest neighbors 

of the chlorine vacancy y ou determine not only 

t h e conta ct hyperfine interaction, pro portional 

to the densi t y at the nucleus of the wave function 

of the best- c enter ele ctron , but also the anisotropi c 

dip ole and quadrapole coupl ings, whi ch are much 

smaller . 
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Additi onal hyperfine lines due to more distant neighbors 

were also resolved but were not analyzed. 

In 1959 he made a similar though much more complicated 

analysis of the hyperfine couplings of phosphorus, 

antimony, and arsenic donors in sili con. 

He obtained numerical descriptors of the hyperfine couplings 

to thirty- eight neighboring nucleL_of silicon, and 

found that they correlated reasonably with predic

tions of a theory of these donors that had been 

worked out several years earlier by Kohn and 

Luttinger, which had expressed the wave function 

of the donor as a linear combination o f tCL>-leV4">7-i 

wave functions from the low-lying states of the 

conduc '~.' or ,. [' ld. 

Feher's invention of the ENDOR technique was recognized 

some years later with the American Physical 

Society ' s Buckley Prize in Solid - State Physics . 

Well, I've been talking for some time now about the progres s 
experinentalists made in getting detailed information 

about specific localized electronic states in 

insulators. 

While they were doing this they received some orientation 

and guidance from the efforts of theorists to 

calculate from first principles the wave functions 

and energies of electrons in such states, and the 

lattice configurations that would minimize the 

energy, 

But such calculations, although their accuracy was slowly 

improving, were throughout this entire period 
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too crude to be really trustworthy, 

A great improvement in accuracy did eventually come about, 

as I'll mention later, but for most of the rest 

of this lecture I want merely to COnLment on 

a number of theoretical developments of the same 

general type as those of the 1930's, namely, 

general theorems or useful concepts of broad 

applicability. 

I've listed some of these in boxes on~the right here, 

using the same color code that I used in the 

earlier transparency. 

Thus, the green boxes have to do with various effects 

responsible for coupling the spin magnetic 

moments of neighboring localized states. 

The prewar work had identified two such, namely,"direct 

exchange", the ability of two electrons on 

two different atoms to trade places without 

changing their spins, as described in the 

Heitler-London approximation, and "super 

exchange", the ability of two electrons 

onto "magnetic" atoms to do the same via an 

intermediate stage in which they have exchanged 

positions with electrons on a magnetically 

inert intermediate atom, such as oxygen. 

In 1951, Clarence Zener, a versatile theorist who 
had worked at a number of institutions and 

was at that time at the Institute for the Study 

of Metals of the University of Chicago, called 

attention to another mechanism of possible 

importance, which he called "double exchange" 
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a term that may be misleading, although it has 
persisted. 

This effect occurs in what are calledl'.: "mixed-valence" 

situations, namely, when two identical atoms 

or centers are close together, but in different 
charge states, for example, Mn++ and Mn+++. 

In such cases the ability of an electron to hop from the 

one atom to the other, interchanging their valence 
states, makes a parallel alignment of the spins 

lower in ener~J than an antiparallel alignment, 
as shown here. 

When the spins are parallel, hop of an electron without 

reorientation of its spin makes no change in 

energy, and will therefore lead to a strong 
hybridization of the two permutations, and a 
lowering of the total energy by an amount equal 
to the hopping matrix element. 

On the other hand, if the spins of the two atoms are anti

parallel, as shown below here, . :a:} - hop without 

sp~n reorientation puts the receiving atom into a 
state that violates Rund's rule, in that not all 
atoms of the 3d shell have ,p~allel spins, and 
such a state is of higher ener~J than the ground 
state of the atom from which the electron started. 

So the hybridization will be greatly lessened, and not 
much energy lowering will result from taking 
account of such hops. 

For intermediate spin orientations of the atoms, intermediate 
results are naturally obtained. 
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But the basic conclusion is that this type of interaction 

favors ferromagnetic orientation. 

