
Chapte:r 8 

Ion Beams, X-Rays, Electrons, 

and Neutrons in Solids-

Channeling 

and Ion Implantation 

The interaction of particles or photons obtained from relatively high energy 

sources (104 eV to 107 eV) with solids has been an area of intensive s;tudy at 

Bell Laboratories. A program initiated by Bell Labs scientists, initially 

through the application of semiconductor particle detectors, in collaboration 

with researchers at Brookhaven National Laboratory and Rutgers University, 

led to the discovery of particle channeling and the invention of ion implanta

tion. Particle channeling proved to be a very useful technique for the study 

of such problems as the location of impurity sites in semiconductors ,rznd for 

measuring ultrashort lifetimes in nuclei. Ion implantation came to be a neces

sary technique for impurity doping in electronic devices. Various aspects of 

X-ray spectroscopy have also been investigated at Bell Labs, including X-ray 

diffraction as well as inelastic scattering applied to the measurement of elec

tron momentum transfer in solids, to photoabsorption, to ionic and covalent 

bonding, and to surface studies. Neutron scattering has been developed for 

the study of phase transitions and the electronic structure of magnetic sys

tems. 

I. PARTICLE DETECTORS, NUCLEAR PHYSICS, AND ION BEAM 

RESEARCH 

The initiation of a research program in the field of nuclear ]physics 

resulted from a policy decision by the research administration. This 
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decision. was made on the recommendation of A. H. White,1 who was, 
in the late 1950s, the executive director of the physical sciences divi
sion of Bell Laboratories. In late 1958 and early 1959 the first staff 
members were hired specifically to carry out nuclear physics research. 
(There were many ex-nuclear physicists already on the staff, working 
in. other fields of physics, some of whom played a significant role in 
advising the administration in its decision to initiate such a program.) 

Their first task was to evaluate specific ways in which Bell Labs 
could make an impact in the field. In a technical memorandum P. F. 
Donovan and W. M. Gibson, together with J. Hensel, outlined the 
importance of the then new tandem Van de Graaff accelerator to 
nuclear physics studies and proposed that Bell Labs acquire an 
accelerator. Indeed, as predicted in that memo, nuclear physics was 
about to embark on a new period of growth, spurred by three techno
logical developments: the tandem accelerators, semiconductor diode 
particle detectors, and on-line digital computers. The small nuclear 
physics group at Bell Labs, with its ready access to solid state technol
ogy, was in a very good position to make an impact in this field. 
Within a period of five years the group became widely respected 
because of its significant contribution to the development of particle 
detectors and the use of on-line computers for nuclear physics experi
ments. 

In the absence of an experimental nuclear facility, Bell Labs collab
orated with other laboratories, especially Brookhaven National 
Laboratory in Upton, New York. In the context of these collabora
tions, the first Bell Labs nuclear physics papers centered on nuclear 
reaction mechanisms in light elements and the spectroscopy of light 
nuclei by Donovan and collaborators}'3 and on the nuclear fission 
mechanisms by Gibson and coworkers.4 

1.1 Semiconductor ParticlE! Detectors 

Virtually from the beginning, it was recognized that semiconductor 
detectors represented a potentially powerful tool in nuclear physics 
research and a possible entry for the small Bell Labs group into the 
established nuclear physics community. Indeed, it was at Bell Labs 
that semiconductor particle detectors had previously been invented 
by K. G. McKay,M following the intensive investigation into the 
properties of so-called "crystal detectors" by D. E. Wooldridge, A. J. 
Ahearn, and J. A. Burton? Outside Bell Labs, there had been contri
butions by R. Hofstadter and others.8 However, the new detectors did 
not catch on and had fo:r the most part been dropped, except at Pur
due University, where J. W. Mayer was working as a graduate student 
in 1958 demonstrating some of the possibilities. 
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Soon thereafter, Donovan began producing "state-of-the-art"' sem

iconductor detectors. It was not long before scores of visitors from 

nuclear laboratories all over the world began making Bell Labs a port 

of call and carrying away a "recipe," small vials of p-type and ln.-type 

"paint," and even samples of filter paper, laboratory wipes, and 

wooden sticks used by Donovan to perform his "magic art." ThE~ tech

niques were gradually modified and improved, largely by T. C. Mad

den and Gibson, to include oxide passivation, controlled diffusion, 

and improved contacting and mounting procedures. 
One outcome of this work was an invention for improved phos

phorus and boron diffusion procedures that became widely adopted 

throughout the semiconductor industry. Two important contributors 

to the develppments during this period were G. L. Miller and W. L. 

Brown. Miller began collaborating with the Bell Labs nuclear physics 

group while he was sti.ll at Brookhaven National Laboratory. He was 

later recruited to Bell Labs. In the period of development of semicon

ductor detectors, Brown provided the basis for defining and quantify

ing the physics underlying these devices. [Fig. 8-1] 

1.1.1 Effect of Radiation Damage on Transistors and Telstar Malfuncti(m 

It was largely the involvement of Brown and Miller that resulted in 

the first major spin-off from the nuclear physics program. In early 

1961, as plans for the Telstar communications research satellit'e were 

being formulated, important questions arose about the effects of radia

tion from the newly discovered Van Allen Belt. The detector 

development effort (with its associated electronics develo]pment) 

prompted Brown and Miller to propose a series of experiments to be 

included on Telstar to measure the amount, type, and energy spec

trum of radiation encountered by the satellite. T. M. Buck, H. E. 

Kern, J. W. Rodgers, L. V. Medford, H. P. Lie, E. W. Thomas, and oth

ers were recruited to help with the intensive design and testing 

effort. The highly successful experiments were continued on Telstar 

I, Telstar II, and other satellites, and resulted in the Bell Labs magne

tospheric research program, which is described in Chapter 7 of this 

volume. 
During 1961, Gibson and Miller, together with T. D. Thomas of 

Brookhaven Laboratory and G. Safford of Columbia University, car

ried out a series of studies of the mechanism of thermal-nlmtron

induced fission of uranium and plutonium. This experiment involved 

placing semiconductor detectors and associated preamplifiers in a 

high-radiation region of the Brookhaven graphite research :reactor. 

After troublesome reliability problems with commercial transistors in 

the preamplifiers, they succeeded in obtaining a few of the exten-
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Fig. 8-1. W. L. Brown, who has led the Bell Labs research effort in the use of 
energetic ions, in one of the two Van de Graaff accelerator laboratories at the 
Murray Hill, New Jersey, location of Bell Labs. This accelerator is used as a 
source of high-energy positive ions (up to 3 MeV) for ion implantation, modification 
of the properties of solids, and ion beam analysis of the composition and lattice 
perfection of solids. 

sively tested transistors specially selected for use in Telstar. To their 
surprise, it was found that even with these transistors the 
preamplifiers rapidly became inoperative in the reactor radiation 
environment even though they were fine elsewhere. The implica
tions for Telstar were immediately evident and an intensive investi
gation traced the failure to ions produced by the incident radiation in 
the gas surrounding the encapsulated transistor chip. When operat
ing voltages were applied to the device in the presence of radiation, 
the ions were attracted to the silicon surface near the p-n junction of 
the transistor, producing surface inversion layers and resulting in 
catastrophic failure . It was also found that the transistors showed a 
very large variability in sensitivity to this newly discovered radiation 
effect. The discovery of this effect in late 1961, just months before the 
scheduled Telstar launch, made it impractical to carry out the investi
gations and design changes necessary to substitute some other kind of 
transistor not subject to this surface ionization problem. Conse
quently, a massive program was carried out to test thousands of 
transistors, and a new satellite electronics system was built containing 
less sensitive components. 
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In spite of all of these precautions, radiation damage terminat,ed the 
life of Telstar I and posed its central problem in reliability. After 
more than four months of successful performance, the satellitE! com
mand system began to cause difficulty. This led to suspicion that cer
tain transistors in the command decoder circuit, which were pro,tected 
by enough aluminum to stop electrons of energy less than about 1.5 
million electronvolts, were probably damaged by more energetic elec
trons. Before the satellite was launched, it was believed that there 
were very few electrons as energetic as this in the inner Van Allen 
Belt. However, the Telstar radiation measurements of flux and 
energy indicated a substantial fraction of electrons with energies 
about 1.5 MeV (the observed flux was about 1,000 times that 
expected), probably the result of a high-altitude nuclear explosion 
that occurred the day before the satellite was launched. A replica of 
the suspected circuit was similarly bombarded with electrons in the 
laboratory, and it also failed, confirming the postulated cause for the 
failure of the Telstar circuits. [Fig. 8-2] 

Because the Brookhaven experiments had shown that in the 
absence of applied voltage the transistors recovered, even in the pres
ence of radiation, an ingenious "trick" was played on the satelllite to 
get it to turn off its batteries during a period when the satellite was 
eclipsed by the earth's shadow. This turned off the power from the 
solar panels and resulted in the celebrated "repair in space" that pro
longed the useful life of the satellite for some weeks more.. This 
accidental discovery in the Brookhaven experiments provided a possi
ble explanation of previous satellite and missile malfunctions. 

1.1.2 Instrumentation of Nuclear Physics Experiments 

The reconsideration of the technology of nuclear physics m«~asure
ment was also a feature of much of the effort in the Bell Labs pro
gram as well as at other laboratories during the decade of the 1960s. 
This led to the development of low-noise, charge-sensitive amplifiers 
by Miller and E. A. Gere in association with the Brookhaven Labora
tory Instrumentation Division. Charge-sensitive amplifiers became of 
major importance in optical communication systems, in applkations 
involving charge-coupled devices (CCDs), and in other advanced 
design instruments. The effort also led to the work of Millet, J. V. 
Kane, Gere, Lie, and J. F. Mollenauer who, among others, pioneered 
the coupling of experimental measurements directly with small., dedi
cated computers. In particular, the Bell Labs group, together with E. 
H. Cook-Yarborough, visiting for a year from the Atomic Energy 
Research Establishment at Harwell, England, initiated the data bus 
approach (a common pathway for back-and-forth transmission among 
the subunits of the computer and associated experiments) to 
computer-experiment and computer-output equipment int1~rfaces. 
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Pulse-counting techniques, largely developed in nuclear laboratories, 
became increasingly important to communications technology and 
other non-nuclear areas of scientific research, and the small nuclear 
instrumentation group continued to play a role in makin:g develop
ments available. 

A major outcome of the early years that was somewhat unusual for 
Bell Labs (or any industrial laboratory) was the establishment of a 
joint Bell Laboratories-Rutgers University nuclear physics research 
program and facility. 

1.2 The Rutgers University-Bell Laboratories Accelerator Laboratory 

In late 1959, it became evident that the effective involvement of 
Bell Labs in nuclear physics required a facility closer to home and 
more under our control than those being used at Brookhav1en Labora
tory, at Oak Ridge National Laboratory in Tennessee, at the Univer
sity of California at Berkeley, and other places. 

KOVAR WA!!HER"""'\ 

SPACE-CHARGE 
REGION 

LEA 

Fig. 8-2. (A) Drawing of a silicon diffused junction diode particle detector m;ed as the 
sensitive element in the particle detector experiments flown on Telstar I andl II. The 
diode was specially designed and fabricated for operational reliability. It is totally 
enclosed in a vacuum-sealed can with a 0.008 em-thick Kovar window to pe~rmit even 
low-energy particles to reach the detector. For diode stability and sensitivity it is 
formed by high-temperature diffusion of phosphorous into high-resistivity p-type 
silicon. For low contact resistance it has a gold-alloy back contact and a platinum-ring 
front contact. This design was based on experience with detectors used in nuclear 
physics experiments combined with experience with high-vacuum techniques of 

(A) 
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Through the efforts of Brown and Burton of Bell Labs, and H . C. 
Torrey, then physics department chairman at Rutgers University, an 
arrangement was established to provide a program of joint use of 
nuclear facilities . At that same time an order was placed with High 
Voltage Engineering Corporation in Massachusetts for a tandem Van 
de Graaff accelerator. This was the first of a new higher-energy series 
of "King" tandems designed to accelerate protons in two stages up to 
16 MeV. A joint Bell Labs-Rutgers University committee was estab
lished to make major decisions about the design and operation of the 
facility. 

