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 The postwar funding of university science, especially for experimental physics, 
grew at a rapid pace through the 1950's and the Case department grew accordingly.  In 
parallel with the new hires in experimental cosmic ray and particle physics (Chapter 8) 
was the addition of several young condensed matter experimentalists who would continue 
the work of Smith and Crittenden.  The first of these was Richard W. Hoffman, Critten-
den's first graduate student, who joined the faculty in 1952 at age 25.  William L. 
Gordon  came in 1955 at age 28, Thomas G. Eck in 1957 at age 28, and Donald E. 
Schuele in 1963 at age 29.  Each of these four men would remain on the Case faculty for 
forty years or more.  In this chapter, we shall describe their research on the properties of 
condensed matter.  At the end of the chapter, we shall include a section on Gary S. Chot-
tiner who joined the department two decades later, in 1980.  His work on thin film and 
surface physics is in some respects a continuation of Hoffman’s work.  But first, let's de-
scribe the work of Arthur H. Benade, who arrived at CIT in 1955, and who would con-
tinue the department's tradition in acoustics research. 
 
Benade: the sounds of music 
 

Benade was born in India in 1925 of American missionary parents.  He completed 
college in India and earned his PhD at Washington University St. Louis in 1952.  He 
joined the Case department in 1955, ostensibly to build upon the experimental nuclear 

program of Gregg and Shrader.  We met 
Benade briefly in Chapters 7 and 8, once 
as a graduate student at Washington Uni-
versity and then as an assistant professor at 
Case doing neutron work at the Case beta-
tron.  A second major interest had long 
been the physics of musical instruments. 
Benade’s widow, Virginia Belveal, re-
cently told me that Marshall Crouch 
phoned Benade in St. Louis to tell him that 
Case was looking for new physics faculty. 
Benade hesitated, but when Crouch told 
him that the attic was filled with Miller’s 
acoustics equipment, he couldn’t say no. 

 

 

 

A paper by Benade published in 
1959 (J

Fig. 12-1.  Normal mode frequency 
. Acoust. Soc. Am. 31 137 1959) was 

titled "On Woodwind Instrument Bores".  It 
concerned the ideal shape of the instrument, 

analysis for woodwinds. 
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and was not a put-down of a whole class of musicians.  Benade writes a wave equation 
for the pressure variation within a flaring horn.  One of the parameters of the equation is 
ε.  The cross-sectional area of the horn increases along the length of the horn as distance 
raised to the ε power.  The solution to the wave equation includes Bessel functions for the 
order –1/2 (1-ε), so that only certain integral values of ε correspond to well-behaved solu-
tions, i.e. ones which satisfy the boundary conditions.  Fig. 12-1 shows the ratios of the 
frequencies of the normal modes to the fundamental as a function of ε.  Only for ε = 0, 2, 
or 7 do these ratios fall at the desired integral values.  Such a horn is called a Bessel horn. 
(Parameters raised to the 7

 

Benade, Shankland and Severance Hall 

ust across Euclid Avenue from Case Institute is Severance Hall, the home of the 
world-

th power don’t appear very often in physics!)  Benade goes fur-
ther to look at various combinations of cylinders and cones, the effects of side holes, the 
shape of the mouthpiece, and the properties of the reed which drives the whole system.  
He reports on laboratory measurements made to test the theory.  He concludes that Bessel 
horns "constitute the only family of bores in which the normal mode frequency ratios are 
independent of the length of the horn."  The footnotes in this paper refer to publications 
dating from 1860 to 1940, so this type of analysis had had a long history. 

 

 
J

famous Cleveland Orchestra.  This very handsome concert hall with about 2000 
seats had been completed in 1931.  Dayton Miller played a major role in its acoustical 
design.  (J. Acoust. Soc. Am. 3 312 1932)  However, according to Shankland, several 
changes made to Miller's design were made which proved deleterious to the acoustics of 
the hall: a large Skinner organ was added, luxurious sound-absorbing upholstery and car-
peting were added, and, for Cleveland’s opera lovers, a proscenium arch and high flies 
were added.  As a result, much of the sound never got out into the hall. “Acoustics of 
Severance Hall” J. Acoust. Soc. Am. 31 866 1959.  As we mentioned in Chapter 6, Shank-
land had measured reverberation times in many halls around the world in an effort to 
quantify "good acoustics".  He discussed with George Szell, "The Cleveland's" musical 
director, how the reverberation time at Severance might be increased.  In 1993, Jack A. 
Kremers of Kent State University reported in the electronic journal, Architronic, on the 
saga of Severance acoustics.  He writes that the well-traveled Szell and his musicians 
were very much aware of the hall’s short reverberation times, relative to those of compa-
rable halls.  (www.architronics.com; vol 2 no 1.05 May 1993)   

 
In the summer of 1958, the interior of the hall was redesigned to make its sound 

"warme

everberation time measurements, as a function of frequency, were made for gun 
shots, f

r".  A new wooden shell was placed around the stage.  It consisted of a series of 
concave surfaces, backed by a heavy layer of sand fill.  This greatly improved the reflec-
tion of sound into the hall.  The combination of this reflected sound with the direct sound 
resulted in longer reverberation times.  Shankland and his new colleague, Arthur Benade, 
were invited to make a series of measurements in the hall, before and after the 1958 reno-
vations.  

 
R
or organ sounds, for full orchestral chords, in both the empty hall and the fully 

occupied hall.  Some measurements were made simply "by ear and stopwatch" and later 

http://www.architronics.com/
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ones by more quantitative analysis of 
tape recordings.  Fig. 12-2 shows some 
of the results: the reverberation time in 
seconds vs. sound frequency in Hertz, the 
lower curve made before the modifica-
tions to the hall, the upper curves made 
afterward.  For example, at 1600 Hz, the 
time increased from about 1.2 to 1.8 sec-
onds, a very significant change in the 
perceived sound.  “Reverberation Time 
Characteristics of Severance Hall”, J. 
Acous. Soc. Amer. 32 371 1960.  Unfor-
tunately, the newly installed wood panels 
around the stage (the Szell shell) covered 
up the pipes of the great Skinner organ. 
 

Fig. 12-2.   Reverberation times vs fre-
quency for Severance Hall before and after 

1958 renovation. 

Kremers’ essay described the vastly improved measurements made in the 1990’s 
 which modern electronic devices were used to establish reproducible frequency de-

penden

e reopened in 2001, the wood 
panels had been removed from the back of the stage 
and the

nd and Benade also presented the re-
sults of calculations of the reverberation times, based 
on the a

 

in
t decay times for specific decibel level reductions.  These data were used in plan-

ning a major renovation which began in the late 1990’s. 
 

When Severanc

 voice of the organ was once again allowed to 
fill the hall.  A new shell around the stage and other 
changes in the hall resulted in even further increases in 
the reverberation time.  More importantly, the new de-
sign vastly improved the ability of the musicians to 
hear one another.  Later in this chapter, we shall find 
that Benade investigated the effect of organs on concert 
hall acoustics. 

 
Shankla
 
reas, volumes, and absorption coefficients of all 

the materials in a hall: walls, ceilings, seats, and people.  
Fig. 12-3 shows the relation between reverberation 
time and total absorption for various sized halls.  The 
agreement with measurements was very good.  An-
other element in the study was the difference between 
the empty hall and the full one; this was important be-
cause most recordings were made in the empty hall, 
and the missing contribution of 2000 somnolent sound 
absorbers might be significant.  It wasn't. 

Fig. 12-3.  Dependence of  
reverberation time on total  
absorption parameter for  

different frequencies. 
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Equations for musical instruments 
 

ence in the field of the acoustics of musical in-
struments, Scientific American published his article, "The Physics of Woodwinds" in Oc-
tober 1

e effects of closed and open holes 
on the ffective length" of the woodwind’s main cylinder or cone.  I was surprised to 
learn fr

 

 an inves-
tigation of the flute.  Acoust. Soc. Am. 37 679 1965. 
Once a

many types of flutes, old and new.  
ton C. Miller collection at the Libra

In recognition of Benade's promin

960.  A telling paragraph in that article, one which would greatly have pleased 
Dayton Miller, gives us some idea of what Benade had in mind.  After an introduction 
describing work done from the time of Pythagoras to that of Lord Rayleigh, he writes:  
"Since the mid-1920's, however, the engrossing new questions of quantum physics have 
diverted the energy of both theoreticians and experimenters from the more traditional 
lines of study and so brought active musical research largely to an end.  Still, the stage is 
set for a revival of musical physics.  The techniques of measurement and calculation that 
have developed during the last 40 years in other areas of physics may now make it possi-
ble to solve problems in music that have withstood the best efforts of the past."  (Recall 
that Benade had started out doing (quantum) nuclear physics.)  The same material was 
presented in more technical detail in the article, "On the Mathematical Theory of Wood-
wind Fingerholes"  J. Acoust. Soc. Am. 32 1591 1960.  

 
Benade used impedance methods to tease out th
"e
om his discussion of "radiation from open holes" that most of the "music" comes 

from the open holes rather than from the "bell" at the end of the instrument.  Benade cal-
culates the dependence of the radiated intensity as a function of angle relative to the prin-
cipal axis, noting the similarity to the single-slit Fraunhofer optical diffraction pattern. 
While the calculations are mathematically complex (for me anyway), it is clear that it was 
unnecessary to borrow any techniques from 20th century non-classical physics. 