An~ther advance was made by Phillip Anderson in 1959, 
in that he simplified the concept of super 

exchange, that had been introduced in the '30's 
by Kramers, as I said some time ago. 

Wheras Kramers and most of the literature that had followed 
him had worked with a basis consisting of wave 
functions attached to the magnetic ions, and 

other wave functions attached to the magnetic1y 
neutral atoms and then considered interaction 
between them. 

The new viewpoint, which I don't have time to discuss in 

detail, consisted in using a basis in which the 

two types of atomic wave functions had already 
been optimally hybridized at the start, as 
would be the case, for example, for Wannier 
functions constructed from the Bloch-wave eigen 
states of a crystal. 

The new viewpoint made it easier to identify the different 

types of effects responsible for spin couplings, 

and made it ve~J obvious why superexchange 
interactions in most cases were of anti ferro

magnetic sign. 

This latter conclusion resulted from the fact that when the 

spins of two magnetic hybrids with different 

centers are opposite, each electron is free to 
occupy a wave function that is an arbitrary 
linear combination of the two orbitals, with 
no orthogonality constraint, whereas when the 
spins are parallel, the exclusion principle 
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requires the two electrons to occupy orthogonal 

orbitals. 

Since the former has greater freedom it can usually 

achieve a lower energy. 

At about the s~~e time, Igor Dzhaloshinskii, one of the 

=group of theorists that were nurtured in Landau's 
group in Moscow, and Toru Moriya, of the University 
of Tokyo, independently considered the hitherto 

neglected role of spin-orbit interaction on spin 

couplings and realized that in crystalline 

environments of sufficiently low symmetry, 

it would be possible for spin-orbit interaction 

to cause a small but quite perceptible rotation 

of coupled adjacent spins away from simple 
parallelism or antiparallelism. 

Explicitly, what they found was the possibility of a term in 

the spin Hamiltonian proportional to the cross 
product of the two coupled spin operators dotted 

into a vector determined by the potential in the 

crystal lattice. 

This term, arising as it does from the spin-orbit coupling, 

is largest in materials containing magnetic ions 

of high atomic nLilllber, and in such materials 

can cause what would otherwise be antiferromagneticly 

alligned spins to tilt away from the antiferromagnetic 
allignment and produce a weak ferromagnetic moment, 

This is observed, for eXffinple, in the rare earth orthoferrites. 

3'1 
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Well, now at last let me tutn to the world of experiment. 

In the decades between the Wars, a nlunber of research groups in 
Germany, and also in Russia, England, and other countries, 
continued to studY' optical absorption, lUHlinescence, and 
photoconductivity associated with impurity or defect centers 
in crystals. 

Progress was generally slow, and hampered by experilnental 
limitations and ilnperfect knowledge of ilnpurity chelnistry 
and other important factors . 

I think the Inost illuminating course for us now is to ignore 1110St of 
this work, and look in SOlne detail at the work of a single 
group, the one that made the most progress and whose 
Inethods illustrate how some of the handicaps could be 
overcome. 

{Something's missing here?} 

In the early years of the century, Pohl had worked at a nUlnber of 
centers in Germany on a variety of topics such as gas 
discharges and surface photoelectric emission froll11netals, 
and had acquired a sufficient reputation to be chosen to head 
what was called the First Physical Institute at Gottingen in 
1918. 

He did some early studies on the photoconductivity of diamond, but 
being falniliar with the recent work of Przibram in Vienna on 
coloration and luminescence of alkali-halide crystals subjected 
to radioactive bombardment he took special notice of the very 
long and carefully written paper by Rontgen in 1921, 
describing the extensive work that had been done in his 
laboratory at Munich over a nUlnber of years. 

So Pohl decided to focus attention in his group on the color center 
phenOlnenon in alkali-halides, Inaterials which were easy to 
obtain and to crystallize. 
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With the aid of a very talented student, Bernhard Gudden, whom he 
retained as his assistant, many key properties were measured 
for the so-called "color centers", or in German "Farbzentren", 
or most commonly of all, simply "F-centers". 