In 1963, G. M. Temmer [Fig. 8-3] was recruited to be director of 
the Nuclear Physics Laboratory and chairman of the joint accelerator 
committee. The building was completed in the spring of 1964 and 
the accelerator installation completed in mid-1965. During the instal
lation period and the first ten years of operation of the accelerator 
facility, Bell Labs received international recognition for contributions 
to physics, as well as technology, arising from this program. For 
example, during the design of the accelerator laboratory, Miller and 
Gibson, together with Gere, did a careful study of the optimum of 
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encapsulation. (B) A cutaway view of one of the detector assembl ies Hawn on Telsta r 
I and Telsta r II . There were four detectors on each satellite measuring different 
pa rticles and energy ranges. This detector is mounted in a special housing to enable 
the measurement of electrons with energies above 230 keY. Because Telsta r I was 
launched one day after a high-altitude nuclear test explosion, a la rge region of space 
was filled with an unexpectedly high concentration of energetic electrons, and this 
detector played a critical role in helping to understand thei r distribution and thei r 
origin. 

(B) 
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Fig. 8-3 . G. M. Temmer (right), director of the Nuclear Physics Laboratory 
at Rutgers University, and G. L. Miller of Bell Laboratories standing in front 
of the Rutgers-Bell Labs tandem accelerator. The accelerator facility has 
been used collaboratively since its installation in the mid-1960s. Miller and 
coworkers at Bell Lab:; were involved in the design, construction, and 
implementation of the nuclear instrumentation and accelerator control systems. 

cabling, ground system, power system, and so on for handling and 
transmitting low-level pulses. This has served as the guide for many 
of the nuclear accelerator facilities built in the United States and else
where since that time. The impressive physics output from the 
Rutgers University-Bell Labs Accelerator Laboratory reflects the close 
collaboration of Bell Labs scientists with Rutgers faculty, visitors, and 
students. In fact, the extent of the interaction with graduate student 
research has represented a unique feature of this program as com
pared to other research programs at Bell Labs. Since its inception, 12 
student Ph.D. research programs and 2 Masters degree programs have 
been directed either wholly or in part by Bell Labs scientists. Many of 
these students have continued to play an important role in Bell Labs 
work subsequent to thei:r graduation. 

The flavor and evolution of nuclear physics research at Bell Labora
tories during its initial period can be conveyed by outlining some of 
the major achievements. 
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1.2.1 Nuclear Reactions, Nuclear Structure, and Magnetic Moments 

In the first years, studies of two-body and three-body final states 
utilizing coincidence measurements of reaction products with the 
newly developed solid state detectors was perhaps the best .known 
and most scientifically important result of the program. D. Donovan 
was the spokesman of a group that included Kane and Mollenauer, D. 
Wilkinson of Oxford University, D. Alberger from Brookhaven 
Laboratory, and other visitors and collaborators. This group ~;ained 
new insights into neutron, proton, and light nuclei bondinl!; and 
interactions.9 Studies of mechanisms and properties of nuclear fission 
by Gibson, Miller, and collaborators also characterized the early 
years.10 At the time of this writing, nuclear reaction studies have 
been dominated by applications of a new blocking lifetime technique, 
which utilizes the particle channeling effect discussed in section 1.3 
of this chapter. In this technique, charged particles, emerging from a 
nuclear reaction, have an angular distribution that is influenced by 
neighboring atoms in rows and planes in the crystal. These se1rve to 
block transmission in certain directions. If the radiative emission has 
a long lifetime, so that the nucleus emits radiation after it has recoiled 
from its lattice position, then blocking is reduced. The technique, 
first developed at Rutgers University by Gibson and K. A. Nielsen 
from Aarhus University in Denmark, has evolved into a valuable tool 
for studying nuclear reactions.11 This work has been carried on in 
collaboration with Temmer, who was at Rutgers University at the 
time, together with a host of visitors and postdoctoral associatE!S and 
students from Australia, Japan, Canada, Denmark, and the United 
States. The short decay times that can be measured (approximately 
10-ts seconds) represent a new time frame for studies that mi@;ht be 
called nuclear kinetics. 

As in the reaction studies, nuclear spectroscopic studies were dom· 
inated in the first years by the coincidence work of Donovan, Kane, 
Mollenauer, and collaborators. Structure and excited states of 12C and 
the discovery of excited states of 4He were the highlights of the 
period.12 The middle period was characterized principally by the sys
tematic studies of transition rates in 58Ni and 56Fe, and the extensive 
study of the spectroscopic and decay properties of 4°Ca by J. R. Mac
Donald who had joined the group from Oxford University.13 

Doppler-shift attenuation measurements of gamma rays were a pri
mary tool in these studies, which were carried out together with N. 
Koller from Rutgers University and a number of visitors and stu
dents. Following this lead, new techniques based on solid state 
effects became more and more a part of the program. Nuclear 
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moments in a variety of nuclei were studied by using perturbation of 
angular correlations of emitted radiation from nuclei imbedded, usu
ally by implantation, in a magnetic matrix. This research was the 
work of D. E. Murnick who joined the nuclear physics group at Bell 
Labs from M.I.T. in 1967.14 E. N. Kaufmann, and R. S. Raghavan and 
P. Raghavan have also made major contributions to this field of 
hyperfine interactions in crystals applied to studies of fundamental 
nuclear properties.15,16 

1.2.2 i\ppljcation to Other Physics Problems 

Bell Labs nuclear physics program has had a vell'y strong depen
dence on solid state physics techniques. Simultaneously, solid state 
or atomic physics studit~s have made strong and effective use of the 
techniques and tools of nuclear physics. Particle channeling studies 
were the first, and continue to be an example of the interaction 
between solid state and nuclear physics. This is discussed in more 
detail below. In the mid-1970s, studies of hyperfine fields led by 
Murnick, Kaufmann, R. S. Raghavan, and P. Raghavan addressed an 
impressive variety of questions concerning magnetk and quadrupole 
interactions,l7 transient field strengths experienced by moving ions, 
and temperature dependence of hyperfine fields. 18 In some cases 
these have been combined with channeling studies to define the 
details of specific ma1~netic environments inside crystals. Other 
activities in the 1970s centered on studies of basic quantum electro
dynamics by Murnick, M. Leventhal, C. K. N. Patel, and 
0. R. Wood, together with H. W. Kugel of Rutgers University. In 
their work, the Lamb shifts of very high energy beams of hydrogenic 
(one-electron) carbon, oxygen, and fluorine ions were measured after 
excitation in passing through thin foils or gas targets. (See Chapter 6, 
section 1.1.) In the fluorine case the measurement involved a pioneer
ing achievement in the use of an HBr laser to resonantly examine the 
excited states produced.19 A C02 laser was used for the ionized 
chlorine studies. 

1.3 Particle Channeling 

It may be of interest to relate briefly one series of events that may 
be considered to represent a self-contained microcosm of the whole 
research story-how unexpected results in one field can lead to 
important applications in another, which may, in turn, provide new 
opportunities in the first field again. In 1962, Gibson and Madden 
began to develop a ve~ry thin [approximately 10 to 20 micrometer 
(p,m)] semiconductor detector through which particles are transmitted. 
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This detector would be used to determine the atomic number and 
mass of low-mass particles (protons, deuterons, helium ions, and so 
on) that might be emitted during nuclear fission of heavy elements. 
H. E. Wegner of Brookhaven National Laboratory and others had 
attempted to take advantage of the intrinsically improved statistics 
(and hence, better resolution) of semiconductor detectors as compared 
with other detectors. The expected improvement had not been 
observed, and the problem had been ascribed to thickness variations 
in the thin silicon detector. Modifying a planar etching technique 
developed by other people at Bell Labs, Madden and Gibson pro
duced detectors that could be shown to be uniform in thickness to 
±5 percent and were thinner (15 I-'m) than any previously produced. 
However, measurements with monoenergetic, 5 MeV helium ions 
showed detector response variations even larger than had been 
obtained previously. It was soon discovered that the detector 
response depended on small variations in the detector orientation 
relative to the direction of the incident particles. It was reco~~nized 
that this was a manifestation, at high particle energy, of a particle 
channeling effect-the steering of particles through the crystal lattice 
by rows or planes of lattice atoms that had previously been demon
strated at very much lower particle energy (10 to 30 keV) in a number 
of laboratories in the United States, Canada, England, and Germany. 
[Fig. 8-4] 

Interest in this new phenomenon led to an intensive series o:f stud
ies at Brookhaven Laboratory, Columbia University, and on the Bell 
Labs-Rutgers University accelerator. These studies, which concen
trated on measurements of particles transmitted through thin crystals, 
played an important role in the understanding of particle channeling. 
Over the next few years, increasing numbers of people became 
involved in the channeling studies and in related particl,~-solid 

interaction studies. Brown was involved from the beginning; 
B. R. Appleton, L. C. Feldman, M. R. Altman, and J. K. Hirvonen 
were all involved initially as Rutgers University graduate students. 
Appleton and Feldman continued at Bell Labs following their com
pletion of graduate studies at Rutgers and helped to establish a small 
accelerator program at Murray Hill. The increased understanding of 
energetic particle interactions with crystals and the general interest 
generated by this work led to the development of an ion implanta
tion program at Bell Labs. This is perhaps the most significanit spin
off to date from the nuclear physics program. It is interesting that 
just as in the case of particle detectors, the general advantages and 
principles of ion implantation were recognized and patented at Bell 
Labs in the early 1950s, but the development awaited establishment 
of supporting technology (such as nuclear accelerators) and related 
background knowledge. 
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Fig. 8··4. Channeling of ions in a crystal. This schematic is a greatly distorted view 
of two rows of atoms in a <:rystal and the trajectories of ions between them. The 
spacing between the two rows has been enlarged for clarity by a factor of 30 
compa.red with the spacing between atoms in the rows. A beam of particles arrives 
from the left moving parall<el to the rows. The beam particles encounter the two 
rows at all possible impact distances. The trajectories are deflected by the mutual 
repulsion between the positive cores of the ions and the atoms. Ions that happen to 
have close encounters with the two surface atoms (the end atom in each row) are 
strongly deflected. Ions having more distant encounters are less strongly deflected 
and may take up oscillating trajectories between the two rows. Such ions are 
channeled. They are deflected by gentle repulsive collisions with several atoms at 
each turning point and do not have hard collisions with any individual nucleus. 
Channeled ions thus penetrate much more deeply into a crystalline solid. If the 
incident ion beam is not nearly parallel to the atom rows channeling cannot take 
place. For 1-MeV He+ ions in silicon the critical angle within which the beam 
must be aligned to a < 110> axis in order to channel is -0.3 •. 

When an energetic ion is incident on a single crystal within a cer
tain critical angle of a major symmetry direction, the strings of atoms 
form channels for the beam, steering the beam by successive small
angle coulomb collisions. The most direct result of this trajectory 
guiding is that projectile--atom distances cannot become very small, so 
that those violent atomic collisions that require very small impact dis
tances d.o not occur. All nuclear reactions, including Rutherford 
scattering, depend on violent collisions. It is this modified nuclear 
encounter probability that has given rise to so many of the channel
ing applications described below. In channeling trajectories, ions also 
encounter lower-than-av,erage electron densities. Since an energetic 
ion loses energy primarily by collisions with electrons, the low elec
tronic encounter probability gives rise to reduced energy loss 
processes. It was this energy loss reduction that Gibson and Madden 
first observed. 