 
Five year later, Benade reported on

gain he studied changes of the effective 
length of the cylinder which stem from the geometry 
of the "flute head joint".  This includes the mouth-
piece, the embouchure hole, the lip placement, and 
the mouth cavity, as well as the joining of that end 
of the flute with the main body.  The interesting little 
drawing in Fig. 12-4 shows the impedance analogy 
between this acoustic system and an electrical LC 
circuit.  Benade worked with J.W. French of New 
York University, measuring the characteristics of 
Included among these was a selection from the Day-
ry of Congress (see Chapter 4).  A series of figures 

shows the results of both measurements and calculations.  The paper ends with comments 
and suggestions for both the flute-maker and the flautist on the best techniques for con-
struction and playing.  J. Acoust. Soc. Am. 37 679 1965.  Benade explored the general 
problem of the “propagation of sound waves in a cylindrical conduit” in later papers.  In 
these, he presented tables of such parameters as admittance, impedance, and reactance as 

Fig. 12-4.  LC circuit analogy 
to a “flute head joint”. 
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functions of length, radius, frequency, and temperature.  J. Acoust. Soc. Am. 44 616 
1968). 

 
When I got to the next Benade paper in the Shankland collection, I thought, "oh, 

just ano

 1973, a second Benade article 
was fe

was m

 by two 20-page-long detailed technical contri-
butions to the Stuttgart-based journal 

ther instrument", but it turns out that his analysis of the absorption of sound by a 
set of organ pipes (not the production of sound by organ pipes) impacts directly on 
Shankland's proposal to wall in the Severance Hall organ along with the Amontillado.  
Benade starts with the frequency dependence of the absorption of ambient sound by a 
single open-ended organ pipe of "standard" length and diameter.  That the "absorption" is 
given in units of area, ft2, was somewhat puzzling at first, but as a particle physicist for 
whom reaction rates are given in barns, I should have known better.  The most enlighten-
ing figure in the paper is a plot of the absorption (as calculated from the characteristics of 
the given set of organ pipes) versus the reverberation time for various room volumes.  For 
example, the installation of a set of organ pipes with total absorption of 300 ft2 in a 
50,000 cubic foot room will reduce the reverberation time from 3.5 s to 2.5 s.  Although 
Shankland did not mention such a calculation in his Severance Hall paper, he must have 
known about it.  Benade pointed out that the effect could be especially disastrous in a 
small practice hall where a set of organ pipes would eat up all the sound. J. Acoust. Soc. 
Am. 38 780 1965. 

 
In
atured on the cover of Scientific 

American.  (Sci. Amer. July 1973)  This 
time the subject was the "Physics of 
Brasses".  Benade presented a summary, at 
the level appropriate for the reader of that 
magazine, of earlier measurements and 
analyses made by the author and a col-
league from the Swedish Royal Institute of 
Technology, Erik V. Jansson.  The meas-
urements were of the frequency responses 
of the mouthpiece, the cylinder and the 
bell of a horn along with the transmis-
sion of the sound into the surroundings.  
The analyses were made at a fairly ad-
vanced level, but in this paper, an effort 
the reader, and especially to the “practitioner”.  A block diagram of the experimental 
setup appears in Fig. 12-5.  Several suggestions are made of little experiments which the 
player can perform to better appreciate what his instrument is capable of doing.  

 
This article was followed in 1974

Fig. 12-5.   Block diagram of electronic 
setup to analyze the acoustics of a horn. 

ade to explain things on a level useful to 

Acustica, both papers written in collaboration with 
Jansson.   The summary begins: "The relation between axially symmetric plane waves in 
a cylindrical duct, and spherical waves in a conical horn, is reviewed initially as a basis 
for a study of waves in a horn of rapidly varying taper."  The authors look at s-waves, i.e. 
those with no nodes between the horn axis and the walls, and at p-waves, those with one 
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node.  They are mostly concerned with the behavior of these waves as the horn transitions 
from cylinder to bell shape.  Extensive measurements were made and compared with 
computer generated solutions. They conclude: "We find that the plane wave and spherical 
wave representations of horn acoustics both give excellent results in the calculation of 
resonance frequencies.”  "On Plane and Spherical Waves in Horns with Non-Uniform 
Flare.  Acustica 31 79 and 185 1974. 

 
In 1960, Benade published Horns, Strings and Harmony (271 pp, Anchor Press 

1960, reissued by Dover 1992).  He later authored a widely-used text on musical acous-
tics:  F

 1980 appears in 
Fig. 12-6.  In his 32 years at Case, Benade built upon the tradition 
of acou

 
 Hoffman was born in Cleveland in 

1927.  He earned his BS at Case and in 1952 he completed his 
doctora

 measurement of 
the tem ence of resistivity, ρ, in thin films of Ni 
and Pd 

undamentals of Musical Acoustics (595 pp, Oxford University Press 1976, Dover 
1990).  He discussed in detail the properties of instruments, the sounds they produce, and 
the role of the room in which they are heard.  Benade was the vice-president of the 
Acoustical Society of America in 1974-5.  As an established world expert on the subject, 
Benade was invited in 1977 to speak at an international acoustics conference in Madrid.  
He examined the interactions among “oscillatory physicists”, instrument craftsmen, con-
cert hall architects, performers, and psychoacousticians.  “Musical 
Acoustics Today: A Scientific Crossroads” paper at the 9th Inter-
national Congress on Acoustics, Madrid 1977.   

 
A photo of Arthur Benade taken around

stics research as practiced by Miller and Shankland.  He 
advised seven doctoral students, his first in nuclear physics, and 
then six in the acoustics of musical instruments or concert halls.  
He was suddenly taken ill and passed away in 1987 at age 62.  His 
papers and other materials, as organized by his widow, Virginia 
Benade Belveal, are available on the website of the Center for 
Computer Research in Music and Acoustics: http://ccrma-
www.stanford.edu/marl/Benade/BenadeBio.html 

 
Hoffman surfaces:  magnetic thin films 

Fig. 12-6.   
Arthur H. Benade.

Richard Wagner

Fig. 12-7.   
Richard Hoffman. 

te there with Professor Crittenden.  His dissertation was 
titled: “Study of Ferromagnetism by Means of Thin Films”.  Fig. 
12-7 is a photo taken around 1980.  We met Hoffman briefly in 
Chapter 7 where we described some of the early work in produc-
ing uniform and pure thin metallic films on substrates and the 
measurement of their electrical, magnetic and mechanical prop-
erties.  We pick up now on the continuation of this work by 
Hoffman and his legions of graduate students. 

 
An early Hoffman paper describes the
perature depend
as a function of film thickness.  An abrupt drop in dρ/dT 



152 Physics at a Research University  

as the thickness is reduced to about 200 Å was discovered, signaling a break-up in the 
uniformity of the film.  “Variation of Temperature Derivative of Resistance” Jour. Appl. 
Phys. 29 1512 1958. 

 
Work which had more immediate application to contemporary technology con-

cerned 

 
till searching for an explanation of 

what is

of depositi -8 shows 

1962.) 

the laying down of thin films of iron for application to products like magnetic tape 
for the recording of data.  Imperative for reproducible reading and writing of magnetic 
tapes is the spatial uniformity of magnetic properties along the tape, and this depended 
critically on the techniques used for creation of the film.  Hoffman discovered, for exam-
ple, that what he called the magnetic anisotropy depends on the angle between the stream 
of incident iron atoms coming from the hot filament and the plane of the substrate, a 
point of concern for manufacturers of magnetic tape.  (The magnetic anisotropy is pro-
portional to the work done in reversing the magnetization and is determined from the 
area of the hysteresis loops in the M vs H plots.)  He concludes that the iron atoms collect 
in "fibers" which grow out from the substrate and that these tilt in the direction of deposi-
tion.  “Dependence of Geometric Magnetic Anisotropy in Thin Iron Films”.  Phys. Rev. 
113 1039 1959.  The magnetic anisotropy vanishes for deposition normal to the surface, 
and increases as the angle of deposition increases.  Hoffman continued this study using 
not only the hysteresis measurements, but also electron diffraction and x-ray diffraction.  
These tools would become permanent features of the thin-film and surface physics labo-
ratories.  At this point, even with these new approaches, the role of "fibers" or "needles" 
eluded satisfactory understanding.  “Fiber Texture and Magnetic Anisotropy in Evapo-
rated Iron Films” Jour. Appl. Phys. 33 949 1962. 

