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Much of the experimental physics research done at Case during the 1950’s and
1960’s was concerned with the properties of solids. The work on crystals done by Chuck
Smith and that done by Eugene Crittenden on thin metallic films (described in Chapter 7)
led to the later research of Schuele, Hoffman, Gordon and Eck (Chapter 12). Many of
these studies were done on materials held at a few degrees above absolute zero. The subtle interactions between the electrons and the atoms of the crystal become more transparent as the temperature is lowered and the thermal motions of the players become less important. In the middle 1960’s, a new line of work was begun at the new “Center for the
Condensed State” on the Western Reserve side: the physics of superconductors and superfluidity. These studies, also done at very low temperatures, generally went by the
name “low temperature physics”. They concern materials which exhibit extraordinary
electrical or mechanical properties below well-defined temperatures, and whose study has
lead to significant advances in the applications of quantum mechanics. Nowadays, the
more inclusive term “condensed matter physics” embraces "low temperature physics" as
well as what was once called “solid state physics”.

Ben A. Green, Jr. - electrons in matter
The first experimental low temperature research at
WRU was done by Ben A. Green, Jr. Green was born in Alabama and earned his BS at the University of Alabama. He received his PhD from Johns Hopkins in 1956 and spent four
years at Union Carbide Metals Co. before joining the WRU
faculty in 1961. His work at Union Carbide was on determining the lifetime of positrons stopped in lead, above and below
the temperature at which lead becomes superconducting. He
used a 22Na source which emits a positron in coincidence with
a 1.3 MeV photon. The positron annihilates with an electron in
the lead, resulting in two 0.511 MeV photons. The delay between the first photon and the latter photons was measured at
10 K and 4.2 K. The expectation was that the probability that
Fig. 15-1. Ben Green
(in the 1964 yearbook) the positron would find and annihilate with an electron would
be different in the superconducting lead. Contrary to some earlier published predictions, no difference in lifetime greater than
-10
2 10 s was observed. “Lifetime of Positrons in Superconductors” (Phys. Rev. 102 1014
1956.)
At WRU, Green was the first to conduct research on the properties of materials at
liquid helium temperatures. He began with a study of the effect of selected impurities on
the electrical resistivity of liquid sodium. The idea is that the impurities provide scattering centers which the electrons must cope with, and that the change of resistivity will de-

210

Physics at a Research University

pend on the size of the foreign atom. His experimental results agreed reasonably well
with the rather simple model proposed in the paper. “Size effect in electrical resistivity
of alloys” Phys. Rev. 126 1402 1962.
Between 1962 and 1968, Green,
with the help of two doctoral students and
three MS students, published six papers in
the Physical Review on the low temperature specific heats of various metal alloys.
The object of this type of measurement
was to determine the separate contributions to the specific heat of the electrons
and of the lattice. The density of electrons
could be varied by changing the concentration of the solute. Samples of the alloys
Fig. 15-2. Electron contribution to alloy
were placed in a novel calorimeter despecific heat vs. electron concentration.
signed by Green. The amount of time it
took for a constant-rate heat source to heat
the samples was measured. The resulting specific heats were fitted to c = γT + AT3 +
BT5, where the first term is associated with the electron contribution and the other two
terms with that of the lattice. The values of γ, A and B were tabulated as a function of tin
concentration in the gold-tin alloy. The measurements were made at temperatures between 2K and 4K. Fig. 15-2 shows, for example, the value of γ as a function of e/a (the
number of valence electrons per atom, which varies as the tin content is changed). “Specific Heats of Au and Au/Sn”. (Phys. Rev. 150 519 1966). “Rigid Band Behavior in Aluminum-Based Alloys – Electronic Specific Heat” (Phys. Rev. 153 800 1967.) The experimenters found that γ, the electron contribution to the specific heat increases with e/a
at a rate three times faster than predicted by theory. This sort of result always sends the
theorists back to work.
Green became very interested in research on the teaching of introductory physics
and he spent the 67-68 year on leave at the University of Maryland as staff physicist with
the Commission on College Physics. He subsequently decided to move on to the Education Research Center at MIT and resigned from the newly merged CWRU department.