1.3.1 Ion Transmission Th1•ough Thin Crystals 

The energy loss of projectiles through thin crystals was the major 
emphasis of the early Bell Labs channeling program. In a series of 
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classic experiments on the Bell Labs-Rutgers University tandem Van 
de Graaff accelerator, Gibson, in collaboration with C. Erginsoy and 
Wegner of Brookhaven Laboratory and Appleton, a Rutgers graduate 
student at the time, explored the orientation dependence of energy 
loss and multiple scattering (beam spreading effects) for MeV protons 
channeled through silicon and germanium.20-25 They demonstrated 
the importance of trajectory steering by planes of atoms, provided 
precise measurements and models of the channeling energy loss, and 
measured the dramatic narrowing of the emergent-beam angular dis
tribution for channeled ions. Transmission experiments continued 
into the mid-1970s to refine the understanding of the channeled ion 
trajectories and the flux distribution of channeled ions. Gibson's col
laborators in this effort included Feldman, Altman, and J. A. 
Golovchenko as well as those mentioned above.26"29 The work with 
Golovchenko is of particular note. Using very thin silicon <:rystals 
(1000A), transmission angular distributions were analyzed to deter
mine the effective channeling atomic potential and the breakdown of 
statistical equilibrium, a fundamental tenet of channeling theory.30 

In order to coordinate the transmission results with the reduction 
in nuclear scattering in channeling, Gibson enlisted Feldman, amother 
Rutgers graduate student, to initiate a stud"y of scattering under chan
neling conditions.31 They examined the effect of atomic arran1~ement 
on the angular distribution of ions emerging from a crystal after a 
nuclear collision. Such ions are "blocked" by these neighbors in 
symmetry densities. [Fig. 8-5] 

Feldman was among the first to compare his measurements with 
computer simulations of the channeling process, including lattice 
vibrational changes in atomic position. In later years, such calcula
tions became the standard for experimental comparison. Working 
with Feldman during a one-year visit to Bell Laboratories, J. U. 
Andersen of Aarhus University in Denmark made detailed compari
sons between these computer simulations and an analytical approach 
originated at Aarhus.32 Other work on the channeling process in the 
1967-1970 period included electron and positron channeling done by 
W. M. Augustyniak and Andersen in order to obtain more insight 
into the importance of quantum effects in channeling dlescrip
tions;33--35 de-channeling studies by Feldman, Brown, and Appleton 
that considered the various multiple scatterin~ mechanisms that give 
rise to the escape of particles from channels; 6•37 and "double· align
ment" studies of Appleton and Feldman that explored the simultane
ous use of channeling and blocking.38"40 

1.3.2 Impurity Sites Location 

Possibilities for the applications of channeling processes were 
recognized early in the development of the field. Two of the most 
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Fig. 8-5. (A) Illustration of the blocking phenomenon in a single crystal of silicon. 
An ion beam, not aligned with an axis or a plane in the crystal, enters the solid. 
After a collision between an incident particle and a nucleus in the crysta l, it may be 
scattered and headed toward some other atom. It is blocked from continuing in that 
direction and will be deflected away. Since the scattered particle starts from a 
nuclear position, it is blocked by other nuclei from emerging in axial or planar 
directions. The blocking is thus the inverse of channeling; that is, whereas a 
channeling ion does not interact strongly with an atom in a row or plane, the 
strongly scattered ion cannot enter a channeling direction. (B) The blocking 
pattern of protons from a single crystal of silicon near the < 110> axis . The dark 
lines, corresponding to the absence of particles, are blocked planes a round the 
< 110> axis in silicon. If the crystal contains atoms out of place (not in the 
normal rows or planes) , scattering from them can occur in axial or planar 
directions, and the blocking pattern becomes measurably less distinct. [Brown, in 
Radiation Effects in Semiconductors: 378, 379). 
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useful applications were the determination of the lattice s.ite of 
impurities in single crystals and indications of the crystalline damage 
in the surface region of a solid. These two applications were rather 
finely honed because they were strongly coupled to the understand
ing of ion implantation, a method of impurity doping that was being 
developed at the time. [Fig. 8-6] 

The lattice location technique is based on the trajectory of chan
neled ions, namely, that channeled ions do not undergo close
encounter processes with atoms on regular crystal sites. As a result, 
channeled ions cannot scatter from substitutional impurities. How
ever, they can interact with interstitial impurities-hence, there is a 
discrimination between impurities on different lattice sites. The pro
cess is sufficiently well understood for it to be a quantitative tool for 
lattice site determination in many instances. 

Sensitivity to crystalline damage is a result of the fact that channel
ing requires an ordered arrangement of atoms, and imperfections in 
that arrangement disrupt the channeling process. In the limit, an 
amorphous or random arrangement of atoms displays no channeling 
effects whatsoever. Compared to other damage probes, channeling is 
relatively insensitive; however, it is ideal for measuring the rather 
massive damage that accompanies ion implantation into most semi
conductors. 

In 1968, W. M. Gibson spent a year at Aarhus University and car
ried out some of the first channeling measurements on implanh~d sys
tems in silicon.41,42 In the same year, Brown supervised the installa
tion of a 2 MeV Van de Graaff at Bell Labs' Murray Hill, N.J., site that 
became the workhorse for all the channeling applications to follow. 
As expected, 1-MeV to 2-MeV helium appeared to be the best probe 
for many of the channeling applications, and the majority of the 
channeling programs moved from Rutgers, with its high ener~;y tan
dem Van de Graaff accelerator useful for transmission studies, to the 
Bell Labs facility. Measurements of the impurity lattice location type 
were carried out in a number of general areas involving implantation 
into semiconductors, atomic systems of interest to the field of 
hyperfine physics, and implantation formation of alloys in metals. 

Studies of internal hyperfine fields at the sites of impurity ions 
implanted into metallic hosts were carried out in the early 1970s. 
Those studies coordinated the internal electromagnetic field of an 
impurity with its lattice location. Measurements were made by Feld
man, Kaufmann, MacDonald, Murnick, and J. M. Poate in a variety of 
atomic systems.43"47 As a result of these measurements, a variety of 
anomalous results in the systematics of the hyperfine measurements 
were interpreted. 
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Fig. 8-6. Lattice site location of impurity atoms in a crystal using chanm:ling. Three different 
impurity positions are illustrated in the figure: a substitutional position ,. (atom in a normal 
lattice site) and two interstitial positions X, D. An ion beam channeling in the <01 > 
direction passes between the rows of atoms of the crystal marked with diagonal shading. Such 
a beam does not interact strongly (as required for a nuclear reaction or for backscattering) 
with the • or one of the X's because they are in the atomic rows that guide the channeling 
motion. The other half of the X's and the D are "visible" to the beam and may strongly 
interact with it. From the standpoint of a beam channeling in the < 11 > direction, the 
situation is much different. The •· is still "invisible" to the channeling bc:am, as is also the D. 
However, both X's are now out in the channeled beam path and susceptible to strong 
interaction. In this way, it is possible to triangulate on the location of au impurity and locate 
it with respect to the position of atoms of the lattice. 
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The work in metals led to more general interest in the study of 
metals and the possibilities of forming alloys by implantation. Lattice 
location measurements again played a significant role in those stud
ies. In the very dilute regime, the systems of carbon in iron,48 and 
boron in iron and tungsten, were explored-both clear cases of inter
stitial impurities. In the high-dose regime, systems such as tungsten 
in copper and gold in nickel were measured and channeling measure
ments indicated that a new metastable, substitutional phase was 
formed.49•50 This basic work in metals continued beyond the period 
covered in this chapter. 

1.3.3 Ultrashort Lifetime of Excited Nuclei 

One interesting postscript to this story was the use of the channel
ing effect to measure the lifetime for proton-induced fission of 
uranium by Gibson and Nielsen at the Bell Labs-Rutgers University 
accelerator in 1969. The channeling effect technique has resulted in 
the shortest direct determinations of the lifetime of excited nuclei 
ever reported (less than 10-18 seconds) and has developed into a 
powerful new tool in nuclear physics studies. In addition, applica
tions of particle channeling have been extended to single-crystal stu
dies of the positions of impurity ions, radiation damage, and inter
atomic potential distributions. The technique has even been 
extended to ultrahigh energies of several billion electronvolts,. where 
other new applications may be anticipated. 

1.4 Ion Implantation 

Ion implantation is the process of injecting (implanting) charged 
atoms (ions) into a solid. The materials research scientist may use the 
implantation process to alter the electrical, optical, chemical, magnetic, 
or mechanical properties of a solid. In general, such modifications 
may come about by the interactions of the ion-solid system as the pro
jectile slows down and by its presence after it comes to rest. The 
internal electromagnetic fields in solids can provide large perturba
tions to a variety of fundamental processes. Thus implantation is a 
broadly applied technique and an area of active research.51 

It is apparent why the implantation process has such appeal. The 
electronic properties of materials are often governed chiefly by their 
impurities and defects. A more conventional method of introducing 
impurities, prior to the introduction of ion implantation, was through 
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thermal diffusion. By contrast, in the implantation scheme, impurity 
atoms are "fired" into the material in a highly directed injection pro
cess. A solid must accE~pt the impurity, and implantations of any 
solid with any impurity are possible at any temperature. In addition, 
since the impurities are in the form of an ion beam, great control is 
possible in terms of measuring the implanted dose, in reproducibility, 
and in terms of the spatial extent of the implanted re~;ion. 

The implantation pro<:ess found its first applications in the sem
iconductor field. The development of semiconductors and their 
application in the nuclear energy field stimulated studies of the 
effects of nuclear radiation on such devices. The effE!Cts were invari
ably considered as detrimental processes. It required imagination on 
the part of R. S. Ohl who, in 1952, reported perhaps the first ion 
bombardment experiment that improved device characteristics.52 

The modern era of ion implantation in science and technology 
began in the mid-1960s and was stimulated by interE~st and technical 
progress in a number of areas having to do with ion beams and 
solids. Of paramount importance in this development were Gibson's 
studies of the phenomenon of ion channeling on the Rutgers-Bell 
tandem Van de Graaff accelerator.53 Not only was the channeling 
effect of interest in thE! field of particle-solid interactions, but its 
application played an important role in the further development of 
ion implantation. [Fig. 8-7] 

1.4.1 Semiconductor Doping 

Stimulated by the development of the channeling technique, ion 
implantation as a doping technique 1began to be studied in detail. In 
1968, Gibson reported a number of studies on the modification of 
semiconductors by ion implantation.54 A. U. MacRae and T. E. Seidel 
formed some of the first devices made by implantation at Bell Labs.55 

(For more on this topic s1ee section 3.2 of Chapter 19.) 
The importance of ion implantation as a research tool and potential 

technological applications was quickly realized by Brown and Burton 
at Bell Labs. [Fig. 8-8] They arranged to have the Murray Hill labora
tory equipped with proper ion beam accelerators, which are relatively 
large and expensive pieces of equipment that are normally found in 
nuclear physics establishments. Bell Labs' interest in particle-solid 
interaction studies and applications increased to the point that as of 
1981 a total of ten accelerators, or ion implantation machines, were in 
operation at Murray Hill and an even larger number at branch 
laboratories and Western Electric installations. 