S
 going on in a film which was depos-

ited “at an angle”, Hoffman turned to meas-
urements of the stress which builds up in the 
film as it grows.  He was able to quantify this 
stress by measuring the buckling of the circu-
lar, thin glass substrates.  In a manner similar 
to that used to measure curvature of lenses or 
spherical mirrors, he looked at the spacing of 
the Newton ring interference patterns.  Typi-
cally, the Newton rings were oval in shape 
because the stress in the film was different in 
different directions, relative to the direction 
a typical behavior.  Plotted is the ratio of the 

stress in the film along the projection of Y on the film to the stress along the vector in the 
film perpendicular to Y.   The ratio of these two orthogonal stresses is shown as a func-
tion of the angle of incidence, up to 36.5

Fig. 12-8.  Stress in thin magnetic 
films vs. the angle of the incident 

stream of iron atoms.

on (call it Y).  Fig. 12

o from the normal, for a 650 Å thick film.  The 
effect of subsequent annealing of the film by heating was also studied; this generally less-
ens the stress.  What struck me about this paper, presented at an international vacuum 
congress was the interest shown in the question period by representatives from IBM, 
RCA and Redstone Arsenal.  (Transactions of 8th Vacuum Symposium, Pergamon Press 
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At a conference on thin films in Belgium, Hoffman presented data on the mag-

netization of thin nickel films.  Here, the torque on a sample placed in a magnetic field 
was me

We shall return later in this chapter to Hoffman’s work on thin films and a series 
of new techniques which he used to learn about them.  But first, we shall look at some 
parallel

 
Muskingum College and 

completed his PhD in 1954 at Ohio State University.  At 
OSU h

 

 
lectron energies and the Fermi Sur-

ce.  If a particle is moving in a region where the poten-
tial ene

av
ensional plot of the three mo-

n atom, it can take on only certain energies cor-
sponding to solutions of the Schrödinger wave equation which incorporates the electric 

potenti

asured directly, as a function of film thickness and temperature.  The data were 
compared with those of experiments in other laboratories, but no clear conclusion was 
reached on the underlying theory:  "more detailed knowledge of the structure of the sam-
ple is needed before the understanding of the magnetization in the films is complete."  
One loose end seemed to be incomplete knowledge of the contaminants in the films and 
what efforts would be required to minimize them by creating the films at ever lower pres-
sures. 

 

 experimental work on the properties of matter in bulk. 
 
Gordon: Fermi surfaces, polymers, liquid crystals 

William L. Gordon (born 1927) did his BS at Ohio’s 

e worked on the scattering of x-rays by liquid he-
lium, above and below the temperature at which it be-
comes superfluid.  He joined the Case faculty as an in-
structor in 1955 and began work on electrons in metals. 
He, and several other members of the department, both 
experimentalists and theorists, would continue the study of 
electrons in metals for many years.  A photo of Bill 
Gordon, taken around 1980, appears in Fig. 12-9. 

 
Electrons in metals 

An aside on e
fa

rgy is zero (e.g. a “free particle”), then its total 
energy is all kinetic and is equal to p2/2m, where p is the 
momentum.  The three components of the momentum can h
+ p

Fig. 12-9.  William Gordon. 

e any values as long as px
2 

y
2 + pz

2 equals p2.  Therefore, if one draws a three dim
mentum components, the particle’s momentum will be represented as a point somewhere 
on the surface of a sphere of radius p.   
 

When an electron is attached to a
re

al in which the electron moves.  If the electron is put into a crystal, it again can 
have only certain energy values, this time determined by the periodic potential associated 
with the crystal lattice.   
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Because electrons obey the Pauli Principle, only two electrons (spin up and spin 
down) 

 
ecause the electron’s kinetic energy changes as it moves through the crystal lat-

tice pot

orque measurements and the Fermi surface 

 1961, Gordon published a paper with his student Alfred S. Joseph, and two of 
his Cas

can be assigned to a given energy level.  Therefore, in an atom or in a crystal, the 
electrons are distributed among many energy levels, up to some maximum energy.  The 
Fermi Surface is the surface in momentum space which corresponds to this maximum en-
ergy.   

B
ential, its total momentum must also change, and what was a spherical surface in 

momentum space for the free electron becomes a much more complicated surface.  The 
bulges and valleys and even doughnuts and cigars of this surface reflect the lattice struc-
ture of the crystal.  Condensed matter physicists find it convenient to relate the electric, 
magnetic and mechanical properties of the crystal to the shape of this "Fermi" surface.  
It turns out that at particular radii (i.e. momenta) specific ranges of energy are excluded 
altogether, giving rise to the band structure in the energy.  The allowed energy levels 
exist only in certain bands, separated by energy gaps where no electrons reside.  The 
population of electrons in each band and the size of the gaps between neighboring bands 
determine the electrical properties of the crystal, e.g. insulator, semi-conductor, conduc-
tor.  The experimental determination of the Fermi surface and the band-structure for a 
crystal is essential for understanding the material.  In Chapter 17 we shall discuss theo-
retical work in this area. 
 
T

 
In
e colleagues: theorist John Reitz and the newly arrived Thomas Eck.  This work 

concerned the band-structures of zinc and cadmium.  Clues to this structure come from 
the measurement of the torque on a sample of the material when it is placed at low tem-
peratures in a strong external magnetic field.  It had been discovered in 1930 that the 
magnetization of a material undergoes periodic variations as the applied magnetic field is 
changed.  This is called the de Haas–van Alphen effect.  In 1952, Lars Onsager at Yale 
had shown that the observed periodicity depends on the reciprocal of the applied field and 
on the orientation of the crystal rela-
tive to the field.  By measuring the 
periodic variations of the magnetiza-
tion as the strength of the field is 
changed, one can deduce details of 
the Fermi surface in the plane normal 
to the field.  The periodicity in 1/H 
was shown by Onsager to be in-
versely proportional to the “extremal 
cross-sectional area” enclosed by the 
Fermi surface.  Gordon’s paper: 
“Evidence for Spin-orbit Splitting in 
the Band Structure of Zinc and Cad-
mium” Phys. Rev. Lett. 7 334 1961. 

 

Fig. 12-10.   Measured torque on a metal 
s  ample as a function of the reciprocal of the

applied magnetic field. 
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In the Case experiment, a very pure sample of the metal was suspended by a fiber 
in a cry

orque measurements of the de Haas–van Alphen effect were conducted for sev-
eral ye

ordon was joined by post-doc John Tripp in studying changes in the Fermi sur-
face of

hn Tripp would be connected with experimental condensed matter research in 
the CW

esistance measurements and the Fermi surface 

In parallel with the torque measurements, Gordon, Eck and grad student R. W. 
Stark, d

ostat at liquid helium temperature.  Sample purity was required so that the elec-
trons could move freely through the crystal.  The torque on the fiber necessary to balance 
the torque due to the applied field was measured as the field was raised as high as 23 
kilogauss.  This was done with the applied field, H, directed along the several axes of 
symmetry of the crystal.  An example from Joseph’s dissertation shows the rather com-
plicated periodic variation of the measured torque as a function of 1/H.  Fig. 12-10.  A 
detailed description of the experiment and its analysis appeared a few months later.  The 
departmental jack-of-all-trades, builder-of-instruments, engineer-machinist A. Hrushka, 
is thanked.  “The low field DHVA effect in zinc” Phys. Rev. 126 489 1962. 

 
T
ars, with significant improvements in the experimental apparatus.  The work pro-

vided doctoral research for grad student Curtiss O. Larson “Low-field dHvA study of the 
Fermi surface of aluminum” Phys. Rev. 156 703 1967, and for Paul M. Everett, “Fermi 
surface of beryllium and its pressure dependence” Phys. Rev. 180 669 1969.  An exten-
sive study of dilute aluminum based alloys (less than one percent of Zn, Si, Ge, Mg or 
Ag) allowed comparison with theory.  This work was done with post-doc John P.G. 
Shepherd.  These solutes present an interesting variety of effects on the electron popula-
tion in that the number of valence electrons ranges from one for silver up to four for sili-
con.  Good agreement was found with the “rigid-band theory” which predicted very small 
changes in the Fermi surface relative to that for pure aluminum.  “Study of the dHvA ef-
fect in dilute aluminum based alloys”  Phys. Rev. 169 541 1968. 

 
G
 magnesium caused by the inclusion of about one percent of lithium or indium in 

the crystal.  These two impurity atoms raise and lower, respectively, the local density of 
charge.  The authors compared calculated and measured shifts in the resonant frequencies 
associated with several portions of the Fermi surface.  “Effect of Alloying on the Fermi 
Surface of Magnesium”  Phys. Lett. 54A 463 1975.  Two of Gordon’s grad students were 
involved in this work: Larry J. Hornbeck and Wai K. Fung. 

 
Jo
RU department for many years.  His work on superconductivity with David Far-

rell will be described in Chapter 15.  Doctoral student Hornbeck subsequently took a po-
sition at Texas Instruments, where, two decades later, he would be the inventor of the 
digital micromirror device.  With tens of thousands of movable mirrors on a tiny chip, the 
DMD is at the center of a new generation of video display technology. 
 
 
 
R
 

etermined aspects of electronic structure by looking at the effect of an applied 
magnetic field on the flow of current through the material.  In this study, a constant 
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current of 0.2 A flows along a half-inch long slab 
of a single crystal of Mg.  A magnetic field is ap-
plied to the sample at right angles to the current in 
the sample.  Then the potential difference between 
various pairs of electrodes is recorded as the mag-
netic field is rotated in the plane perpendicular to 
the current.  Fig. 12-11 shows a sketch of the sam-
ple and the position of the electrodes.  The ratio of 
the potential difference between electrodes 1 and 
2 (typically 10-5 V) and the current J is called the 
transverse magnetoresistance and it is found to 
change as the direction of the applied magnetic 
field is changed (Fig. 12-12).  (As the magnetic 
field sweeps through the various symmetry axes of the crystal, the electron paths through 
the lattice are perturbed, resulting in this complicated behavior of the magnetoresistance.)  
The data can then be interpreted to give information about the electron energy levels in 
the material. “Magnetoresistance Investigation of the Fermi Surface of Magnesium” 
Phys. Rev. Lett. 8 360 1962 and “Galvanomagnetic Investigation of the Fermi Surface of 
Magnesium” Phys. Rev. 133 A443 1964. 

 

Fig. 12-11.  Schematic of sample and 
probes used in magnetoresistance  

measurements. 