These could be produced not only by radioactive or x-ray 
bombardment, but also, and in some respects more 
controllably, by heating the crystal in the presence of alkali 
metal vapor so as to produce a small stoichiometric excess of 
cations over anions. 

In the early years, Gudden and Pohl measured the spectral 
distribution due to these centers over a wide range from the 
infrared to the ultraviolet, and its temperature dependence 
down to 20° Kelvin. 

They found that the F absorption band narrows significantly at low 
temperatures, and that it also shifts the position of its center. 

And a striking fact emerged with regard to the effect of 
miscellaneous impurities on the F-band: the shape and 
position of the band was unaffected by impurities. 

An improved technique for growing pure and highly perfect crystals 
was soon developed with the aid of the chemist Spiro 
K yropoulos at a neighboring institute. 

His method involved growth from a small seed of a desired crystal in 
a bath of the molten material. 

Rudolph Hilsch, who had replaced Gudden as Pohl's chief 
experimental coordinator in 1925, collaborated a few years 
later with Pohl in measurements of the absorption of pure 
alkali-halides well into the ultraviolet. 

They found that just before the onset of the strong continuous 
absorption there were typically some rather sharp absorption 
lines. 
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Other workers had already reported some such, but the Gottingen 
study, extending into the vacuum ultraviolet, was more 
accurate and detailed, and uncovered an important regularity, 
namely, that for alkali-halides with the same anion but 
different cations, the positions and shapes of the lines were 
very similar. 

This encouraged the speculation that the line absorption was due to 
transfer of an electron from an anion to a cation neighboring, 
making both atoms neutral, and that a similar type of 
absorption might be responsible for the photographic latent 
image in the silver halides. 

At about this time a new and particularly active student, Erich 
Mollwo, joined the group. 

One of his early discoveries was the empirical proportionality of the 
frequencies of the F-absorption bands of the various alkali
halides to the inverse square of the lattice constant. 

This was very suggestive, as it was what one would expect if the F
center were an electron bound in a box of size proportional to 
the lattice constant, with rigid walls and a constant potential 
inside it. 

Pohl did not allow any of his group to publish specific speculations 
on the nature of F-centers at this time, but there was much 
internal discussion of possibilities such as an electron 
localized in a halogen vacancy. 

Conclusive evidence on this question was finally built up with the 
aid of measurements of other types of absorption centers that 
occurred in the alkali-halides. 

The group had been studying a number of these over a period of 
years. 

I'll only take time to mention two of the types. 
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One, called "U-centers" showed up as absorption bands in the 
ultraviolet, and seemed at first not to be associated with 
impurities, but to be due to some sort of intrinsic defect of the 
same general type as F-centers. 

However, several years after their discovery, Hilsch succeeded in 
showing that they appeared only in crystals containing 
hydrogen. 

Moreover, illumination of crystals in the U-band caused the U
centers to disappear and be replaced by F-centers. 

After an initial period of confusion, it finally became clear that the U
center was a hydrogen atom at the position of a halogen 
vacancy, and that optical excitation caused the electron 
ultimately to be lost, and the proton to diffuse away, 
whereupon the halogen vacancy could attract a subsequent 
electron and become an F-center. 

The correctness of the identification of the F-center with an electron 
bound to a halogen vacancy was finally established by 
improved studies on another type of center which they called 
the "F'-center" because it appeared as a new band just to the 
red of the F-center when the F-center was illuminated while 
the intensity of the F-band decreased correspondingly. 

These properties had been known for some time, but it was only in 
1938 that another member of the group, Heinz Pick was able 
to measure the concentrations of the two types of centers with 
sufficient accuracy to be able to make the statement that 
destruction of two F-centers resulted in production of one F'
center if the temperature was not too low. 