The first reports of implantation studies in semiconductors from the 
Murray Hill 2-MeV facility appeared in 1969. Feldman and Rodgers 
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Fig. 8-7. W. M. Gibson adjusting apparatus at the Rutgers University-Bell 

Laboratories tandem Van de Graaff accelerator. Gibson is particularly noted 

for his pioneering studies of ion channeling in crystalline solids and ion 

implantation for doping semiconductors and for modifying other properties of 

solids. 
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studied the depth profile of the lattice disorder accompanying ion 

implantation into silicon,56 and J. C. North and Gibson studied boron 

implantation into silicon.57 In the following years, there were exten

sive studies of the bismuth in gallium phosphide system by J. L. Merz 

and Feldman.58 Other studies included bismuth in silicon by Brown, 

S. T. Picraux, and Gibson,59 and heavy ion damage studies in silicon 

by Brown, Gibson, P . M. Glotin (a visitor from France), and Hir
vonen.60·61 

1.4.2 Device Applications 

Beginning in 1969, the publication of papers having to do with ion 

implantation increased markedly. Of particular note is the work of 

Feldman, Merz, and Augustyniak, who studied the formation of pho

toluminescence centers in ZnTe by implantation of 160 and 180.62 

These authors also did an extensive study of the implantation of 

bismuth into the compound semiconductor GaP. The bismuth 

isoelectronic trap corresponds to the substitutional replacement of 

phosphorus with bismuth and is observed as a characteristic line in 
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Fig. 8-8. Ion implantation has permitted the very precise tailoring 
of doping distributions to achieve unique device parameters. 
Varactor diodes (voltage variable capacitors) are an example. In 
the work of Moline and Foxhall, implantation of phosphorous ions 
into silicon was carried out (I) singly - 1012 300 keV P/cm2, 7" 
off the <Ill> axis; (2) doubly - (I) plus 4x 1010 600 keV P/cm2, 
parallel to <lli>; (3) triply (I) + (2) plus 6XI010 300 keV 
P/cm2 parallel to <Ill>. The impurity distributions for these 
three cases are shown in part (A) of the figure. The subtle 
differences among them are evident. Part (B) of the figure shows 
the sensitivity of the varactor diodes, dC/C/dV/V, with capacitance. 
A high and uniform value is desirable for some applications, the 
result achieved with the triple implant. Achieving such subtle 
distributions with reproducibility is impractical without the control 
of both dose and depth that implantation provides. 
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the luminescence spectrum. Using channeling and photolumines

cence techniques, the optimum implantation and annealing condi
tions were determined for maximum light emission. 

The important system of boron implanted into silicon was studied 

by North and Gibson.63 Correlating channeling measurements to 

determine the substitutionality of the boron with electrical m'easure

ments of the donor concentration, they studied the proper conditions 
for efficient implantation. D. F. Daly and K. A. Picker studied 

implantation damage using electron paramagnetic resonance tech
niques.64 The widespread scientific applicability of implantation was 

also brought forth by the work of Murnick and coworkers, in which 

nuclear excited atoms were recoil implanted into ferromagnetic 
hosts.65 In these measurements either the internal electromagnetic 

fields or the nuclear properties of the excited atom were deduc«~d. 
The rapid progress in ion implantation and ion beam techniques 

continued through the early 1970s. Motivated by the implantation 
experiments in ferromagnets, fundamental research into implantation 
in metals was begun. Seeking to correlate the results of the internal 
field measurements with the lattice position of the implanted ion, a 

number of channeling-lattice location experiments were carried out in 
metals by Feldman, Kaufmann, and Poate.66 High-dose implantations 
were investigated in metals as the bridge between impurity injection 
and alloy formation was crossed. The classic system of carbon 

implanted into iron was explored. 
The studies of implantation into silicon continued with increasing 

sophistication. Using channeling techniques, Feldman, Brown, and 

Gibson made contributions to the efforts being carried on in many 
laboratories around the world to understanding the implantation pro

cess in silicon.67 These studies yielded very successful presc1riptions 
for the use of ion implantation in the production of semiconductor. 
devices. 

Ion bombardment techniques were also applied to superconductors, 
in this case to create defects in a controlled way in order to under
stand their effect. The implantation of radioactive species into hexag
onal crystals, combined with channeling techniques by Kaufmann, R. 
S. Raghavan, and P. Raghavan, led to new insights into the origins of 

the electric field gradients in non-cubic metals.68 Implantation was 
still a growing technique beyond the end of the period described 
herein and continued to provide new developments in science and 

technology into the 1980s. 

1.4.3 Implantation in Insulators and Metals 

While semiconductors have dominated the development of ion 
implantation because of their technological importance, some research 

has also been carried out with insulators and metals. In insulators, 
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the principal interest in 1972-1974 was in the alteration of the index 
of refraction of transparent solids (amorphous Si02 in particular) by 
ion implantation with the idea of being able to form optical 
waveguides of small dimensions in patterns that mi~;ht be useful in 
optical circuits. It was found by R. D. Standley and c:oworkers that a 
wide variety of ions were effective, the major effect being caused by 
structural changes, rather than by the presence of a specific impur
ity.69 Studies with light ions by H. M. Presby and Brown showed that 
both electronic excitation in Si02 and elastic collisions of ions with 
nuclei of the solid caused changes in the refractive index.7° In these 
early studies, the optical loss in guides formed by implantation was 
relatively high. 

There has been a continuing interest in ion implantation into 
metals. The studies in the late 1960s and early 1970s were primarily 
concerned with determining the lattice site locations of implanted 
impurities in ferromagnetic hosts (iron and nickel) in order to aid in 
the interpretation of hyperfine interaction measureme:nts.71 In 1973, J. 
M. Poate and his collE~agues started a series of experiments to 
investigate the metallurgy of the implantation processP They studied 
copper binary alloys with implantation concentrations up to approxi
mately 30 percent and observed the formation of equilibrium solid 
solutions, metastable solid solutions, and amorphous alloys. These 
studies have demonstratE~d the strong similarities between implanta
tion and the more conventional rapid quenching techniques. 

A major step in ion implantation metallurgy was taken by E. N. 
Kaufmann and collaborators in work starting in 197.3?3 They chose 
beryllium as the host lattice for implantation studies because of the 
very low probability of dynamic replacement collisions and low 
defect densities. The final impurity should therefore represent the 
metallurgical or chemical propensities of the species involved. They 
implanted over 25 metallic elements into beryllium to form unique 
metastable substitutional and interstitial configurations, and in collab
oration with the theorists J. R. Chelikowsky and J. C. Phillips, were 
able to correlate these configurations using an extension of the exist
ing theory of metallic alloying. 

These studies have shown implantation to be a unique tool for pro
ducing surface alloys, with much interest at Bell Laboratories and 
elsewhere in evaluating other properties of these surface alloys such 
as corrosion resistance and hardness?4 

1.5 Ion Scattering 

1.5.1 Medium Energy Ion Scattering 

In 1968, T. M. Buck initiated ion scattering researc:h using ions in 
the energy range of 100 keV to 300 keV to analyze surface composi-
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tion and, possibly, surface structure. He was motivated by thE! need 
for improved surface analytical techniques in semiconductor te,chnol
ogy (Auger electron spectroscopy was not yet widely used), by the 
simple kinematic relationships that prevail in the scattering tech
nique, by the available data on the Rutherford scattering cro1;s sec
tions, and by the recently discovered channeling effect. 

Buck and coworkers used 100 keV He+ and H+ beams to analyze 
trace impurities on silicon and graphite surfaces and thin oxide films 
on silicon, with detection sensitivity of 0.001 to 0.01 monolayer, 
depending on the atomic number of the target atoms?5 The channel
ing effect was also used to study abrasion and polishing damage on 
silicon. 

Electrostatic energy analysis was used because it offered better 
energy and depth resolution than could be achieved with a silicon 
surface barrier detector. However, the use of an electrostatic analyzer 
meant that ions that were neutralized as they scattered from a surface 
would not be counted. Information on neutralization probabilities 
was needed to correct for this, which led to experiments by Buck and 
coworkers that revealed that for H+ and He+ neutralization depended 
primarily on exit velocity independent of the particle path inside the 
solid?6•77 There was some dependence on target material and cleanli
ness, but there was no evidence of neutralization occurring inside the 
solid. 

1.5.2 Low-Energy Ion Scattering and Neutralization 

Ion scattering experiments at lower energies were started in 1970. 
These were stimulated by the results obtained by D. P. Smith at 0.5 
keV to 3 keV that indicated extreme surface selectivity?8 At Bell Labs, 
D. J. Ball and coworkers studied the transition from medium Emergy 
to low-energy, scattered-ion behavior for He+ and Ar+?9 They 
observed dramatic changes in the scattered-ion energy spectra, which 
were believed to arise from the neutralization of low energy ions that 
penetrate beyond the surface being backscattered, in sharp contrast to 
the medium energy behavior. 

Semiquantitative surface composition analysis was demonstrated to 
have trace impurity detection limits of 0.005 monolayer for heavy ele
ments and 0.1 to 0.01 for light elements.80 The technique has proven 
to be ideally suited to study equilibrium surface segregation in 
alloys-for example, in the copper-nickel system. Working with H. 
H. Brongersma at Philips Research Laboratories in the Netherlands, 
Buck showed strong copper segregation.81 This was in fair agreement 
with calculations based on bond energies-the element with weaker 
bonds going to the surface where bonds are missing. 
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Low-energy ion scattering has also been applied .at Bell Labs to a 
wide variety of technological materials, for example, electroplated 
platinum and stainless steel by D. L. Malm.82 

Beginning in 1973, work was started to develop a time-of-flight 
technique to allow studies of scattered neutrals as w•~ll as ions.83 The 
technique also provided a large reduction in the beam required for 
measurement (and thus in the damage it caused) by allowing scat
tered particles of all energies to be measured at once. With this tech
nique, Buck and coworkers found that in addition to the strong neu
tralization effects mentioned above, the large scattering cross sections 
for low-energy projectih~s depleted the ion beam and further reduced 
scattering from deeper lying layers.84 

Stimulated by the obs1ervations of R. L. Erickson and Smith,85 N. H. 
Tolk and coworkers mt~asured the dependence on scattering angle 
and target orientation of the dramatic oscillatory structure in the 
energy-dependent yield of He+ ions scattered from surfaces.86 

Behavior of this kind was quickly observed in several laboratories, 
including the Philrs R.:~search Laboratories, where Buck was working 
with Brongersma.8 

It was recognized that this phenomenon was very similar to biparti
cle collision-induced oscillatory behavior of optical emission previ
ously studied.88 These angular-dependent experiments yielded impor
tant information about the ion-surface interaction at low energies (0.1 
ke V to 5 ke V) and supported the view that the oscillatory behavior 
arises from quantum mechanical phase interference between near
resonant ionic and neutrallevels.89 

1.5.3 Rutherford Backscattering from 1'hin Films 

Thin films play an important role in science and technology, espe
cially in the all-pervasive technology of integrated circuits. An essen
tial criterion of the thin-film structures in these applications is that 
they maintain structural integrity on the submicron scale. However, 
it is generally observed that pronounced interdiffusilon or phase for
mation cari occur at quite low temperatures. 

Rutherford backscatte:ring is a powerful, and undoubtedly the most 
quantitative, technique for studying the composition of thin films. 
Although the principles and practices of this technique have been 
understood for many decades, it was only iri. the early 1970s that 
backscattering was applied to the study of thin films at several labora
tories in the United States. In 1971, Poate initiated .a program at Bell 
Labs for the systematic study of thin-film reactions and other 
composition-related phenomena using the 2-MeV Van de Graaff 
accelerator. 
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An ion impinging on a solid interacts with the atoms and electrons 
by means of the coulomb force. At MeV energies, the elastic or Ruth
erford scattering cross sections from the atomic cores are small and 
the ion interacts predominantly with the electrons in the solid. 
These inelastic electronic interactions, while not imparting sufficient 
momentum to deflect the ion, cause an overall energy loss. The 
measurement of the loss can be used to deduce the thickn,ess of 
material traversed. The ion moves essentially on an undeviatE!d tra
jectory, losing energy to the electrons until, by chance, it under;goes a 
large-angle elastic scattering collision with an atomic core. The frac
tion of the projectile energy lost in this elastic collision can be 
derived from the conservation laws and is a simple function of mass 
and scattering angle. Measurement of a backscattered energy spec
trum can therefore be used to obtain depth and composition 
information. 