With grad student David Wagner, Gordon 
publish

Bill Gordon describes the motivation for 
rmi 

 
robing polymer structure 

Toward the end of the 1970’s, Gordon moved away from the experimental study 
of Ferm

ed a related study of the “intermetallic” 
compound, MgCu2, once again using torque and 
pulsed magnetic field measurements to map out 
deHaas-van Alphen areas.  “A Fermi surface study 
of MgCu2”  J. Low. Temp. Phys. 27 37 1977.  
 
 
Fe surface measurements as follows:  these 
“determinations are important to the understanding 
of transport properties of metals and semiconduc-
tors as well as their equilibrium and optical proper-
ties.  An experimentally measured Fermi surface 
provides a target for band structure calculations 
and can be used to furnish data for fitting parame-
ters in a phenomenological crystal potential which 
can be used to calculate other properties.”  In 
Chapter 17, we shall describe related theoretical 
work, including band structure calculations, by 
Segall and Lambrecht. 

Fig. 12-12.  Dependence of  
m  agnetoresistance on direction

of applied magnetic field. 

P
 

i surfaces and band structure in crystal materials.  He joined Jerry Lando and Jack 
Koenig of CWRU’s macromolecular science department in a study of the properties of 
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polymers.  Bill’s colleague, Phil Taylor, had been exploring polymers on the theoretical 
side for several years (Chapter 17), and polymer physics would play a major role in the 
department’s research through the 1980’s. 
 
 The first experiments used infrared absorption spectra and x-ray scattering meas-

remen

Starting in the early 1990’s, Gordon began work with colleague Don Schuele on 

In his nearly four decades of research at CIT and then CWRU, Bill Gordon was 
advisor

 
ordon was chairman of the department from 1979 until his retirement in 1994.  

Five fa

u ts to probe the structure of polyvinylidene fluoride, nicknamed PVF2.  The 
monomer, or building block, of this chain is [-CH2-CF2-] so that one has a string of car-
bons with alternating pairs of hydrogens or fluorines hanging from either side.  Grad stu-
dent Michael Bachman’s thesis describes four configurations (phases) of this polymer 
which have been identified, the simplest being a zig-zag chain with the H’s and F’s stick-
ing out in alternating directions like leaves on a vine.  The other three phases are more 
complicated arrangements of the same monomers.  The different phases were produced in 
the form of thin films by subjecting the “melt” to controlled temperature and pressure 
changes along with applied electric fields.  Their detailed structures can be deduced by 
interpreting infrared and x-ray absorption spectra.  Certain frequencies are absorbed as 
the photons interact with phonon excitations in the polymer lattice.  “An infrared study of 
phase III poly(vinylidene fluoride)”  J. Appl. Phys. 50 6106 1979.  Similar work, includ-
ing dielectric studies, with this and other polymers was continued through the 1980’s. 
 
 
the study of the dielectric properties of certain polymer stabilized liquid crystals.  We’ll 
describe these experiments later in this chapter. 
 

 to seventeen PhD candidates.  About two thirds of these students studied the be-
havior of electrons in metals as determined by de Haas–van Alphen measurements; the 
other third studied the structure of polymers as deduced from x-ray absorption measure-
ments. 

G
culty members were added during his term: four in condensed matter and one in 

particle theory.  For the past ten years, as professor emeritus, he has applied his talents 
and knowledge of liquid crystal technology to the creation of a unique teaching aid.  In 
connection with the activities of the Advanced Liquid Crystal Optical Materials Science 
and Technology Center (ALCOM), Gordon and a parade of talented undergrads have 
produced a CD-ROM and website (http://plc.case.edu) with text, image, audio and video 
presentations on the science of liquid crystals and their applications.  In addition, Gordon 
has continued to support secondary-school physics teachers in the department’s outreach 
program, long championed by the late John McGervey (Chapter 14).    

 
Eck: c

Thomas G. Eck joined the Case department in 1957.  He had done his PhD re-
search 

rystals and atoms 
 

at Columbia with Polycarp Kusch.  Recall that Nobelist Kusch earned his BS at 
Case, and no doubt had something to do with Eck’s choice of a position.  Eck’s disserta-
tion concerned measurements of the hyperfine structure of selected excited states in two 

http://plc.case.edu/
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isotopes of the indium atom.  These small shifts in the electron energies result from the 
delicate interaction between the orbiting electron and the magnetism of the nucleus.  By 
comparing the effect in two isotopes, 115In and 113In, one can extract a measure of the nu-
clear radius and the contribution to the magnetic moment of the two additional neutrons. 
Phys. Rev. 106 954 1957.  

 

    

Electrons in crystals 

t Case, Eck joined Bill Gordon in 
the stu

 it can be rotated about the various principle 

for electrons looping in free space.

 
A
dy of electrons in metals, starting 

with two of the experiments described 
above: the one on the band structure of zinc 
and cadmium and the other on the Fermi 
surface of magnesium.  Subsequent work on 
these three metals provided doctoral re-
search for three of Eck’s students, P. Sam-
path, M.P. Shaw, and D.A. Zych.  In these 
studies, the technique called “cyclotron 
resonance” was used to further elucidate the 
details of the Fermi surface.  In this type of 
measurement, the carefully cut crystals are 
held at low temperatures, typically a few 
kelvins.  A magnetic field of several kilo-
gauss is applied to the sample.  The direc-
tion of this field is chosen to lie in the plane 
of one of the crystal’s principal surfaces, and

axes.  The electrons in the metal undergo circular 
(cyclotron) motion under the influence of the mag-
netic field.  A high-frequency electric field is then 
applied to the sample.  When the frequency matches 
that of the cyclotron motion of the electrons, energy 
is absorbed by the sample.  In this experiment the 
radio-frequency was set at 24 gigahertz and the 
magnetic field was swept from zero up to 5 kilo-
gauss.  Fig. 12-13 shows the variation of the cyclo-
tron motion as one changes the direction of the ap-
plied magnetic field, thus causing the looping elec-
trons to sample different features of the crystal lat-
tice.  (Actually shown is M*/M, the ratio of the “ef-
fective mass” of the electrons in the crystal to that of 
a free electron.  This ratio is the same as the ratio 
between the observed cyclotron frequency and that 
)   Fig. 12-14 shows the behavior of dR/dH as one 

changes the strength of the applied magnetic field.  (R is a measure of the absorption of 
the rf power.)  This rather complicated structure can be related to the wave-functions of 

Fig. 12-13.   Dependence of the cyclo-
tron resonant frequency on the direction 

of the applied magnetic field. 

Fig. 12-14.  Measure of rf power 
absorption as the magnetic  

field is varied. 
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the electrons in the crystal. Low Temp. Phys. 9 759 and 761 1965 and “Cyclotron reso-
nance in zinc” Phys. Rev. 142 399 1966). 

 
Electrons in atoms 
 

Eck turned next to a series of measurements in 
atomic physics.  The electrons in an atom reside in well 
defined energy states.  When a magnetic field is applied 
to the atom, the energies of these states are shifted (the 
Zeeman effect).  The amount of shift depends on the ori-
entation of the spin and orbital angular momentum of the 
state.  It is possible for two states to have the exact same 
energy for certain special values of the applied magnetic 
field.  This is called “fine structure crossing”.  (See a 
simple example of the crossings of a P3/2 level with two 
P1/2 levels in Fig. 12-15.)  When an atom in such an envi-
ronment is subjected to electromagnetic radiation whose 
photons have exactly the same energy as the common en-
ergy of excitation, the two excited states interfere with 
one another; resulting in abrupt changes in the angular 
distribution of the outgoing photons.  Eck and theorist 
Les Foldy determined that other, more subtle, interactions 
within the atom could break the mixing: an effect they 
called “anticrossing”.  “Observation of ‘Anticrossings’ in Optical Resonance Fluores-

cence"  Phys. Rev. Lett. 10 239 1963 and Phys. Rev. 153 91 
and 103 1967. 

Fig. 12-15.  Example of fine 
structure crossing. 

 
 Using a somewhat different approach, Eck looked at 
crossing among the substates of the n=4 level of ionized he-
lium (an atom with only one electron).  The sample gas is 
bombarded by a beam of electrons and the n=4 to n=3 radia-
tion at 4686 Å is detected by a photomultiplier tube.  Cross-
ing signals are clear (the sharp structures indicated by the ar-
rows) in the plot of the observed radiation vs. applied mag-
netic field.  Fig. 12-16.  The plots in the figure show the ef-
fect of applying a static electric field transverse to the mag-
netic field.  (The four traces correspond to electric fields in-
creasing from top to bottom.)  Phys. Rev. Lett. 22 319 1969 
and “Level-Crossing Signals in Stepwise Fluorescence”  
Phys. Rev. A2 2179 1970. 

Fig. 12-16.  Observa-
tion of atomic crossing 

signals in ionized 
 helium.  

 
In keeping with his interest in the interference between the excitation of various 

atomic substates, Eck later wrote a paper in which he developed a theoretical explanation 
for the experimental observation of beats in the intensity of radiation emitted by light at-
oms in beam-foil experiments.  In this type of experiment, a beam of ions is incident on a 
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thin foil where some of them are excited by grazing interactions with the foil atoms.  The 
excited ions travel on and eventually decay, emitting a photon.  The lifetime of each ex-
cited state can then be determined by measuring the number of decays as a function of the 
distance downstream from the foil at which the photon is emitted. 