He was able to draw this conclusion thanks to the fact that in 1936 
Kleinschrod had compared the total strength of the absorption 
in the F-band of potassium chloride with accurate 
measurements of the stoichiometric excess of potassium, so 
that future workers on this material could determine the 
absolute number denSity of F-centers from optical 
measurements alone. 
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What Pick actually found is shown here. 

The black points show the number of F-centers disappearing per 
quantum of light absorbed in the F-band of colored potassium 
chloride, as a function of temperature. 

The curve saturates at high temperatures, but falls off considerably at 
low, obviously because the rate of thermal ionization of the 
excited F-center becomes too slow to free the electron before it 
returns to its ground state. 

The quantum yield of two is what one expects if, in addition to the F
center that has been made to yield up its electron, another F
center somewhere else is destroyed by capturing the electron 
and becoming an F' -center. 

This will happen if the great majority of anion vacancies were at the 
start filled with electrons and there were no appreciable 
number of unknown centers that could capture electrons 
alternatively. 

In subsequent experiments, Pick measured the quantum yield of the 
inverse reaction, that is, the increase in the number of F
centers per quantum absorbed in the F' -band. 

The open circles and crosses show his results for this case, under 
conditions where there were enough empty anion vacancies 
to do most of the capturing of the electons freed from the F's. 

This curve falls off at high temperatures, probably mainly because an 
electron capture forming an excited F-center might to high 
probability be lost again before reverting to the more stable 
ground state. 

A variety of other pieces of evidence bearing on the nature and 
behavior of F-centers was accumulating at this time, of which 
I'll mention only one. 
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This was a careful set of measurements by Rogener, establishing an 
accurate proportionality of the density of F-centers in 
additively colored sodium chloride to the density of sodium 
vapor with which the crystal was equilibrated at a given 
temperature. 

So Pohl felt that his group had at last put together a fairly convincing 
picture of F, F', and U centers, and he was given an excellent 
opportunity to present this picture to workers from other 
groups in various countries, and to discuss it with them. 

In the discussions a number of older idea about F centers were seen 
as discredited, and favorable reception of the idea of an F 
center as an electron bound in or near an anion vacancy, an F' 
center as a pair of electrons so bound, and a U center as a 
hydrogen atom in such a vacancy. 

However, some workers still felt that further work was still needed 
before the picture could be considered firmly established. 
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2.4 

LOCALIZED ELECTRONIC LEVELS IN NONMETALS 

II. Pre WWII Quantum-Theoretical Developments 

1925 
Nuclear coordinates & momenta ...-1 Franck,1926 1 

change little in an electronic +-1 Condon,1926 1 transition 

Adiabatic approx.: 
pert. series in (m/M)1I4 .. 1 Born & Oppenheimer 1927 1 

Valence bonding & 
repulsive forces 

~ Heitler & London 1927 

-~ 1 Direct exchange Heisenberg 1928 
1 coupling of spins -

Level splitting by < Bethe, 1929, 1930 
crystal field 1930 

Quantum theory of ~ London 1930 
van der Waals attraction -
If H is time-symm. & ne is odd, """"- Kramers 1930 
all levels are at least 2-fold deg. 

'II"' 

I Superexchange I .. 1 Kramers 1934 
1 

Excitons -, ) Hellmann 1935 1 
Frenkel 1936 Nearly every molecule in a state with / 

deg. due to symm. is unstable re /-
Wannier 1937 shape distortion 

I 

1'1 Force on any nucleus in any Jahn & Teller 1937 1 eigenstate is calculable classically 
from quantum expo of charge 1 Feynman 1939, 40 11940 density 

~ 
, 
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LOCALIZED ELECTRONIC 

IV. POST 
Expt . 
Zavoisky 1945 1 =. ESR (electron 

spin resonance) 

ESR ofF 
Hutchison 1949 1+ centers 

-
Estermann, Leivo & Forming F 

centers in KCI Stem 1949 r. 
lower density 

1950 

Delbeck, 
- " 

oc& ~ bands 
Pringsheim, & r (exciton trfPfed 
Yuster 1952 byF or 

Kif, Kittel, Levy 
Portis 1953 ... Hy£erfme 

broa ening of 
ESR ofF in NaCI, 

Feher 1956-57 

Kastner & 
K hzig 1957 

Feher 1959 

1960 

-

KCI, KEr 

~ ENDOR meas. ofF 
wave funct. at 

~ ~ neigh. nuclei 

1 ESR of self-trapped hole 1 

__ ENDOR giving much 
detail on P, As, & Sb 

donors in Si 



LEVELS IN NONMETALS 

WWII 

Rate eqs. for 
thermolum. 