Rutherford backscattering for thin-film analysis is such a quantita
tive technique because the physical processes are so well understood. 
The Rutherford cross sections are known to better than 5 percent 
absolute accuracy, and electronic energy losses, from which depth 
scales are calculated, are usually known to better than 10 p•~rcent. 
Thin films or near-surface layers typically SOOOA thick can be probed 
with MeV ion beams with a depth resolution of 200A using silicon 
surface barrier particle detectors. Buck and his colleagues were the 
first to use this technique to study the gettering of iron, cobalt, 
nickel, copper, and gold impurities in an ion-damaged surfacE~ layer 
in silicon by measuring the backscattering of 2-MeV 4He ions.90 

Many thin-film phenomena were subsequently investigated using 
MeV He+ scattering. A principal objective was to understand and 
characterize low-temperature interdiffusion between thin metal films. 
Gold was chosen as a major material of interest because gold films 
have been well characterized and because of its importance to the 
Bell System.91 Backscattering measurements demonstrated the large 
amount of mass transport occurring at low temperatures and the con
comitant importance of grain boundary diffusion.92 However, the 
high concentrations of interdiffused materials in the soluble systems 
such as Au-Ag and Au-Pd could not be explained by simple grain
boundary and bulk diffusion. Experiments on thin self-supporting 
single crystal and polycrystalline couples of Ag-Au showed that the 
large mass transport was accomplished during grain growth, solute 
being dumped from the grain boundaries into the interior of the 
grains.93 

The reactions between metal films and semiconductors is another 
area where large-scale mass transport occurs at low temperatures. For 
example, contacts of remarkable lateral uniformity can be formed 
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when platinum is reacted with silicon at low temperatures. This con
tact metallurgy was developed by M. P. Lepselter and is one of the 
most widely used contacts in integrated circuits.94 Backscattering 
studies showed that the~ reaction proceeded by the formation and 
growth of well-defined, laterally uniform silicide layers; the first 
phase to grow was Pt2Si followed by Pt Si.95 The kinetics and activa
tion energies for the growth of these silicides were determined. The 
reaction of metal films with compound semiconducto:rs is much more 
complicated than the metal-silicon reactions.96 Bult backscattering 
studies, for example, did. reveal some similarities between Pt-Si and 
Pt-GaAs reactions with a stable, well-defined layer of PtAs2 being 
formed at the GaAs interface. [Fig. 8--9] 

Backscattering was also used to measure the composition of many 
different insulating films of importance to the Bell System: GaP and 
GaAs oxides,97,98 Ta-Si and Ta-Ti oxiides,99,100 and silicon nitrides.101 

These amorphous films were interesting because compositions could 
be widely varied and backscattering permitted accurate determination 
of their composition. Because of the closeness in mass of the gallium 
and the arsenic, it was difficult to measure their depth profiles in the 
oxides from Rutherford backscattering. However,. differentiation 
between the two elements was feasible by observing the 1H or 4He 
ion-induced X-rays using; a technique developed at Bell Labs by Feld
man. This technique was then used to characterize plasma-grown 
oxides on GaAs. 

The MeV ion-beam techniques were also applied to the study of the 
A15 superconductors with the A 3B configuration. Materials with this 
configuration possess particularly high superconducting transition 
temperatures, Tci the sputter-deposited Nb3Ge films of L. R. Testardi 
and coworkers exhibited the highest measured Tc .102 The composi
tions of many of these sputtered Nb-Ge films were measured and 
correlated with the superconducting transition temperature.103 The 
exact proportion of Nb and Ge did not turn out to be a critical vari
able for maximum Tc. It appeared, instead, that high Tc was attained 
by the elimination of disorder in the film, as was demonstrated by 
deliberately damaging high-Tc films with the 4He beams from the 
accelerator .104 

Following 4He damag;e, the use of channeling on single-crystal 
V 3Si, and X-ray diffraction from polycrystalline Nb3Sn films gave 
strong clues as to the nature of the disorder.105,106 It was concluded 
that the reduction in Tc was associated with substantial .:iisplacements 
of the A atoms from their equilibrium sites; this wa1> envisaged as a 
buckling of the tightly compressed A chains. 

1.6 Sputtering 

Sputtering is the ejection of atoms from a solid as a result of a cas
cade of collisions initiatl~d by an incident energetic particle striking 
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Fig. 8-9. Rutherford backscattering studies of thin films. The scattering of 2 MeV He+ 
ions from solids provides a nondestructive way of measuring the composition profile. 
These two examples were important in the investigation by Sinha and Poate of the 
stability of metallic contacts on GaAs. In each of the backscattering spectra, energy of 
the backscattered helium ions is the abscissa as represented by channel numbers. The 
number of events per unit energy is the ordinate. Scattering from tungsten is distinct 
from scattering from GaAs because of the large mass difference of the two and since, in 
a collision, the helium ion loses much less energy when scattered off from a heavy nucleus 
than from a light one. The fiat-topped part of the spectrum identified as tungsten is due 
to the full thickness of the tungsten film, with the higher energies due to ions scattered 
from the outer surface. Scattering from deeper inside provides lower energies because 
the helium ions lose energy going in and coming out. The fall-off at the low energy edge 
of the tungsten mesa signifies scattering from the inside surface of the tungsten layer. 
Part (a) shows that tungsten is a highly stable contact to GaAs since, even when heated 
in vacuum to soo·c for 2 hrs, the spectrum remains essentially unchanged. Pa.rt (b) 
shows the case for gold on GaAs, where the spectra are substantially altered by heat 
treatment in air at 2so·c. The small peak marked Ga corresponds to gallium atoms 
that have diffused through the gold layer and oxidized on the surface. The low-,energy 
side of the gold mesa is also changed, reflecting diffusion of gold into the GaAs, to a 
depth of about 1500 A. [Sinha and Poate, Appl. Phys. Lett. 23 (December 15, 1973): 
667]. 
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the solid surface. The rudiments of these phenomena were under
stood very early and it was recognized that the process could be used 
either to erode a solid or to deposH the eroded material on another 
substrate. Sputtering has played an important role in Bell System 
technology from very early times. The application of sputtering to 
sample preparation is discussed in Chapter 19 of this volume. 

1.6.1 Optical Radiation from Sputtered Particles 

As a direct result of the Bell Laboratories studies of low-energy, 
ion-atom collisions, in 1970 Tolk and C. W. White discovered that 
significant amounts of visible, ultraviolet, and infrared radiation are 
produced when a beam of low-energy ions (30 eV to a few tens of 
keV) or neutral heavy particles impinge on a surface.l07 It is interest
ing to note that this discovery evolved as a result of intensive experi
mental study of an apparently undesirable optical radiation back
ground that ultimately was found to arise from stray ions colliding 
with nearby surfaces. This background from ion-surface collisions 
came to be as important an area of experimental and theoretical study 
as the research area from which it arose. 

Ultimately, three kinds of low-energy, collision-induced radiation 
were identified.108 The first of these is the sputt<ering of surface 
atoms, molecules, and ions in excited states caused by ion or neutral 
beam bombardment. The excited particles then decay and give rise to 
optical line radiation that is characteristic of surface constituents. The 
second kind of radiation observed has a similar nature but arises from 
backscattering of excited beam particles. The third type of radiation 
is a broad continuum oJf radiation that comes from the solid surface 
itself. 

The first two kinds of radiation phenomena have proved important 
in understanding ion-surface biparticle collision processes and 
sputtering cascade interactions, as well as in providing insight into 
experimentally derived parameters for the radiationless de-excitation 
processes experienced by an excited surface atom or molecule near a 
surface.109 In 1971, the first kind of radiation phenomena also pro
vided the basis for the invention by White, D. L. Simms, and Tolk of 
a new and sensitive method for the analysis of surface composition 
called SCANIIR (surface· composition by analysis of neutral and ion 
impact radiation).llO,lll This technique recognizes the characteristic 
optical line radiation emitted by sputtered surface constituents, 
including; contaminants, with a detection sensitivity as great as 1 part 
in 107

• 

1.6.2 Alloy Sputtering 

Although satisfactory quantitative agreement with sputtering 
theory fo:r elemental solids had been attained in the 1960s, no such 
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agreement prevailed for alloys or compounds. The question of possi
ble preferential sputtering in multicomponent solids was addressed in 
a series of experiments by Poate and Brown in collaboration with J. 
W. Mayer from the California Institute of Technology.112 They found 
a very general preference for sputtering of the lighter atomic species 
with a consequent buildup of the composition of the heavier species 
near the surface. The composition was found to be modified to 
depths comparable to the range of the incident particle that produces 
the sputtering. The results are important for sputtering used as a tool 
in analysis of the depth distribution of the composition of solids by 
secondary ion mass spectrometry or by sputter-Auger technique!;, and 
in the cleaning of solid surfaces before ultrahigh vacuum surfa<;e 
studies or during device processing. 

1.6.3 Sputtering of Condensed Gas Films 

A lunchroom conversation concerning the effects of energetic parti
cles in the solar system on frozen gases on planetary surfaces led to a 
series of experiments by Brown, L. J. Lanzerotti, and Poate starting in 
1976.113 Frost layers of water, carbon dioxide, ammonia, and methane, 
thought to exist on many of the outer planets and their moons, were 
found to have orders-of-magnitude larger erosion rates under high
energy nuclear particle (protons and helium ions) bombardment: than 
would be explained by established sputtering theory. The 
phenomenon is limited to insulators and is caused by electronic exci
tation of the solids that cannot subsequently distribute the excitation 
by electronic conduction as in metals or semiconductors. The large 
erosion rates have broad implications for planetary atmospheres and 
surfaces. 

II. X-RAY SCATTERING AND SPECTROSCOPY 

A decade after M. von Laue and coworkers in Germany had first 
shown that X-rays can be diffracted by the regular array of atoms in a 
crystal, 114 the techniques of X-ray diffraction were introduced at Bell 
Laboratories by L. W. McKeehan for the determination of the crystal 
structure of iron-nickel alloys.115 These techniques, which found 
wide application to many classes of solid state materials including fer
roelectrics, superconductors, and semiconductors, made use of the 
elastic scattering of a beam of X-rays from the atoms in the crystal. 
Since the mid-1960s, scientists at Bell Labs have also become 
interested in the inelastic scattering of X-rays as a tool for the study of 
the electronic structure of the atoms in crystals. 

2.1 X-Ray Diffraction 

Some applications of X-ray diffraction were made before and dur
ing World War II. Using a double-crystal spectrometer, R. M. Bozarth 
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and F. E. Haworth measured the perfection of quartz and other crys
talsY6 Bozarth's apparatus was also used for the 01rientation of the 
nickel crystals in the Davisson-Germer experiment and for orienting 
quartz plates for frequency control of radio communications. W. L. 
Bond designed a numbe·r of specialized instruments for determining 
the orientation and perfection of quartz. He designed a double-cr~s
tal X-ray goniometer, 117 a single-crystal automatic diffractometer, 11 a 
simple high-temperature powder camera, and an instrument for 
measuring lattice constants with unprecedented accuracy.119 This last 
instrument made possible the determination that th1~ oxygen in sili
con was interstitial, rather than substitutional, 120 and allowed the 
measurement of X-ray wavelengths with greater accuracy than had 
ever before been attained.121 

In the 1950s and 1960s, single crystals became key elements in Bell 
Labs experimental research in ferroelectricity, semiconductivity, 
lasers, magnetism, and superconductivity. The crystallographer E. A. 
Wood collaborated on many experiments, using the appropriate X-ray 
diffraction techniques to determine the crystal structure of the materi
als under study. This helped to develop an understanding of the 
relationship between physical properties and crystal structure and 
made possible the synth1~sis of many new substances with predictable 
properties. Substituent atoms could be introduced into a known 
structure in a controlled way, and the relationship between properties 
and the substituents at known sites could be quantitatively 
determined.122-124 The effect of an applied field in a<Ctually changing 
the structure of the crrsltal sodium niobate was demonstrated with X
ray diffraction studies. zs 

The role of S. Geller's. X-ray diffraction techniques in determining 
the structure of magnetic oxides, leading to the discovery of the mag
netic garnets, is described in some detail in Chapters 1 and 12 of this 
volume. 