 
Eck describes his model as one “in which the coherence between different mL 

states in a tilted-foil, beam-foil experiment is induced by the electrostatic interaction be-
tween each beam particle and the foil as a whole.” "Coherent Excitation of S and P States 
of the n=2 Term of Atomic Hydrogen  Phys. Rev. Lett. 31 270 1973.  "Coherent Produc-
tion of Different mL States in a Beam-Foil Experiment"  Phys. Rev. Lett. 33 1055 1974.   

 
Returning to the study of the Fermi surface of metals, Eck measured the cyclotron 

resonance frequencies for the four principal orientations of the magnesium crystal.  The 
sample, held at 2 K, was probed by a 22.9 GHz rf field and the applied magnetic field 
was swept from zero to as high as 12 kilogauss.  The re-
sulting spectra were compared with theoretical calcula-
tions of the Fermi surface and found to be in excellent 
agreement.  “Cyclotron Resonance in Magnesium” Phys. 
Rev. B1 4639 1970.  In a follow-up letter, Eck writes, 
“The purpose of this Letter is to present data for cyclo-
tron-resonance signals in magnesium observed with H 
perpendicular to the specimen surface.  These data shed 
considerable light on the nature of such signals and 
strongly suggest that they must arise from charge carriers 
on trajectories that lie entirely within the microwave skin 
depth at the surface of the specimen.”  “Cyclotron Reso-
nance in Magnesium in the Field-Normal Geometry”  
Phys. Rev. Lett. 28 440 1972. 
 

Most of Eck’s research was done between 1957 
and 1975.  Of his twelve PhD students, six would work 
on Fermi surfaces as determined by cyclotron resonance 
experiments, and six on atomic hyperfine structure and level crossings.  A 1980 photo of 
Tom Eck is shown in Fig. 12-17.  Eck was an extremely popular teacher, especially in the 
introductory courses.  For 45 years, until his retirement in 2002, Eck filled the big lecture 
hall with his big voice and hearty laugh, teaching mechanics and e&m to thousands of 
science and engineering students.   

Fig. 12-17.  Thomas Eck. 

 
Schuele: crystal properties 

 
In Chapter 7 we looked at the experimental research of Chuck Smith.  This con-

sisted principally of the determination of mechanical properties of solids, first by x-ray 
diffraction and then by the measurement of the velocity of ultra-sound through the mate-
rials.  Among Smith’s eleven doctoral students was Donald E. Schuele who completed 
his doctorate in 1963.  His thesis title was “The Thermal Expansion at Low Temperatures 
of Rubidium Iodide”.  He joined the Case faculty the following year, continuing the ultra-
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sound measurements.  Schuele is a native Clevelander who did his BS at nearby John 
Carroll University. 
 
Thermal and mechanical  

 
It is well known that solids expand when 

heated.  The question is why and how much.  What is 
the interplay between the electrons and the lattice of 
atoms and what changes take place when thermal en-
ergy is introduced?  Schuele and Smith investigated 
the thermal expansion of several salts: RbI, KCl, and 
NaCl.  The separation between adjacent planes of at-
oms was measured by Bragg scattering.   

 
An aside on Bragg scattering.  This tech-

nique, in use since 1913, involves the reflection of x-
rays from a crystal.  The intensity of the reflected 
rays has maxima at certain angles of reflection, and these angles depend on the separa-
tion between the layers of atoms in the crystal. (sin φ = λ/2d  where φ is the reflection 
angle for a maximum,  d is the distance between crystal planes, and λ is the x-ray wave-
length.)  Fig. 12-18. 

Fig. 12-18.  Schematic of a  
Bragg scattering experiment. 

 
In this experiment, the target crystal was placed in 

a cryostat in which the temperature could be precisely 
controlled.  (Fig. 12-19) The whole cryostat could be 
rocked back and forth so that the angle between the inci-
dent x-ray beam and the atomic planes would sweep 
through the angle at which the Bragg condition was satis-
fied, giving a sharp line on the x-ray film.  The position on 
the film of the reflected beam gives the angle φ and thus 
the separation between crystal planes.  

 
The results of a 

typical run are shown in 
Fig. 12-20, where the 
fractional expansion Δd/d 
of rubidium iodide is 
plotted against tempera-
ture from 45 to 90 K.  
The resulting linear coefficient of expansion, α = 
(Δd/d)/ΔT, can also be written in terms of the bulk 
modulus B and the specific heat cv thusly: α = γ cv/3B 
where γ is a parameter which connects the volume 
changes with the vibrational frequencies of the ions in the 
crystal.  This constant of proportionality, γ, is called the 
Grüneisen parameter.  In the theory, γ is expected to ap-

Fig. 12-19.  Apparatus for 
“rocking crystal” Bragg 
scattering experiment. 

Fig. 12-20.  Thermal 
strain vs temperature. 
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proach two limiting values, at low and high temperatures respectively.  The experimental 
data plotted in Fig. 12-21 confirm this behavior 
at the high temperature end.  (J. Phys. Chem. 
Solids  25 801 1964)  

 
Schuele returned to the ultrasound meas-

urements of elastic constants which Smith had 
initiated.  These measurements provided an al-
ternative way to determine the Grüneisen pa-
rameter. The velocity, v, of high-frequency 
sound was measured along the principal axes of 
NaCl and KCl crystals.  Since v2 = C/ρ,  where ρ 
is the density, the elastic constant C can be ex-
tracted.  The measurement is repeated at various 
pressures, P, all the way up to 3300 atmospheres, and the dependence of C upon P is de-
termined.  According to the prevailing theory, γ may be deduced from the behavior of 
dC/dP.  Thus the authors were thus able to compare the “thermodynamic” γ with the 
“elasticity” γ.  J. Phys. Chem. Solids  26 537 1965; 27 493 1966;  28 1225 1967; 30 589 
1969.  

 
Ultrasound measurements made on rubidium 

iodide resulted in the data shown in Fig. 12-22.  This 
substance had been shown to have a negative 
Grüneisen parameter γ at low temperatures.  The au-
thors conclude that “comparison between the thermal 
value and the elastic data is excellent.”  “Low Tem-
perature Grüneisen Parameter of RbI from Elasticity 
Data”  J. Phys. Chem. Solids 31 647 1970.  Pulse-
echo measurements were made to determine elastic 
constants of several other crystal substances.  Another 
variable was introduced as ultra-sound velocities were 
measured as a function of externally applied stress, up 

to pressures of 3000 atmospheres.  “Third-Order Elastic Constants of Al2O3 “J. Acous. 
Soc. of Amer. 48 190 1970.      

Fig. 12-21.  Measured Grüneisen pa-
rameter vs. temperature. 

Fig. 12-22.  Grüneisen 
 parameter vs. temperature 

 
Two isotopes of lithium, 6Li and 7Li, were chosen for a study of the effect of 

atomic mass on the thermal and elastic properties of the solid.  (These atoms, which dif-
fer by a single neutron, were favorites of nuclear physicists as well, as mentioned in 
Chapter 7.)  Because their atomic masses are small, the ratio of the masses of these two 
isotopes is rather large, and the effects may be correspondingly notable.  The velocity of 
ultrasonic pulses through 3-in long, half-inch diameter single crystals was measured.  
These ultrasound velocities, measured along various axes of the crystal, along with the 
densities of the solids, give the desired elasticities.  Measurements were made at tempera-
tures ranging from 100 K to 295 K.  In addition, the pressure dependence of the elastic 
constants was measured by applying pressures up to 30,000 psi.  (2 x 109 dyne/cm2)  It 
was found that there was no discernable difference between the two isotopes for the elas-
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tic constants or their derivatives, and that the ultrasound velocities scaled simply as the 
inverse square root of the atomic mass.  The crystal properties depend presumably on the 
three electrons in each atom, and not on the masses of the nuclei which tie the electrons 
together.  “Temperature and pressure dependence of the single-crystal elastic constants of 
6Li and natural lithium”  Phys. Rev. B16 5173 1977.   
 
Dielectric properties of crystals 
 

Around 1970, Schuele and his students, Carl Andeen and John Fontanella, moved 
away from thermal and elastic properties to a new area of research: the determination of 
the dielectric properties of crystals.  In their introduction to a paper in the Review of Sci-
entific Instruments, they note: “A study of the literature on the static dielectric constant of 
ionic crystals reveals a surprising amount of discrepancy.  This is unusual for a field that 
is over a hundred years old and is particularly disturbing to theoreticians who require ac-
curate values of these constants in order to determine characteristic model parameters as 
tests of their various hypotheses.”  “The static dielectric constant εs and its variation with 
temperature and pressure contain important information concerning the constitution of 
solids.  The constant itself provides a measure of the ability of polarizable entities within 
the solid to respond to an electric field.  The variation of εs with pressure, then, reflects 
how these systems are affected by a change in interatomic distance while the temperature 
dependence of εs includes both analogous size effects and those that are intrinsically 
thermal.”  “Accurate Determination of the Dielectric Constant by the Method of Substitu-
tion”  Rev. Sci. Inst. 41 1573 1970.   

 
In two papers, Schuele reported on what 

were basically capacitance measurements.  The 
sample dielectric materials were disk-shaped, 25 
mm diameter, 1.6 mm thick, at 308 K and at pres-
sures up to 40,000 psi.  Each paper tabulates the 
density dependence of the dielectric constants.  Fig. 
12-23 shows an example of the data on pressure vs 
the fractional change in capacitance for six halide 
salts. As the atoms are squeezed a bit closer to-
gether, the dielectric constant, and thus, the capaci-
tance, decreases.  "Pressure and Temperature De-
rivatives of the Low-frequency Dielectric Constants 
of LiF, NaF, NaCl, NaBr, KCl, and KBr" Phys. Rev. 
B2 5068 1970; B6 582 1972. 