Chandrasekhar
We now back up four years to when Green joined forces in 1963 with a new colleague who was also a "low temperature" experimentalist. Bellur S. Chandrasekhar
was well-established in the field of superconductivity research. “Chandra” would eventually become chair of the WRU department and later dean of the CWRU College of Arts
and Sciences during his 25 years at the university. He was born in 1928 in Bangalore,
India. He completed his B.Sc. at Bangalore, his M.Sc. at Delhi, and D.Phil. as a Rhodes
scholar at Oxford in 1952. At that time, there was but one Rhodes scholarship allotted to
India. At Oxford he did research under F. Simon and K. Mendelssohn on the properties
of He II superfluid films. (“Pressure Measurement in Superflow”) He then took a post-
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doc position at the University of Illinois working with Dillon Mapother. Chandra was
employed for eight years by Westinghouse Laboratories where his interests turned first to
electrons in metals (in work similar to the Fermi surface measurements done by Gordon
and Eck and the ultrasonic elastic constants measurements done by Schuele as
described in Chapter 12).
He then
switched to the study of superconductivity
and the design of superconducting magnets. He was a member of the group
which built one of the first very high field
(68 kilogauss) superconducting magnets.
Chandra accepted a position at WRU in
1963. He is shown in the foreground in
the photo (Fig. 15-3).
In an essay describing his years at
Fig. 15-3. Chandrasekhar (foreground).
CWRU, Chandra tells how in 1961 he met
John Major (then chair at WRU, Chapter
10) when Major was on sabbatical leave in Paris. Major described how he was building a
new and competitive research department and he invited Chandra to join in. Chandra had
enjoyed his time as a post-doctoral researcher in 1953 at Illinois and thought often about
returning to the academic world. When he visited WRU in 1962 he was especially impressed by the spirit of cooperation among the WRU faculties of physics, chemistry, and
biology, most notably in the persons of John Major, Ernest Yeager, and Howard Schneiderman, respectively. These men were planning several exciting interdisciplinary research programs for WRU and they had the enthusiastic support of WRU president,
physicist John S. Millis.
Chandra predicts oscillatory magnetostriction
Chandra's first publication after his arrival at WRU was a letter titled "A Note on
the Possibility of Observing deHaas-vanAlphen Oscillations in Magnetostriction”. (Phys.
Lett. 6 27 1963.) We have looked at the DHVA effect as studied by Gordon and Eck in
Chapter 12. We saw there that when metal crystals are placed in a magnetic field, the
electron orbits within the lattice are perturbed, producing periodic variations in such
properties as the magnetization and the resistance as the applied field is changed. In his
letter, Chandra predicted similar effects for the lattice spacing (or equivalently the length
of the crystal), an effect known as magnetostriction. He remarks, "such an oscillatory
magnetostriction not only provides an interesting new technique for the study of the electronic structure of such metals and semimetals, but also can play a vital role, hitherto
overlooked, in the analysis of other oscillatory phenomena such as oscillations of acoustic velocity in a magnetic field." The one-page letter outlines a preliminary theory and
ends by saying that "attempts to observe the effect experimentally in bismuth are underway."
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About eight weeks later, Chandra and his new colleague, Ben Green, published a
letter: "Observation of Oscillatory Magnetostriction in Bismuth at 4.2 oK". (Phys. Rev.
Lett. 11 331 1963.) A 5 cm long, 6 mm diameter, 99.999% pure sample of bismuth was
placed within a 20 cm long superconducting solenoid. This provided the intense magnetic field, variable up to 25 kilogauss. The sample's length was monitored by measuring
the capacitance formed by a flat electrode placed at its end 70 microns away from a parallel fixed electrode. At 25 kGauss magnetic field strength, the change in length of the
sample was only about one part in a million. Fig. 15-4 shows the change in length plotted against the applied magnetic field. The oscillations are anything but subtle, and just
as predicted in the earlier letter.
Chandrasekhar worked for a time
with another young colleague, assistant
professor Don M. Sparlin. Sparlin, who
did his PhD at Northwestern, would spend
only three years in the WRU department.
For his dissertation he had worked on the
de Haas-van Alphen effect in various metals. At WRU he joined Chandra in 1964
in the study of magnetostriction. He left
the department just after the formation of
CWRU, moving on to the University of
Missouri at Rolla, where he would continue his research and teaching for several
decades.

Fig. 15-4. Experimental observation of
magnetostriction.