2.1.1 X-·Ray Standing Waves 

While X-ray diffraction patterns provided the main "fingerprints" 
for determining the atomic scale and geometrical structure of materi
als, the years following: the development of diffraction techniques 
saw the development of new ways of probing crystals with this 
extremely short wavelength radiation. This progress was made possi
ble by the extraordinarily high crystalline perfection obtained in 
semiconductor materials (that is, silicon and germanium). A Bragg
diffracted X-ray beam from such a crystal can have the same intensity 
as the beam incident on the crystal. Both within the diffracting crys
tal and in the region just outside its surface, where the incident and 



Ion Beams, X-Rays, Electrons, and Neutrons 319 

diffracted beams overlap, there will be a strong X-ray standing wave 
excited by interference between these two beams. These standing 
waves have the direction and periodicity of the planes responsible for 
the diffraction. The phase between the atomic planes and the stand
ing waves may even be adjusted by making small changes in the X
ray incidence angle about the Bragg condition. Angular changes of a 
few seconds of arc sweep the standing wave antinodes from lying 
between the diffracting planes to lying on top of them. This fine 
control over the standing wave position provides an atomic-scale 
probe of the positions of impurity atoms on the surface or in the 
near-surface region of the crystal. 

Collaborative work of Bell Labs and Cornell University scientists in 
197 4 isolated the standing wave effect and identified the positilon of 
arsenic atoms in silicon.126 The study was subsequently refined to the 
point where the standing wave "fringe shifts" of a few hundredths of 
an angstrom could be detected. In 1979, the standing waves were 
detected just outside the surface of a silicon crystal and the dt:~tailed 
information gained about standing wave motion was used to deter
mine the position of bromine atoms. In addition, the experiments 
showed that impurities at crystal-liquid interfaces as well as at crys
tal-vacuum interfaces could be investigated because of the high pene
trability of both exciting and scattered X-rays.127 

2.2 Inelastic X-Ray Spectroscopy 

When X-rays are weakly scattered inelastically from condensed 
matter, the scattering cross section is characterized by the momentum 
and energy transfer to the system. X-rays allow the experimentalist 
to probe a very interesting and heretofore inaccessible region in this 
energy momentum plane. Typical lengths in condensed mattE~r sys
tems are of the order of 1A, and X-rays have the right waveleng;ths to 
probe this distance or momentum scale. However, the electronic 
excitation energy, and hence the energy loss in the scattering e!xperi
ment for almost all circumstances, is about 1 eV or less. Becaus4~ typi
cal X-ray energies are about 10,000 eV, very high resolution is 
required for most experiments. With modern X-ray sources and 
high-resolution spectrometers such experiments became feasible for 
the first time in 1968. 

2.2.1 Large Electron-Momentum Transfers 

Almost all of the experimental work at Bell Labs in inelastic X-ray 
scattering was carried out during the 1970s.128"

134 The impetus for the 
work on high-momentum-transfer, inelastic X-ray scattering came 
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from the 1965 theoretic:al paper by P.M. Platzman and N. Tzoar.l35 

They showed that at large momentum transfers thE~ X-ray scattering 
would be a direct measure of the momentum distribution of electrons 
in the solid. For the first time this gave experimentalists a way of 
making accurate direct measurements of wave functions describing 
such distributions. In 1929, J. W. H. DuMond at th1~ California Insti
tute of Technology in Pasadena had suggested that such a possibility 
existed and even did a preliminary experiment on graphite using old 
X-ray tubes and a film detector.136 This singular experiment took 
many months of exposure time and gave very fragmentary informa
tion. The theory showed that better experiments could give, at least 
in principle, very important information. The analysis also showed 
that at these large momentum transfers the resolution required to 
obtain accurate wave-function information was not very prohibitive. 
Some preliminary expe·riments verifying these ideas were done by 
several groups, including R. J. Weiss and W. C. Phillips at the Water
town Arsenal in the United States,137 and N. Cooper and J. A. Leaker 
in England.138 

In 1968, P. Eisenberger set up a 60-kilowatt continuous-output X
ray source for doing inelastic X-ray scattering experiments. This 
source was almost 100 times more intense than other conventional 
sources in use. Thus experiments that took one month to do could be 
done in less than one day with comparable signal-to-noise ratio. The 
existence of this powerful source of high-intensity, short-wavelength 
X-rays made possible ilt broad range of inelastic S•cattering studies. 
Eisenberger, in collaboration with Platzman, W. C. Marra, and others 
began to investigate the large momentum regime (the so-called 
Compton regime) and explored many of the properties of wave func
tions in a variety of low atomic number materials. Atomic helium, 
molecular hydrogen, oxygen, and nitrogen, and metallic lithium and 
sodium were all probed with this source. The investigators were able 
to show quite systematically how various wave-function calculations 
compared with the experimental measurement of these wave func
tions to an accuracy of about 1 percent. In 1971, Eisenberger and 
Marra performed experiments on simple hydrocarbon compounds and 
were able to show, for the first time microscopically, that the concept 
of a localized transferable bond was a realistic picture of bonding in 
the hydrocarbons and that in some sense it could be extended to 
resonant structures like benzene.139 [Fig. 8-10] In addition, many of 
the qualitative features of bonding that had been theoretically 
predicted were for the first time easily measured. The studies of 
hydrocarbon bonding were extended by W. A. Reed, Eisenberger, and 
L. C. Snyder, using gamma-ray Compton scattering. ao 
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The large electron-momentum transfer inelastic scattering studies 
were extended to a higher momentum transfer regime using nuclear 
gamma-rays as a source of high-energy photons. This work was 
pioneered at Bell Labs by Reed and Eisenberger141 and has been 
actively pursued by at least a dozen groups throughout the world. 
The advantage of the gamma-ray technique, with its very high energy 
(a few 100 KeV) photons, is that it enables wave functions of systems 
containing atoms from the whole Periodic Table to be examined. 
This is made possible by the availability of solid state detectors 
(developed at Bell Labs and now available commercially) and by the 
fact that the momentum spectrum is explored over an ever-increasing 
energy range as the primary energy range of the gamma-ray is 
increased. Using these techniques the wave-function properties of a 
whole host of materials including such elemental materials as silicon 
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Fig. 8-10. Scattering of high-energy photons {,..-rays) from carbon valenc:e 
electrons for three different environments of the carbon atom. The incoming 'Y-ray 
is monochromatic, and the scattering angle is the same in each case. The abscissa 
is the energy loss, and e is proportional to the projection of the momentum 
distribution of the electrons in the carbon atom along the scattering direction. The 
energy loss, E0 , at the center of the dashed line corresponds to Compton scattering 

from a free electron at rest. The effect of bonding on the carbon atom is 
dramatically revealed. The Compton profile for atomic carbon is obviously 
narrower than the profile for the C-C bond in ethane gas, which has the same 
length as the C-C bond in diamond. The differences between the molecule and the 
crystal are smaller but quite evident-the valence electrons are somewhat more 
tightly bound in the molecule than in the crystal. 
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and germanium have been examined. The anisotropic Compton tech
nique has focused on the solid state properties of the outer electrons 
by utilizing the difference between Compton profilles measured in 
different directions. The experiments require extremely good statis
tics and the highest quallity resolution available. 

2.2.2 l'ntermediate Electron-Momentum Transfer in Light .Metals 

The inelastic X-ray scattering techniques have also been applied to 
smaller momentum transfers, where the collective properties of the 
condensed matter systems begin to play an important role. The 
experiments by W. A. Reed and coworkers in 1974 focused on the 
long wavelength or plasmon properties of the simple light metals 
lithium, beryllium, sodium, and so on.142 At this level, the experi
ments made contact with the work of C. J. Powell, reported in 1960, 
in which electron beams were used as a probe.143 

At intermediate momentum transfers the inelastic X-ray scattering 
from simple metals was an unexplored field of great interest. 
Theories of the electron gas were based on weak-coupling or mean
field approaches which,. when parametrized properly, gave a good 
description of both the long wavelength and short wavelength limits 
of the inelastic X-ray scattering results. At intermediate momentum 
transfers the intrinsic, strong, or intermediate couplling character of 
the electron gas began to show up. The experiments revealed a 
variety of phenomena that seemed to be characteristic of liquids in 
general and that have not yet been explained in any satisfactory 
way. 144 [Fig. 8-11] Because the electron gas, or the electron liquid, is 
one of the fundamental systems in solid state physics, these experi
ments stimulated new theoretical effort. 

2.2.3 Electron Energy Loss Spectroscopy and Photoabsorption Spectroscopy 

The use of electron scattering as a probe of the properties of matter 
has a long history at B~!ll Labs. In the 1970s, the trend was toward 
higher 'electron energies, since the problems of multiple scattering 
were reduced and penetrating power was increased. In 1973, 
G. S. Brown and A. E. Meixner built a high-energy electron spec
trometer with very high energy resolution suitable for studying ele
mentary excitations in solids. High-energy electrons (about 300 keV) 
would be necessary to penetrate reasonably thick samples (up to a 
few thousand angstroms) without suffering appreciable multiple 
scattering, and high-energy resolution (about 0.1 eV) would be neces
sary to observe details about characteristic excitations such as 
plasmons and valence band structure in solids. Brown used a clever 
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Fig. 8-11. Composite plot of the inelastic X-ray 
scattering from three very different metallic materials. 
These profiles have been normalized in terms of the free 
electron parameters of the substances (that is, the Fermi 

energy EF). The two distinctive features of the plots are 

(1) they fall roughly on a universal curve, indicating that 
these spectra have a common origin, that is, interaction of 
X-rays with an electron gas; and (2) the plots have a 
double-humped structure, in contrast to prediction of 
theories that prevailed prior to the performance of the 
experiment. The theories predicted a broad single
humped curve that did not include the narrower peaked 
features at w/EF-1. It is now believed that this peak 

arises from the liquid-like behavior of the interacting 
electron gas in solids due to the short-range order that 
exists in this liquid. This experiment, for the first time, 
demonstrated the need for considering such short-range 
correlations for the electrons in free electron-like solids. 
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scheme, first used by S. E. Schnatterly and coworkers at Princeton 

University,145 which involved accelerating the electrons up to high 
energy, doing the inelastic scattering at the high energy, and then 
decelerating back down to lower energy for a spectral analysis. By 
using a single power supply for both acceleration and deceleration, 
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very high resolution (about one part in 106) could be achieved 
without using an extremely stable power source, since drift and rip
ple cancel to first order. A series of measurements were made with 
the use of such an apparatus by Brown, Meixner, and others on the 
momentum transfer dependence of the K-edge threshold in beryllium 
and on the M edge of nickel. 146 The nickel work involved using thin, 
single-crystal material that had been epitaxially grown on salt and 
then floated off in water to make a free-standing film 600A thick. 
The ust~ of single crystals reduced thermal diffuse background scatter
ing and made it possilble to observe the breakdown of the dipole 
approximation as momentum transfer increased. 