 
Clearly, these very high pressure measure-

ments require an accurate and precise pressure 
gauge.  Schuele and his students published a paper describing their design for such a de-
vice.  Since their earlier work established the effects of pressure on dielectric constants, it 
was obvious that the measurement of a capacitance could be used to determine a pres-
sure.  Single crystals of CaF2, again 25 mm in diameter and 1.6 mm thick, had 2000 Å 
layers of aluminum plated on their surfaces.  Their capacitance was found to change 

Fig. 12-23.  Change in capaci-
tance of halide salt samples with  

increasing pressure. 
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about one percent for every 2.7 kilobar change in pressure.  The gauge was calibrated at 
the National Bureau of Standards, and was found to be stable and accurate at the 0.01% 
level over the range zero to 2.5 kilobars.  “A Capacitive Gauge for the Accurate Meas-
urement of High Pressures”  Rev. Sci. Instr. 42 495 1971.   

 
An interesting technique for the determination of a dielectric constant is called 

“the method of substitution”.  The capacitances with five different “fillings” are meas-
ured: vacuum, fluid #1, fluid #2, fluid #1 surrounding the sample to be measured, and 
fluid #2 surrounding the sample.  It is a nice exercise for the intro-E&M student to show 
that the dielectric constant of the sample can be written in terms of these five capacitan-
ces, independent of the properties and thicknesses of the fluids or sample size.  “Low-
frequency Dielectric Constants of the Alkaline Earth Fluorides by the Method of Substi-
tution”  J.  Appl. Phys. 42 2216 1971.    

 
Measurements of the dielectric constants for a vari-

ety of commonly used materials were made with precisions 
of about one part per thousand.  In the case of anisotropic 
materials, such as quartz and sapphire, measurements were 
made as a function of the angle between the applied electric 
field and the major axis of the crystal.  The dielectric con-
stant for quartz, for example, is found to vary linearly with 
the square of the sine of this angle, decreasing about 2% 
from 0 to 90 degrees. "Low-frequency dielectric constants 
of α-quartz, sapphire, MgF2, and MgO"  J. Appl. Phys. 45 
2852 1974.    
 

In the four year period beginning in 1968, Schuele 
supervised seven doctoral students, five of them measuring 
elastic constants and the other two determining dielectric 
properties.  A photograph of Schuele, taken around 1980, 
is shown in Fig. 12-24. 

Fig. 12-24.   
Donald Schuele. 

  
 In 1976, Schuele took over from Ken Kowalski as chairman of the department 
and held that position for five years.  In 1981 he was appointed vice-dean and then dean 
of CIT (that portion of CWRU which included the engineering, science, and mathematics 
departments.)  When the undergraduate college was reorganized into an engineering 
school and a college of arts and sciences, Schuele resumed his research and teaching. 
 
Polymers: dielectric properties 
 
 In 1984 Schuele and grad-student Alfredo Bello tackled the dielectric properties 
of the same polyvinyl fluoride polymer that Gordon had been studying using x-ray ab-
sorption.  In the early 1990’s, Schuele and Gordon studied the dielectric properties of 
polymer liquid crystals.  During the same period, Phil Taylor and Rolfe Petschek were 
developing theoretical models for polymer liquid crystals as will be described in Chapter 
17.  Gordon and Schuele used dielectric relaxation spectroscopy to get a handle on how 
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these fascinating groups of atoms arrange themselves along a polymer backbone.  The 
resulting materials combine the good film-forming and mechanical properties of poly-
mers with the optical, electro-optical and magneto-optical properties of liquid crystals.  
Because Schuele had been studying the dielectric properties of materials, his laboratory 
was well equipped to take on these exciting new liquid crystal polymers.   
 
 In dielectric relaxation spectroscopy, the sample to be studied is placed between 
two electrodes and subjected to an alternating electric field.  The magnitude and phase of 
the resulting current are measured as a function of the frequency of the applied field.   
The current generally lags behind the field.  The “out-of-phase” component is a measure 
of the delay in the alignment of the various dipole pieces in the sample.  The different 
building blocks (mesogens) of the polymer LC, having different sizes, charges and 
masses, respond to specific ranges of frequencies.   When one plots the size of the “out-
of-phase” component (called the “loss”) against the frequency, one sees peaks corre-
sponding to the contributions from different mesogens.  Further information comes from 
making the measurements at different temperatures.  The typical “relaxation times” de-
crease exponentially with increasing temperature, i.e. things react faster.  Measurements 
are made over a wide range of frequencies, from 10 Hz to 100 kHz, because of the great 
variety of dipole structures under study. 
 
 A few terms from grad-student Robert Akins’ dissertation illustrate some possi-
bilities: side-group-rotations, phenyl ring flips, crankshaft relaxations.  It was interesting 
to look at how the relaxation-time changes as the material underwent phase changes.  Be-
cause some of the materials have rather large side-chains, they can lose their order and 
become amorphous as the temperature is increased.  It is important to know where these 
“glass-transitions” occur for various LC polymers.  Akins’ dissertation specifically ad-
dressed this issue:  “Dielectric investigation of double glass transitions in polymers”. 
Gordon, Schuele, Akins and another grad-student, Z. Z. Zhong, published five papers on 
dielectric relaxation measurements of a series of liquid crystal side-chain polymers con-
taining a variety of spines and branches.  (Change the shoes on the millipede and see 
what tunes she will dance to.) 
 
 Having earned his doctorate at Case, Schuele has always had strong connections 
with Case alumni organizations.  In 1987 he was named the first Albert A. Michelson 
Professor of Physics.  This professorship was created in conjunction with the celebration 
of the centennial of the Michelson Morley experiment.  Schuele retired in 2005. 
 
Hoffman: thin films 
 
 We pick up on the work of Richard W. Hoffman in 1966 when he published a 
60-page review on “The Mechanical Properties of Thin Condensed Films” (Physics of 
Thin Films, 3 211 1966 Academic Press).  This paper, with 121 references, presents an 
overview of the then-current understanding of films formed by evaporation techniques.  
Included are some of the ideas described earlier in this chapter on the determination of 
the surface structures.  Methods for measuring stress in films are outlined (e.g. the bend-
ing glass slide technique), as well as models for the origin of stress.  Finally, techniques 
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for the measurement of the tensile properties of various films are presented.  Hoffman 
had become one of the principal spokesmen for this area of physics. 
 
 The creation of very thin (order of 0.1 micron thick) NaCl crystal substrates is 
described in a brief article.  (J. Vacuum Sci. & Tech. 6 65 1968).   The goal is to be able 
to lay down thin metallic films on a substrate which is transparent to the electron beams 
of an electron microscope.  This allows the investigation of the films without the destruc-
tive technique of “stripping” them off the substrate. 
 
 In 1969, Hoffman addressed a meeting sponsored by the New York Academy of 
Sciences on the use of thin films in electronics.  He concludes: "we see that the important 
advances in using thin films in electronics have come about by developing careful control 
of impurities and structural defects in the formation of the films, since the properties of 
interest are very sensitive to these defects.”  Trans. N.Y. Acad. of Sci. 31 868 1969. 
 
Magnetization in films 
 
 Hoffman and his group experimented with using Mössbauer spectroscopy as a 
way to examine the magnetization of thin iron films.  A thin iron film is prepared with the 
inclusion of about ten parts per million of radioactive cobalt-57.  This nucleus decays 
with a half-life of 271 days by electron capture to an excited form of iron-57, which in 
turn emits a 14.4 keV gamma ray   The outgoing γ’s pass through a thin iron absorber and 
the fraction of γ’s absorbed is measured.  The energy of the emitted γ depends on the 
magnetic field in which the emitting atom finds itself, and it is this field which Hoffman 
wants to explore.  In Mössbauer spectroscopy, the absorber is moved slowly toward the 
emitter so that the effective energy of the γ may be raised, enabling the γ to have just the 
exact amount of energy to excite an iron nucleus in the absorber.  Dips in the fraction of 
γ’s which make it through the absorber occur at particular speeds of approach.  Typically, 
speeds of a few millimeters per second translate to shifts as small as one part in 1012 of 

the energy of the γ.  Using this technique, Hoffman 
found that films of different thicknesses had different 
internal magnetic fields.  “Mössbauer Spectra of 
Monolayer Iron Films”  Jour. of Vac. Sci. and Tech. 7 
118 1969.  “Interpretation of Mössbauer Spectra in Thin 
Iron Films” Jour. of Vac. Sci. and Tech. 9  177 1971. 
 

Hoffman then returned to the earlier technique 
for measuring the magnetization in nickel films, i.e. 
measuring the torque on a specimen placed in a mag-
netic field.  His apparatus was greatly improved over 
that used eight years earlier.  A schematic drawing of 
the experiment is shown in the Fig. 12-25.  In addition 
to new servo-mechanisms and photometric readout, the 
new computer technology was brought to bear:  “torque 
values….were transferred to punch cards, and a com-
plete analysis of the data, including a final error analy-

Fig. 12-25.  Schematic of  
device for automated  

measurement of torque. 
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sis, was performed by a single computer program”.  "Saturation Magnetization and Per-
pendicular Anisotropy of Nickel Films" Jour. Appl. Phys. 412 1623 1970. 
 