Josephson effect in liquid helium
Chandra’s first graduate student, Brij M. Khorana, studied the ac Josephson effect
in superfluid helium in an experiment reminiscent of Chandra’s own doctoral research
fifteen years earlier. Superfluid helium can flow through a narrow orifice without any
resistance, an effect explained quantum mechanically by the passage of quantized vortices through the constriction. If two reservoirs of liquid helium are placed one above the
other and connected by a thin tube, the level of the upper reservoir increases incrementally in time. In a carefully crafted experiment, Chandra and Khorana were able to show
that the rate dn/dt at which the vortices pass through the tube is proportional to the gravitational potential difference between the two levels: dn/dt = mgz/h where m is the mass
of the helium atom, h Planck’s constant, and z the difference in height between the two
levels. Phys. Rev. Lett. 18 230 1967. Chandra later pointed out that work by Pobell
suggested that at least a part of these observations were due to acoustic resonances in the
experimental chamber. (“ac Josephson Effect in Superfluid Helium” Phys. Rev. Lett. 18,
230 1967.) We shall describe Chandra’s further research on superfluidity later in this
chapter.
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Superconductivity work begins
In 1964 Chandra organized an international conference on Type II superconductivity at Western Reserve, for which he edited the three volumes of proceedings. This
event, sponsored by the National Science Foundation, marked a high point in the story of
the then recently discovered high field superconductors. As Chandra recalls, “everyone
who was anyone in the field came, some 200 of them as I remember: Tinkham, de
Gennes, Werthamer, Geballe, Gorter, Goodman, etc., etc.”
In 1965, Chandra began work with a new member of the department, John G.
Adler. Adler (born in Budapest in 1935) had completed his doctorate at the University of
Alberta in 1963. There he had studied the tunneling of electrons from a normal metal
through a thin insulating layer into a superconducting metal. He and Chandra began their
collaboration with a similar experiment.
A few comments about superconductivity: When I first wrote this section, I oversimplified the explanation of superconductivity by repeating what I had long taught in
introductory modern physics courses: in a nutshell, in a superconducting material, below
a certain low temperature, the conduction electrons somehow pair up to produce entities
with zero spin. These boson “Cooper pairs” all crowd into the same low energy level (in
marked contrast to the fermion unpaired electrons in “normal” materials which are required to occupy different levels). When this happens, the pairs move through the metal
without losing or gaining energy. As a result, an electric current flows through the material without any “ohmic” losses, i.e. with no resistance.
BSC on BCS
I showed this description to Chandra in May 2002 when he, coincidentally, was
visiting Cleveland from his home in Bavaria. He kindly let me know that my description
was somewhat naive and suggested that I refer to his splendid little book, "Why Things
Are the Way They Are" (Cambridge University Press 1998). There, in Chapter XII, the
Bardeen, Cooper, Schreiffer (BCS) theory is described. Chandra explains that each conduction electron interacts with a second electron which has equal and opposite momentum (i.e. at the opposite extreme of the Fermi surface) by exchanging a phonon. (The
picture of particles interacting via the exchange of a boson has been key to understanding electromagnetism and particle physics.) The phonons are quanta of energy associated with the mechanical vibrations in the crystal lattice. The phonon exchange neutralizes the strong electric repulsion between the two electrons. Because the energy of the
paired electrons is lower than that of unpaired electrons, they bind together. Each
"Cooper pair", having zero net momentum, is coupled to all the other Cooper pairs and
when a superconducting current is flowing in the metal, they all move together with the
same velocity. They cannot lose energy by interacting with the lattice, and thus meet no
resistance to their flow.
Superconductivity has been known since 1911. The earliest known superconducting materials, called Type I, lose their superconductivity when placed in even a fairly
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weak magnetic field. Resistance to current flow occurs when the magnetic field penetrates the superconductor, forming discrete bundles of magnetic flux lines. This makes
Type 1 materials essentially useless for most applications. Eventually, materials which
remain superconducting in very high magnetic fields were found. The work by Chandra
and his younger colleagues on these “Type II” superconductors will be described
shortly.
Electron tunneling
Now some remarks about tunneling: (remember, we were talking about
Chandra's and Adler's work on the passage of electrons through an insulating barrier):
If a particle is to enter a region in which its potential energy is increased, it must have
enough energy of some kind to do so. A ball rolling inside a bowl will not escape from
the bowl unless it has enough kinetic energy to jump over the “potential barrier”. However, in quantum mechanics, particles behave as waves, and it is possible for them to be,
some of the time, in a region where they do not belong, i.e. where they could never get
classically. When an electron arrives at a thin layer of material which would be a barrier according to classical physics, its wave function can penetrate the barrier and there
is a finite probability that it can “tunnel” through the barrier – essentially violating conservation of energy for a very short time. This effect is the key to the functioning of many
semi-conductor devices. (The same process allows alpha particles to escape from radioactive nuclei.)

Fig. 15-5. Conductivity vs. applied voltage
for Pb/In alloys.