~ -

Theory 
Randall & 

Wilkins 1945 

1 "Large polaron" theory 1 ... -1 Pekar 1946 1 
1 Multi-phonon processes 1 ...... -- Huang & 

Rhys 1950 

1950 

1 "Double exchange" 1 ... - 1 Zener 1951 1 

Exch. coupling ... ~~ 
oc d • Sl X S2 

Dzyaloshinskii 
1958 

Simplification of I Anderson 1959 I 
sl!Perexchange _ -

1 Small-polaron theory I 1 Holstein 1959 I 
Moriya 

1960 
Cascade capture 

4= 1 Lax 1960 1 of electron~ 
1960 

Large separation limit 
~ -

Herring 1962 
for direct exchange , Herring & 

\ 
Flicker 1964 

Landau?, 
Gor'kov & 

Pitaevskii 1963 
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HEITLER-LONDON APPROXIMATION FOR H2 

Try ~ Sj_n g. t :ri p (T1,r2) = tf'A(r1>fBh~:2)±fB(rt)tJlA(r2) 
[2;: 2IctAJ'l'BI'J 2 J 2 

=: f:~ng . trip 

H - H A ( 1 ) + HB ( 2 ) + e 2( ~ + 1 ... 1 _1 ) 
r1 2 !"AB TA2 rEI 

Since 'fA an(1 '1'8 are each of t h e form 
const.x e xp(-r/aH), one c an calculate the a ppro Xl
mate ener gl es 

Es ing. tr i p ~ HL HL > - TT 
• -1-- n . ,. ~ sln g. vrlp l-~}P sln g. ~rlp 

V\Thich come out roughly l ike the obs e rve d 

R 

• ~ sin~=:et 
For orbi ~ally non- d e g ertera t e 
coupl i n g c an b e de s crib e d by 
Hamil tonian 

a-'-o r~ c A. T) cn -i n L.. i~0 _ ,JJ 01:. _ _ 

t h e effect i ve 
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LONG-RANGE VAN DER WAALS FORCES 
(London) 

Consider Ghe electrostatic potential energy V 
of two hydrogen at oms, a function of the SJ_X 
electronic coord:i_nates rl, T2, for g iven internuc..:. 
lear se:paratj_on D 
For R~()G: '\.Y (3 
V is practically constant as r1 and r2 range 
over suheres centered on their respective atoms, 

~ -
The w~ve function ~ (rl~ r2) has the sal~e ~_o~ble 
spherlcal sym:TIetry, and vhe electrostatlc lnver
action of the two atoms lS zero. 

For small R: Dipole-dipble interaction makes the 
electrostatic energy for fixed rl, r2 dependen-
on the 

Low or 

eneca W .energy ~ 

o @ 
Etc. 

The solution of the 6-dTIn~Sional SchrBdinger 
equation will make \tJ (1"1' 1"2) larger in the 
low ener~T regions than in the high-energy ones , 
So the energy will be lower than for R -. 00 , 

Second order perturbation theory 
C 

gives EA:: E - -6 
DO R 



ADIABATIC APPROXIMATION 

tp (r's.R's) ~(r's, given fj_xecl R's) 'f (R'~), 
v~!~ere4>is eige~funct~on, for ~l~ctrons j_n the 
fleld of nucleJ_ at flxecc POSl tlon Ri , hence 
with an ener€!;y eigenvalue Eq, (3.' s), -and 0/ obeys 
a wave equati on in the nucles,r coor(1inates with 
t~e potent i al energ-J E+. 