Stress in films 
 
 Hoffman's group pursued the question of stress in thin films over the course of 
several years.  (We mentioned above the technique of measuring the bending of the sub-
strate caused by stress in the film.)  They found that the stress depends strongly on the 
temperature, on the thickness of the film, and on the preparation (cleaning) of the sub-
strate.   “Structure and Intrinsic Stress of Platinum Films”  Jour. of Vac. Sci. and Tech. 8 
151 1971.  "The Origins of Stress in Thin Nickel Films"  Thin Solid Films 12 71 1972.  
The authors concluded that the fall-off of stress with increased temperature is associated 
with relaxation of grain boundaries and diffusion of substrate atoms into the film.  The 
bending substrate method was later replaced by the use of a microbalance which could 
measure the stress force directly.  "Growth Effects on Stress in Nickel Films"  J. Vac. Sci. 
Technol. 10 238 1973. 
 
 Hoffman again turned to Mössbauer measurements to look at what happens when 
a thin cobalt film is cooled to a crystalline form.  "Pure amorphous cobalt films (∼100 Å) 
have been prepared by condensation onto liquid 
helium-cooled glass substrates at 10-10 Torr.  
The films underwent an abrupt and irreversible 
fourfold drop in resistivity at about 55 K, char-
acteristic of metallic films during the amor-
phous to crystalline transition.  Analysis of the 
6-line Mössbauer spectra indicates the hyperfine 
field is 1.5% lower and each line is 30% 
broader compared with the same quantity in the 
crystalline phase."  "In summary, the picture of 
an amorphous film that is obtained from these 
results is that of a structure in which disorder 
produces a striking change in the electrical re-
sistivity but affects very little the atomic bond-
ing, the magnetization direction and the elec-
tronic density at the nucleus".  "Electrical and 
Magnetic Properties of Pure Amorphous Co-
balt Films"  J. Appl. Phys. Suppl. 2 729 1974.   

Fig. 12-26.  Sketch of typical high-  
vacuum system for surface research. 

 
New tools for surface science 
 
 The high-vacuum systems used by Hoffman and the surface physics group be-
came more and more complex as new devices were placed inside them.  Fig. 12-26 
shows a sketch of such a system.  It comes from a paper describing Mössbauer effect 
emission spectroscopy (MEES) for the study of thin films.  The sample must be placed in 
an ultra-high-vacuum (down to 10-9 Pa pressure), held at controlled temperatures ranging 
from 20 K to 1500 K.  It must be kept in view by the Mössbauer absorber, by an Auger 
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electron spectrometer (AES), and by the various hot ion sources which create the thin 
films or lay down the radioactive 57Fe atoms on the sample. “Apparatus for Mössbauer 
effect emission and AES study of free surfaces”  J. Vac. Sci. Technol. 16(2) 466 1979. 
 
 An aside on Auger Electron Spectroscopy (AES):  A beam of electrons is directed 
at the surface to be studied.  Some of these knock an electron out of low-lying energy lev-
els in atoms stuck to the surface.  Subsequently, an electron from a higher level drops 
down to fill the hole, while simultaneously a second electron is ejected from the atom.  
These “Auger” electrons have well-defined energies for each type of atom, and their de-
tection signals the presence of a particular type of atom on the surface.  
 
 In a different approach to the study of thin films, Hoffman determined their ten-
sile properties by measuring how much they stretched when subjected to a known force. 
Devices to do this, called nanotensilometers, were used not only for thin metallic films, 
but for polymers and even biological samples.  Hoffman and his students, Carl Hagerling 
and C. G. Andeen, designed and tested a device capable of measuring forces over the 
range 10-8 to 0.5 Newtons, with elongations from 0.1 nm to 1 mm.  The forces were ap-
plied electromagnetically and positions measured by monitoring the capacitance of the 
moving parts.  “The nanotensilometer – an accurate, sensitive tensile test instrument” 
Proc. 7th Int. Vac. Congr. Vienna p1769 1977. 
 
Some early bio-physics 
 
 In a rather interesting departure from his thin film work, Hoffman teamed up with 
a researcher from the Western Reserve School of Medicine, John H. Bauman, to design 
and test a device to allow in vivo measurement of the iron content of livers.  Basically, 
the device was a set of transformer coils into which the subject animal could be placed.  
The presence of iron in the liver changes the mutual inductance of the transformer.  From 
the abstract: “Studies using live rats demonstrate that with this technique iron-loaded 
animals can be distinguished from control animals, because the high hepatic concentra-
tion of storage iron in the liver of the experimental group exhibits positive magnetic sus-
ceptibility.”   (IEEE Transactions on Bio-medical Engineering, 239 Oct. 1967)  When I 
called this paper to the attention of my colleague, David Farrell (whom we shall meet in 
Chapter 15), he remarked that Hoffman’s 1967 work was indeed strongly related to his 
(Farrell’s) decision to initiate a research program in biomagnetism. 
 
 All in all, between 1959 and 1994, Hoffman would oversee the research of 40 
doctoral students (a departmental record, by far).  The first 16 (before 1978) studied the 
magnetic and mechanical properties of thin films.  The later doctoral topics would in-
clude the Mössbauer experiments and some pioneering work using electron energy-loss 
spectroscopy, x-ray photoemission spectroscopy, and low energy ion bombardment tech-
niques.  These methods for studying the physics of atoms on surfaces will be further de-
scribed a bit later in this chapter.   
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Exotic films 
 
 In the mid-1990's, Hoffman joined John Angus of the CWRU chemistry depart-
ment in a series of surface studies of diamond-like carbon films.  Angus had developed 
techniques for creating such films by chemical vapor deposition.  In a paper which in-
cluded four of Hoffman's students among its authors, a study of the secondary emission 
of electrons from diamond-like surfaces is described.  Gerry Mearini and Isay Krainsky 
both had been hired by NASA Lewis Research Center, and Chris Zorman and Yaxin 

Wang were still grad students.  
They were interested in increas-
ing the yield of emitted electrons.  
These diamond-like surfaces are 
used in photomultiplier tubes and 
similar devices, partly because of 
their ability to dissipate heat.  The 
surfaces were first coated with a 
thin layer of cesium iodide and 
then subjected to an electron 
beam which preferentially 
knocked out the iodine atoms, 
leaving a "cesium-terminated" 
diamond surface.  The result was 
that the yield of secondary elec-
trons was enhanced by a factor of 
5 or more.  They conclude: "A 
material with such high stable 

secondary yield can be used to construct an electron amplifier with gain several orders of 
magnitude higher than is presently attainable."  Appl. Phys. Lett. 66 242 1995. 

Fig. 12-27.  A shiny new vacuum system, three 
grad students, and Dick Hoffman. 

 
Fig. 12-27 shows Hoffman and a few of his students alongside one of their high- 

vacuum chambers.  He was elected chair of the Thin Films Division of the American 
Vacuum Society in 1968 and AVS president in 1976.  Hoffman became the third 
Ambrose Swasey Professor of Physics in 1981.  He was named “Honorary Member of 
the American Vacuum Society” in 1995.  Hoffman remained active in research and teach-
ing until the mid-1990’s, even though he was beginning to suffer from a progressive de-
bilitating disease.  He died at age 74 in 2002, leaving a legacy of forty doctoral students, 
most of whom are active in teaching or materials research.   
 
Chottiner: next generation surface physics 
 
 Gary S. Chottiner joined the department in 1980, its first “permanent” addition 
in ten years.  Raised in Pittsburgh, he did his undergraduate work at Carnegie-Mellon 
University.  He came to CWRU in with a fresh doctorate from the University of Mary-
land, where he had worked with R. E. Glover III and Robert Park.  His PhD thesis was on 
the adsorption of oxygen on tin, the first of an extensive list of publications on surface 
phenomena.  (J. Vac. Sci. & Tech. 15 429 1978)  Photo Fig. 12-28.  Chottiner built upon 
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Hoffman’s work in surface studies, but he soon moved into other areas of surface phe-
nomena such as chemical catalysis and fuel-cell technology. 
 

 The study of thin layers of materials placed on an under-
lying surface has become a major area in experimental physics, 
chemistry, and materials science, as well as a major contributor 
to technology.  For starters, the physics of a two-dimensional 
array of atoms or molecules is entirely different from that of 
normal three-dimensional systems.  The techniques for the pro-
duction and analysis of thin films pioneered by Hoffman and 
his contemporaries have been greatly refined and improved.   
The following “aside” describes some of them. 
 
The "Many Acronyms of Surface Science" (MASS) 
 

This is probably a convenient place to describe some of 
the methods used to study thin layers of atoms and molecules 
on surfaces.  Each technique involves a beam of photons, elec-

trons, ions or molecules which is aimed in an ultra-high vacuum environment at the sur-
face to be analyzed.  The goal of these measurements is to collect information on the den-
sity, composition, and arrangement of the “absorbate” on the “substrate”. 

Fig. 12-28.  Gary 
Chottiner. 

 
 Auger electron spectroscopy (AES) was described earlier in this chapter.  Recall: 
a beam of electrons strikes the surface and atomic electrons are ejected with energies 
specific to the type of atom.  Mössbauer effect emission spectroscopy (MEES) was also 
described above as a way to measure the magnetic fields in thin films. 
 
 X-ray photoemission spectroscopy (XPS) uses a beam of x-rays (around a keV) to 
knock electrons out of the atoms.  The measured kinetic energies of these electrons are 
subtracted from the incident x-ray energy to give the atomic binding energy, and thus the 
element may be identified.  XPS has the advantage over AES in that there is no charge 
build-up on the surface.  XPS can be sensitive enough to detect the small shifts in the 
binding energy caused by the atom’s chemical environment, e.g. the kind of molecule it 
might live in.  Even more subtle details in these spectra provide information on the elec-
tron’s interaction with the underlying substrate. 
 