At the end of 1977, B. M. Kincaid realized that there was a very 
close correspondence between electron energy loss spectroscopy and 
photoabsorption spectroscopy. The only source of photons covering 
the range of excitation energies that could be studied using electron 
energy loss was synchrotron radiation, at that time a rather rare com
modity,. :involving travel to distant laboratories and difficult working 
conditions. Kincaid, M'eixner, and Platzman showed that better data 
for the carbon K edge at 284 eV could be producE!d using the Bell 
Labs, energ! loss machine than could be obtained using synchrotron 
radiation. 14 The study of the electron loss fine structure (ELFS) on 
the carbon edge extended the use of absorption loss structure studies 
from the then limited range in the conventional X-·ray (EXAFS) part 
of the spectrum down to the soft X-ray and ultraviolet regions. The 
K edges of beryllium, carbon, oxygen, magnesium, aluminum, and sil
icon have been studied at Bell Labs, along with the L edges of alumi
num, silicon, titanium, nickel, and copper. M, N, and 0 edges of 
higher Z elements have also been studied. Energy loss fine structure 
has been observed on all these edges, and has been quantitatively 
analyzed and compared with theory using analysis techniques 
developed by Kincaid for the cases of carbon in graphite and titanium 
in titanium metal. 148 The electron energy loss method provided rea
sonable signal rates in regions of the spectrum where synchrotron 
radiation sources were, at least before 1980, very difficult if not 
impossible to use. 

At the time of this writing, improvements in the electron energy 
loss method involving higher beam current, parallel detection of 
energy loss events rather than the present sequential method, and 
increased angular acceptance in the electron detection system are 
expected to yield improvement of at least a factor of 105 in signal rate 
for the electron technique. This will open the prospect of measuring 
electronic and structUJral properties of dilute impurities, surface 
monolayers, and interfaces in a short time, as well as ELFS for K 
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edges of the first row elements and L, M, and N edges of other ele
ments, all with synchrotron radiation-like intensities but with a small 
lab-sized electron energy loss machine. 

2.3 Extended X-Ray Absorption Fine-Structure Spectroscopy 

Since the 1930s, it has been known that X-ray absorption spectra 
have complex oscillatory structures near the absorption threshold and 
extending out as far as 1 ke V above threshold. The near-edge struc
ture was generally understood to be caused by transitions to low
lying, unoccupied bound states and therefore could be useful in 
understanding the electronic environment surrounding the absorbing 
atom. Many speculations existed concerning the extended structure. 
In the late 1960s and early 1970s, using more modern techniqu1es, D. 
E. Sayers and E. A. Stern at the University of Washington and F. W. 
Lytle at the Boeing Aerospace Company began to reinvestigate the 
extended structure.149 By early 1970, there was a semiquantitative 
understanding that the extended absorption reflected the local 
geometry around the absorbing atom. Some information hadl also 
been obtained on the coordination number, the atomic characte1r, and 
the thermal motion of the neighboring atoms. The power of the 
technique is that it can be applied to a material in any state and that 
the reference atom may be selected by choosing the energy region to 
investigate that corresponds to the characteristic absorption energy 
threshold region of the chosen atom. 

2.3.1 High-Intensity Synchrotron Radiation and the Measurement of Inter

atomic Distances 

In 1973, Eisenberger and Marra used a high-powered 60-kilowatt 
X-ray tube to make high-resolution measurements of the absorption 
spectra of copper and silver. At that time Eisenberger became 
interested in the synchrotron radiation facility at Stanford University 
and collaborated with Kincaid (who at the time was a gradualte stu
dent at Stanford) to conduct measurements using this new source of 
high-energy photons. The attraction of this facility was its promise of 
increases in photon flux by a factor of 104 to 106. This increase could 
drastically reduce the time of the measurement from weeks to 
minutes and could considerably extend the application of the tech
nique from concentrated systems such as copper to very dilute sys
tems. 

In January 1974, Kincaid and Eisenberger designed an apparatus, 
the most critical feature of which was the utilization of a channel-cut 
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crystal spectrometer, to mnvert the broad spectrum radiation from the 
synchrotron into a tunE~able monochromatic source. The first spec
trum obtained with this apparatus was that of copper. As hoped, 105 

more flux was available with this facility with the result that the first 
spectrum of copper was measured in ten minutes and had ten times 
higher signal-to-noise ratio than the spectrum of copper obtained 
using the X-ray tubes, which had taken two weeks to obtain. 

In the short period be·tween May and July of 1974,. Eisenberger and 
Kincaid measured over 100 spectra.150 One signifi,cant result came 
from the measurements of the simple molecules Br2 and GeC14. These 
measurements, combined with theoretical calculations made by Kin
caid for his Ph.D. thesis, quantitatively demonstrated that the 
extended X-ray structurE~ reflected the local geometry and that intera
tomic distances could be obtained to an accuracy of 0.1A. The rela
tively large uncertainty arose from the approximations made in calcu
lating the energy-dependent scattering phase shift that alters the 
extended structure and which consequently affects the distance deter
mined from the measurE~ment. 

Some early experiments were also made on ions in dilute aqueous 
solutions and metalloproteins (see section 3.7 of Chapter 6). These 
demonstrated the power of the technique for determining local struc
tural information in disordered systems that could not otherwise be 
obtained. However, it soon became clear that if the technique was to 
have an impact on understanding the function of the systems studied, 
better than 0.1A accuracy would be required. Toward this end, Eisen
berger and Kincaid were joined by P. H. Citrin in early 1975, and 
measurements were made on a large series of simple molecules in an 
attempt to experiment<lllly determine the energy-dependent phase 
shifts. Since the energy-dependent phase shifts originated from 
scattering from the core electrons, it was thought that the phase shift 
would be the same for any absorbing and neighboring atom pair 
independent of their chemical environment. This concept of chemi
cal transferability was experimentally verified.151 Accurate determina
tion of the phase shifts, together with data analysis techniques 
developed by Kincaid, enabled an accuracy of O.OlA to be obtained on 
a whole range of simple! molecules. Shortly thereafter, P. A. Lee and 
G. Beni improved the theoretical calculations of the phase shifts and 
demonstrated that their results agreed with the experimentally deter
mined values and thus could be used to obtain distance information 
to 0.01A accuracy.152 

In 1976, the applications of the technique to chemistry were seri
ously pursued by J. Reed and B. Teo, in collaboration with Eisen
berger and Kincaid.153 Reed and coworkers were able to determine 
the structural changes associated with binding catalysts to polymers 
for the first time. The significant structural changes observed were 
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related to the previously observed changes in catalytic activity.. Teo 
and collaborators investigated a series of metal complexes in which 
the degree of metal-metal binding was related to the degree of oxida
tion of the metal atom. The degree of metal-metal binding was deter
mined and the nature of the changes in the chemical bonding with 
oxidation was explained. 

2.3.2 Application to Superconducting Thin Films 

Two of the more significant EXAFS experiments in solid state phys
ics were the study of zinc single crystals by G. S. Brown and lEisen
berger154 and the stu~ of Nb3Ge superconducting thin films by 
Brown and coworkers.1 The zinc single-crystal studies showed that 
the local geometry as well as the distance information could be deter
mined. The anisotropic mean-squared relative displacement caused 
by the thermal motion of the atoms was also determined and com
pared to theoretical calculations of Beni and Platzman.156 This study 
strongly suggested that valuable information could be obtained about 
interatomic forces. The thin-film work by Brown and coworkers 
attempted to relate the observed structural changes on Nb3Ge films 
with deposition conditions and their superconducting transition tem
perature. Significant variations were observed and interpreted. 

2.3.3 Application to Adsorbed Atoms on Surfaces 

In the fall of 1976, a major innovation was successfully imple
mented. A focusing mirror was included as part of a new and 
improved experimental station that was assembled by Kincaid and 
Eisenberger, together with J. Hastings from Stanford University. 
Measurements showed that the new geometry (beam line) had 50 
times the flux and 500 times the intensity of the earlier experimental 
apparatus. This new development further extended the range of pos
sible experiments. 

The most innovative of these experiments was the application of 
absorption spectroscopy to the study of adsorbed atoms on surfaces. 
Following an initial suggestion of Lee, 157 Citrin, Eisenberger, and R. 
C. Hewitt assembled a new experiment based upon the detection of 
the Au1er electrons emitted following the absorption of the X-ray 
photon. 58 The new high-vacuum apparatus, together with thE! new 
beam line, were successfully used to measure the structure of an 
absorbed monolayer of iodine on silver and nickel single-crystal sur
faces. The distances to the neighboring atoms and the site geometry 
of the iodine on various symmetry crystal faces were determined. 
Thus, a badly needed analytic tool for surface science was dE!mon
strated. In fact, this experiment was a measurement on only 1012 
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atoms, compared with the 1021 atoms that were originally measured 
in 1973. 

III. X-RAY PHOTOELECTRON SPECTROSCOPY 

Research in X-ray photoelectron spectroscopy at Bell Laboratories 
was started in 1970. At that time the technique had been well estab
lished through the efforts of K. Siegbahn at Uppsala University in 
Sweden,l59 but its promise was only delineated. The~ basic approach 
was to measure the kinetic energy of electrons emitted from solids by 
the photoelectric absorption of highly monochromatic, low-energy X
rays. The Ka radiation of aluminum or magnesium at 1486.6 or 1253.6 
eV was typically employed. The aluminum Ka radiation was mono
chromatized by Bragg :reflection to achieve a total resolution of 
approximately 0.5 eV, and the electron kinetic energy was measured 
in a hemispherical electrostatic analyzer. The binding energy of the 
electron was obtained by subtracting the kinetic energy and spec
trometer work function from the X-ray photon energy. 

3.1 Ionic and Covalent Bonding 

The electron binding 1energies are characteristic of an element but 
are subject to small ( ~ 5 e V) chemical perturbations. Detailed theoret
ical discussions of the fa·ctors that determined these binding energies 
were an integral part of the early years of X-ray photoelectron spec
troscopy and continue as additional sophistication is brought to bear. 
The early point of view was highly chemical. Elemental analysis and 
determination of bondin;g character appeared to be the primary appli
cations, motivating the acronym ESCA, electron spectroscopy for 
chemical analysis. 

The initial work undt!rtaken at Bell Labs by G. K. Wertheim fell 
into this general pattern. The chemical shifts associated with the 
ionic and covalently bonded iron in the ferric-ferrocyanide known as 
Prussian Blue were established.160 Another experiment dealt with a 
mixed-valence compound, KxFeF3, in which iron exists in both 
divalent and trivalent states in a ratio that depends on the potassium 
content. Two discrete iron-states were found in ESCA as well as in 
the Mossbauer effect, indicating that the charge hopping was slow.161 

The study of other mixt~d-valence compounds was later to cover an 
extensive period. 

Subsequent work rev,ealed a wealth of phenomE!na, basically of 
atomic physics character. This is not unexpected sinc:e core electrons, 
which largely retain their atomic character, are readily studied by this 
technique. One of the most interesting early discoveries by 
Wertheim and A. Ros«mzwaig was the final-state~, configuration
interaction satellites in alkali halides.162 It was deduced that mul
tielectron final states would be excited directly in the photoemission 
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process, even though the photon couples to only one electron. A 
detailed study was then made of the so-called s electron multiplet 
splitting in the rare earth trifluorides, which reftresents the exchange 
coupling between the 4f and the s electrons. 63 It was found that 
electron correlation effects greatly modify the multiplet splitting 
within the shell that contains the open subshell, a phenomenon 
closely related to the configuration-interaction phenomenon. 

3.2 Core Electron and Conduction Electron Spectroscopy 

Aspects of solid state physics began to enter the research when 
attention shifted to the valence and conduction electron of metals and 
alloys. S. Hiifner and coworkers obtained the band structures of 
noble and transition metals and of CuNi and AgPd alloys. The data 
on the noble metals were found to be in very good agreement with 
the details of band structure calculations, those of transition metals 
less so. The significance of the small width of the d band of nickel 
remained a puzzle for many years, and was accepted as a real man
ifestation of the bulk band structure only after angle-resolved pho
toemission later revealed the details of the nickel bands.164 The data 
on the two alloy systems showed that the coherent potential approxi
mation provides the best description of noble-transition metal alloys; 
that is, the d bands remain separated, charge transfer is minimal, and 
all the bands narrow with dilution.165 In the dilute palladium limit 
the AgPd alloys exhibit the Friedel-Anderson virtual bound state, that 
is, the palladium d electron resonance superimposed on the silver s 
conduction band. The extension of this work to metallic oxides, espe
cially Re03, demonstrated the importance of the covalent mixing of 
metal d states into the anion p valence band.166 The d component is 
directly revealed in this experiment by virtue of the much larg1~r pho
toelectric cross section of the d states. 