EXAMPLE: FRANCK-GONDON PRINCIPLE I 

"Configurational coorchnate diagram": 

< 

Electronic state 

~ t.L grouno_ s a lJe 

some relevant nuclear coordinate 

If initial state has low 
vibrational energy, 
transitions will be 
mostly to final states 
with turning points near 
ueak of initial-state 
.L 

vi brational ·wave function 



OPTICAL INTERCONVERSION OF F AND F' 

From Pick 1937-8 

2F~F: 

FV 
~ FV 

~ 

F~2F: 

F' tJ 
rr' bVF,V 

ABSOLUTE TEMPERATURE 

-250 -200 -ISO -100 -SO 
. TEMPERATURE IN CENTIGRADE 

V V 'ff F' 
~ tho ioniz. ~ ~ 

+ 
V tcf°R V + . 

de-excIte 

v V VF 

V 
~+~ de-excit.-+ 

+ \j ot VF 
thermal ion. 

.., -



LOCALIZED ELECTRONIC LEVELS IN NONMETALS 

I. Years Prior to the Quantum Revolution 

Experiment 

Lum. excited by 
light or 

radioactive rays 

Idea 
electrons can 
detach from, 
& recombine 

with, 
impurity 
centers 

Theory 

Lenard 
-1904 

Early 
luminescen(e 

studies 
Langevin 

1905 Molecular ~ 
field idea ~===:! 

Lum. determined by 
small amts. of ;Ji. mps. 

1910 
Lum. correlated with 

photoem. & photocond. 

Przibram 
1916 on • 

~ 

1920 

I Roentgen I 
~_192_1 ~1+ 

~ 

Studies of 
coloration & 
lum. due to 

bomb. 

Empirical 
short-range 

forces 

~ 

' -

Summary of -
coloration, & 
cond.dueto 

ilIum. or bomb. 

Weiss 
1907 

Coulomb 
polariz. 
forces 

'\ 

1910 

Born et al., 
pre-quantum 

1920 

ItA. 
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~ (r's.R's) ~(rts, given fixed R's) ~ (H'S), 
'llhere4>is eigenfunction for electrons in the 
field of nuclei at fi::ed posi tion Ri , hence 
with an energ~r eigenvalue E.6 (:::1's),-anc1. 0/ obeys 
a wave equation in the nuclear coordinates with 
the potential ener~j E •. 

"Configurational coordinate diagram": 

Electronic ~ _~ 
ener~ ~ 

exci tee. state 

gro1mc1. state 

some relevant nuclear coordinate 

If initial state has low 
vibrational energy, 
transitions will be 
mostly to final states 
with turning points near 
peak of initial-state 
vibrational wave function 



R 

For orbitally non-degenerate ato~s A,B snin 
coupling can be describec1 by the effective 
Hamiltonian 



Consider the electrostatic potential energy V 
of two hydrogen atoms, a function of the six 
electronic coordinates rl, r2, for given internuc
lear separation ~ 

For R=OO: ~ (3 
V is practically constant as ri and r2 range 
over spheres centered on their -respective atoms, 
The wave function ~(rl,r2) has the srune double 
spherical symmetry, and the electrostatic inter
action of the two atoms is zero. 

For small R: Dipole-dipole interaction makes the 
electrostatic ener~1 for fixed rl, r2 dependent 
on the ~ve directions OfG"d r2: 

Low or €) Hie or 8 
energy hf\ 0 ene~ 0' 

'-J 'Z:V Etc. \l:Y \(i) 
The solution of the 6-dimeilbSional SchrBdinger 
equation 'Nill make itt (rl' r,g) larger in -the 
low ener~r regions th8n In tne high-energy ones. 
So the energy will be lo,,-.,er than for R .... GO ~ 

C 
Second order p_ erturbation theorv .O'ives E"- E - -6 

" 0 N _ R. 
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