 Secondary ion mass spectroscopy (SIMS) uses a beam of ions or atoms with en-
ergies in excess of a keV which knock (or sputter) a whole atom, molecule, or cluster of 
atoms off the surface.  These loose pieces can then be identified by using standard mass 
spectrometry.  SIMS can detect extremely tiny amounts of elements on the surface, as lit-
tle as one millionth of a monolayer.  It is often used to detect impurities on the surface. 
 
 Low energy electron diffraction (LEED) can be used to determine the “crystal 
structure” of the layer of atoms on the surface.  A beam of electrons (with energy in the 
20 to 500 eV range) strikes the surface at right angles.  These electrons have wavelengths 
comparable to the size of the atomic spacing in the surface layer and so produce an inter-
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ference pattern similar to the Bragg scattering of x-rays from a crystal.  The back-
scattered electrons are detected and the interference pattern yields information on how 
the surface atoms are arranged. 
 
 Infra-red reflection-absorption spectroscopy (IRAS) is one example of a “vibra-
tional spectroscopy”.  Monochromatic infra-red radiation strikes the surface at a glanc-
ing angle, passes through the adsorbate, reflects off the substrate, travels back through 
the adsorbate, and is then detected.  Sometimes the photon loses energy by exciting a vi-
brational mode of an adsorbate atom or molecule.  Absorption lines in the observed spec-
tra can be used to identify the type and orientation of the adsorbate.  In Fourier trans-
form infra-red spectroscopy (FTIR), extremely sparse mono-layers of such adsorbates as 
H or CO or CO2 can be characterized.   
 
 High resolution electron energy loss spectroscopy (HREELS) is a second tech-
nique in which vibrational modes in the adsorbate are excited.  Highly monoenergetic 
electrons are used as probes, rather than infra-red photons.  
 
 In temperature programmed desorption (TPD) the measurement involves slowly 
raising the temperature of the surface and watching the rate at which the pressure rises 
in the chamber.  At a certain point, a large number of absorbed molecules might break 
away, giving a sharp rise in the pressure.  This provides a measure of the strength of the 
adsorbate-substrate bond. 
 
 Usually, two or more of these approaches are used in parallel in the study of a 
given sample.  The vacuum chamber contains a variety of sources and detectors of ions, 
electrons, and photons along with devices used to produce the surface layers in the first 
place.  Equipped with the necessary acronyms, we may now describe Chottiner's work.  
During his first few years at CWRU, he worked with Dick Hoffman, beginning with a 
study of conducting polymers.  Both Hoffman and Schuele had looked at the properties 
of thin film polymers, and Chottiner joined an HREELS/AES experiment.  “HREELS 
and Auger Studies of Conducting Polymers” Appl. Surf. Sci. 21 80 1985. 
 
 During the 1980’s Chottiner worked to equip his Surface Science/Thin Film 
Laboratory with state-of-the-art ultra-high-vacuum systems in which thin films could be 
prepared and then analyzed.  He published a series of papers describing innovative tech-
niques for handling samples over a wide range of temperatures at very high vacuum.  
(e.g. "Ultrahigh Vacuum Cryostat and Sample Manipulator for Operation between 5 and 
800 K", Rev. Sci. Inst. 56 1799 1985.)    
 
 With grad student Wayne Jennings, Chottiner studied the way in which sulfur mi-
grates to the metal-oxide interface when iron becomes oxidized.  This was part of a more 
general study of how oxidation takes place, undertaken with colleagues in the Materials 
Sciences department.  “Sulfur Segregation to the Metal/oxide Interface during the Early 
Stages in the Oxidation of Iron”  Surf. and Interface Analysis II 377 1988. 
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 Another of Chottiner’s students, Steve Eppell, looked at platinum deposited on a car-
bon surface (more precisely, on highly oriented pyrolytic graphite).   In a study which pres-
aged later work on platinum clusters, Eppell determined the correlation between the size and 
height of the platinum islands and the catalytic properties of the surface.  “Scanning Tunnel-
ing Microscopy of Platinum Deposits on the Basal Plane of Highly Oriented Pyrolytic 
Graphite”  Langmuir 6 1316 1990.  (Eppell is now associate professor of biomedical engi-
neering at CWRU.) 

Surfaces for electrocatalysis 
 
 In 1990, Chottiner began a productive collaboration with electrochemist Daniel A. 
Scherson, a professor in the CWRU Department of Chemistry.  The study of electro-
chemistry at CWRU goes back to the 1970’s with the pioneering work of Professor 
Ernest B. Yeager, and continues to this day in the multidisciplinary center named for 
Yeager and headed by Scherson.   
 
 Electrocatalysis is the study of how chemical reactions may be accelerated at the 
surface of an electrode.  This requires that the electrode’s surface be modified by the 
presence of a sub-monolayer adsorbed species of appropriate ions, molecules or metals.  
Many of the surface science techniques listed above are applicable to the characterization 

ctron-transfer processes such as those 
which take place in energy-storage de-
vices like rechargeable batteries and 
hydrogen fuel cells.  The marriage of 
the new ultra-high vacuum techniques 
developed for surface-science with es-
tablished electrochemical approaches 
has resulted in an exciting new re-
search area. 
 

of such surfaces.  Of particular interest are ele

In batteries, the ability of elec-

havior.   
 

 
trons to be transferred from one me-
dium to another is critical.  The trans-
fer rate can be significantly modified 
by the presence of absorbed atoms or 
molecules on the surface.  The size and 
orientation of the absorbed particles as 
well as the thickness of the layer all 
affect the electrochemical be

Fig. 12-29.  Schematic of transfer system for 
UHV analysis of electrochemical samples. 

 Grad student Kuilong Wang completed a series of experiments in 1992 on 
“three electrochemically interesting interfaces”: potassium hydroxide on nickel, carbon 
dioxide on potassium-coated silver and a certain solvent, THF, on lithium.  Key to this 
type of experiment is the ability to prepare an interface in an “electrochemical cell” and 
then to transfer it, without disturbing its microscopic structure, to the usual ultra-high-
vacuum chamber for analysis.  Fig. 12-29 is a schematic of a “transfer system” taken 
from Wang’s dissertation.  The measurements involved XPS and HREELS and TPD.  
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The goal of this type of measurement is an understanding of the electron transfer proper-
ties (essentially the current-voltage relations) for a given configuration and composition 
of the interface.  The technological goal is an electrode for a battery or fuel cell or cata-
lytic cell, or even a microscopic layer in a microchip, which will function with minimal 
deterioration.   “Ultra-high vacuum transfer system for electrochemical studies” (Rev. Sci. 
Instr. 64 1993)   
 
 Some of the group’s experiments studied the bonding between a variety of elec-
trocatalysts and substrates.  A typical example resulted in a 1992 paper on the binding of 
carbon dioxide molecules with a surface of silver.  Ordinarily, CO2 has no affinity for 
silver, but when the surface is doped with potassium, it was found that the CO2 is bound 
to the surface through a bond between the carbon and silver atoms.  AES was used to 
monitor the potassium concentration, and TPD was used to determine the strength of the 
bond between the CO2 and the silver substrate.  “Activation of Carbon Dioxide on Potas-
sium-Modified Ag(111) Single Crystals” J. Phys. Chem. 96 3788 1992. 
 
 By 1995, Chottiner and Scherson, aided by a large number of physics and chemis-
try post-docs and graduate students, had begun working with metallic lithium, today a 
well-known component of batteries.  They used an extended menu of techniques: AES, 
IRAS, TPD, XPS and FTIR   In an early lithium study, for example, they looked at the 
reactivity of propylene carbonate (PC) toward metallic lithium.  PC is “a viscous, high 
dielectric-constant solvent with wide applications in lithium based battery technology.”  
Because the lithium electrodes are exposed to the PC, it is important to know how they 
react with it.  “Reactivity of Propylene Carbonate toward Metallic Lithium”  J. Phys. 
Chem. 99 7009 1995. 
 
 Between 1990 and 2003, Chottiner and Scherson coauthored over thirty papers in 
various physical chemistry and materials journals.  These involved the experimental 
characterization of a great variety of electrolytes and electrocatalytic surfaces.  They 
studied not only the electrochemical properties of many combinations of materials, but 
also the techniques for creation and analysis of the desired thin films. 
 
 Recently, Chottiner’s work has emphasized the reactions of lithium atoms with 
molecules they might encounter in a rechargeable battery.  Another line of research with 
great technological potential involves the use of clusters of platinum atoms in catalytic 
converters and fuel cells.  In addition, Chottiner and his colleagues have joined professor 
of chemical engineering, John Angus, the CWRU “diamond-man”, in looking at the sur-
face properties of high temperature materials such as sapphire, silicon carbide, or dia-
mond.  These materials might eventually find applications in many areas, from microe-
lectronics to automobile engines.  Because of its clear potential applicability to important 
technology, much of this research has been funded through a grant from DARPA (the 
Defense Advanced Research Projects Agency).   
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 In 2000, Chottiner took over from Bill Fickinger in the departmental post of Di-
rector of Undergraduate Studies.  He has worked to continue the development of the 
physics curriculum with the introduction of new major options and with the expansion of 
the department’s pioneering senior project program.    
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