The conduction electrons of a metal manifest themselves even in 
core-electron spectroscopy because they react to screen the cOJre hole 
produced by photoemission. There are two aspects to this 
phenomenon. The first concerns the binding energy of the core elec
tron, which may be thought of equivalently as the energy of the 
screened final-hole state. This was studied in a definitive expe·riment 
by Citrin and D. R. Hamann on gas atoms implanted into the noble 
metal. 167 It gave a direct measure of this relaxation energy. The 
second aspect concerns the spectrum of the electron-hole pair excita
tions that produce the screening process. Theoretical calculations bJ 
G. D. Mahan,168 and by P. Nozithes and C. T. DeDominicis/ 9 

predicted a long-tailed, asymmetric line shape and other spectral 
characteristics. The manifestations of this phenomenon were found 
in the spectra of alkali, noble, transition, and s-p metals and gave the 
first unambiguous experimental demonstration of the many-body 
screening phenomenon.170 A quantitative study, extending over a 
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number of years, was ultimately instrumental in establishing the role 
of this same phenomenon in X-ray emission and absorption edges.171 

3.3 Rare Earth Ion Spectrolscopy 

The 4f electrons of rar~~ earth ions have a unique character. On the 
one hand, they are core-like, of small radial extent, and well shielded 
from the neighboring ions; on the other, they are valence-like, have 
small binding energies, and exist in fractionally occupied shells. The 
photoionization of an incomplete shell gives rise to a spectrum of 
final states that are eigenstates of the hole-state atom. This 
phenomenon was first observed in the study of the rare earth 
trifluorides where the attainable resolution is limited by phonon 
broadening.172 Subsequent work by E. Bucher and M. Campagna on 
the rare earth antimonides displayed the final-state multiplets in great 
detail. The intensities of the multiplets are compatible with fractional 
parentage calculations and their energies are compatible with the op
tical spectra of the element of next lower atomic number.173 With 
detailed spectra available for each 4r configuration, Wertheim was 
able to study the rare earth interconfigurat:ion fluctuation 
phenomenon that occurs in homogeneous systems like TmSe,174 

SmS,175 and SmB6.176 This work, in collaboration with Campagna and 
J. N. Chazalviel, clearly showed the multiplets of two discrete final 
states separated by the Coulomb correlation energy, a quantity not 
previously directly measured. It also put limits on lthe time scale of 
the fluctuations. 

3.4 Application to Surface Studies 

Another aspect of X-ray photoemission spectroscopy is its surface 
sensitivity, predicated on the small (15A) mean-free path of low 
energy electrons in solids. On the one hand, this means that careful 
surface preparation in vacuum is required for bulk studies; on the 
other, it makes the technique particularly useful foll' surface studies. 
This aspect was used by R. F. Roberts to elucidate the mechanism by 
which c:ertain organic materials, for example, benzotriazole, passivate 
the surface of copper. 171' A dip into an aqueous solution of this com
pound has been used extensively by Western Electric to prevent the 
oxidation of copper on circuit boards. Another technologically 
important material, tin-nickel electroplate, spontaneously grows a 
passivating layer with good electrical conductivity when exposed to 
air. The chemical nature of this 25A oxide film has been thoroughly 
investigated by ESCA by J. H. Thomas and S. P. Sharma at Bell Labs' 
Columbus, Ohio, laboratory,178 with some additional work on the 
time evolution of the film by H. G. Tompkins and Wertheim.179 The 
general finding is that the film is initially a hydrated oxide of tin 
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which eventually, over a period of months, incorporates divalent 
nickel in the form of nickel stannate. In the late 1970's the thrust of 
work shifted toward studies of surfaces; X-rays from a conventional 
tube were expected to be replaced by synchrotron radiation as the 
form of excitation; and the general trend continued toward greater 
use of this technique to solve technological problems. 

IV. NEUTRON SCATTERING 

Neutron scattering is an important probe of the static and dynamic 
structure of condensed matter systems. Typically, thermal neutrons 
coming from a nuclear reactor have a wavelength in the range lA to 
SA, which is well matched to the atomic spacing in solids and liquids. 
This characteristic combines with the fact that neutrons scatter both 
from the nuclei of atoms and from the magnetic electrons surround
ing them to permit neutron-diffraction study of crystal structur1es and 
magnetic structures. Furthermore, neutrons in this wavelength range 
have energies in the range of 0.1 eV to 0.005 eV, which is characteris
tic of many types of dynamical excitations that occur in condensed 
matter systems. Because of their large mass, neutrons couple to 
phonons-the collective motion of the nuclei in a solid. Because neu
trons have a magnetic moment, they couple to the collective motion 
of the magnetic moments of the electrons in a solid, the spin 'excita
tions, and to local magnetic excitations such as crystal field levells. 

Neutron scattering experiments by Bell Laboratories sdentists 
began in the mid-1950s at Brookhaven National Laboratory. The 
early work by E. Prince, and S. C. Abrahams concentrated on deter
mining magnetic structures.180•181 The major emphasis in the late 
1960s and early 1970s centered on the physics of phase transitions. 
As discussed in Chapter 9 of this volume, major advances hav•~ been 
made in the understanding of the evolution of one phase into 
another with changes in thermodynamic variables such as tempera
ture and pressure. 

Neutron scattering has been used to study the divergence of the 
correlation length near second-order transitions in magnetic systems 
and to measure the spontaneous magnetization. The form of the 
divergence of these properties was thought to depend fundamEmtally 
on the dimensionality of the magnetic system. In a classic series of 
experiments, R. J. Birgeneau and coworkers studied a model two
dimensional magnetic system, K2MnF4, and clearly establishE~d the 
two-dimensional behavior of the critical properties of the phase tran
sition and verified many of the theoretical predictions.182 These 
experiments were followed by a pioneering series of studies, begin
ning with work by R. Dingle and Birgeneau, that elucidated the role 
of idealized one-dimensional effects in three-dimensional materi
als.183 [Fig. 8-12] Quasielastic and inelastic measurements were 
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reported on two model one-dimensional systems, (CD3)4NMnCl3 and 
CuC12-2NC50 5. The former is composed of effective•ly isolated one
dimensional MnC13 chains-which simulate classical one-dimensional 
isotropic spin systems--while in the latter, the isolated CnChN 
chains are an excellent representation of the S - 1h isotropic chain-a 
quantum mechanical system of considerable interest to mathematical 
physicists. Both of these mathematical models exhibit exact solutions 
for the static correlations and for the dynamics-a rue accomplish
ment in the many-body problem. The neutron scattering systems 
confirmed these exact solutions and showed that they were not just 
mathematical curiosities 1but, indeed, were pertinent to real materials. 
Further, they elucidatt~d a whole new range of previously 
unpredided finite temperature properties. 
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Fig. 8-12. The structure of c:ertain antiferromagnetic spin systems, of which K2NiF 4 
and Rb2MnF4 are examples, allows only those spins that lie in parallel crystal planes 
to interact. These two-dimensional magnetic systems also have the property that the 
magnetic sites may be occupi1~d by two different types of ions in a completely random 
way. These two properties made these materials invaluable for studying the effects of 
dimensionality and disorder on critical phenomena and spin dynamic:s. (A) shows the 
intensity of scattered neutrons from the momentum transfer, h, system 
Rb2Mn0.5Ni0.5F4, in which the manganese and nickel ions are randomly distributed, as 
a function of neutron for various temperatures above the antiferromagnetic transition, 
TN ~ 68.7K. The peak in the intensity occurs in each case at h - 1, which 
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4.1 Phase Transition in Magnetic Systems 

In addition to the understanding of the divergence of many physi
cal properties at some phase transitions, the use of neutron scattering 
has made progress toward elucidating the driving force behind a 
number of structural phase transitions. The structural phase transi
tion in the high-temperature superconductor V 3Si is driven by a 
softening of a phonon mode; the nature of this softening was studied 
by Birgeneau and coworkers.184 A series of phase transitions in 
PrA103 was shown to be driven by a coupling of the phonons to the 
magnetic exciton arising from the 4f electrons of the praseodymium 
ions. 
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corresponds to a neutron wavelength characteristic of the ordered structure. It 
becomes narrower and more intense as the transition is approached, as it would in a 
uniform system, showing that the site disorder does not affect the sharpness of the 
critical transition phenomena. [J. Als-Nielsen et al., Phys. Rev. 812 (1975): 4977). 
(B) is a log-log plot of the variation in the resonance half widths of curves similar to 
those shown in (A) as a function of temperature near the transition, T N• for both 
uniform and random systems. Both exhibit the same behavior which, in form, agrees 
with the theoretical prediction for a two-dimensional system. [J. Als-Nielsen e1t al., 
Sol. State Phys. 9 (1976): Ll241. 
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4.2 Electronic Structure of Magnetic Systems 

Another class of phase transitions arises in some metals from an 
instability in the coupled electron-phonon system. Many of these 
transitions are to a state that exhibits a distortion of the charge den
sity with a periodicity that is not related to the lattice periodicity. 
The existence of such incommensurate periodicities means that these 
materials are no longer crystals in the traditional sense, and many 
properties of the compounds reflect this fundamental difference. At a 
lower temperature, the coupling between the lattice and the charge 
density wave may drive a second transition in which the charge den
sity wave becomes commensurate with the lattice periodicity. Both of 
these phenomena were •established in the 2H polytypes of the layer 
compounds NbSe2 and TaSe2 using neutron scattering by 
D. E. Moncton and coworkers. (Moncton was then a graduate stu
dent at M.I.T.). 185 After joining Bell Laboratories, Moncton went on 
to study the role of impurities in pinning the charg:e density waves 
and thereby destroying long-range, three-dimensional order in the 1 T 
phase of TaSe2.186 In another polytype 4Hb-TaSe2, two independent 
charge density waves were found to coexist.187 

Neutron scattering is a unique probe of local magnetic excitations 
in metallic systems. It is well known from light scattering experi
ments that the degeneracy of the electronic configuration of the 4f 
electrons in rare earth ions in insulators is lifted by the crystalline 
electric field generated by the surrounding ligands. In metallic sys
tems, similar effects were inferred from measureme·nts of the mag
netic susceptibility and heat capacity. The crystal Held levels were 
determined directly by neutron scattering in a systematic study of the 
rare earth metallic compounds by Birgeneau and Bucher of Bell Labs, 
in collaboration with K. C. Turberfield and L. PasseH of Brookhaven 
National Laboratory.188 They found that the effective point charge 
model c:ould be used to describe the crystal field splittings across a 
large part of the rare eatth series, which implied that the conduction 
electrons did not modify the effective field in a fundamental 
fashion. 189 However, an experiment by D. B. McWhan, E. I. Blount, 
and coworkers measured the change in the crystal field levels as a 
function of pressure in PrSb and demonstrated that the microscopic 
physics is more complicated than the initial experiments seemed to 
indicate. In particular, the shifts predicted by the model are of the 
wrong sign, so that the interaction with the conduction electrons 
undoubtedly plays a central role.190 Subsequently, neutron scattering 
has been used to probe the interplay between superconductivity and 
magnetism in several te:rnary rare earth systems such as ErRh4B4 and 
in the Chevrel phases such as Mo6S8.191 
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Thus, neutron scattering emerged as a powerful tool for investigat
ing magnetic structure, phase transitions, and other magnetic prop
erties of solids. 
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