Back now to Adler’s and
Chandra’s experiments. As the potential
difference between the two sides of the
metal/insulator/superconductor sandwich
is increased, the rate of flow of electrons
through it shows a lot of interesting
structure. These rapid variations in the
conductivity through the sandwich provide clues to the interaction among the
electrons, the phonons, and the crystal
lattice. At Alberta, Adler had looked at
a sandwich of aluminum oxide, superconducting indium, and aluminum.
(Phys. Rev. Lett. 10 217 1963)

In a Physical Review Letter, Adler and Chandra showed evidence for sharp
changes in the conductivity through sandwiches in which the superconducting layer was
pure lead, or lead alloyed with various concentrations of indium. Fig. 15-5 shows the
conductivity versus the energy difference (proportional to the applied voltage) across the
sandwich for four indium concentrations. Note how, at certain energies, the electrons
find it more difficult to pass through the sandwich. This indicates their increased interaction with the phonon population. “Effect of Alloying on the Phonon Spectrum of LeadIndium Alloys” (Phys. Rev. Lett. 16 53 1966)
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Adler continued this work with a more comprehensive survey of electron tunneling through other superconducting layers, mainly lead with varying concentrations of
bismuth, tellurium, or indium. The main import of these studies was to establish to what
extent the electron-phonon interaction could be elucidated in tunneling experiments.
“Electron and phonon effects in superconducting fcc lead-based alloys”, Phys. Lett. 24A
407 1967 and “System for observing small nonlinearities in tunnel junctions”, Rev. Sci.
Instr. 37 1049 1966. Adler left CWRU in 1968 to accept a position as associate professor
at the University of Alberta.
In 1969, Chandra wrote the first chapter of a book on superconductivity. (Superconductivity, editor R.D. Parks, published by Marcel Dekker, New York) Chandra’s 49page introduction to the subject provided a clear and comprehensive review of the early
experiments and theories leading up to the BCS theory. In the last chapter, Philip Anderson looked into the future, and in-between 29 other authors described how BCS had, in
the 12 years since it appeared, explained practically everything about superconductivity.
The two volumes were a classic in the field for many years.
Chandra’s research on electronic structure and tunneling provided excellent opportunities for his graduate students. In an experiment, similar to that done with Adler,
grad student Alan Geiger looked at a sandwich of
aluminum and lead separated by a thin layer of aluminum oxide. As the voltage across the interface was
varied, well-defined peaks in d2I/dV2 (sort of a derivative of the conductivity) were observed. Fig. 156. It was deduced that this structure is caused by the
excitation of vibrational states in impurities in the
aluminum oxide. Studies of this type are important to
the technologies based on such junctions. (“Inelastic
electron tunneling in Al-Al oxide-metal systems”
Phys. Rev. 188, 1130 1969.) Adler, then at Alberta,
was a co-author.
Three other students, Jerome Jackson, Brij Raj
Sood, and Ashok Gupta, investigated properties of
Fig. 15-6. Structure in
superconducting lead-indium alloys in similar exconductivity through thin
periments. The goal was to understand the effects of
aluminum oxide layer.
alloying on the phonon spectrum (essentially the vibrations of the lattice). Measurements were made for various concentrations of indium,
up to eight percent. The results showed again that the conductivity through the barrier
has interesting structure as a function of applied voltage and that this is related to excitations of impurities – in this case the indium. Similar measurements were made in other
materials, e.g. molybdenum and bismuth.
In a later project, Chandra returned to the subject of magnetostriction. With gradstudent Murray Finkelstein, he did DHVA measurements on a sample of tin in a very
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high (55 kilogauss) magnetic field. The goal was to determine the response of the Fermi
surface to the deformation of the lattice caused by magnetostriction. This was followed
by a long series of similar studies on other materials: Be, Bi, Cu, Pb, Te. Much of the
analysis was done on the department’s PDP-9 computer.
In 1971, Chandra co-authored with E. Fawcett of the University of Toronto an
extensive review of magnetostriction in metals and how it can be used to deduce the
Fermi surfaces of metals and semiconductors. Advances in Phys. 20 775 1971.
Research on superconductivity and other low temperature phenomena expanded
as Chandra was joined by two new experimentalists, David Farrell and Arnold Dahm.
His work with them will be described on the following pages.

David Farrell joins Chandra
In 1964, Chandra invited 25-year-old David E.
Farrell to join his research program as a post-doc. Farrell
had completed his doctorate at Imperial College London
that same year, working with J. G. Park and B. R. Coles.
His dissertation explored what was then a rather esoteric
(and neglected) aspect of superconductors, namely their
anisotropy. He did this indirectly, by measuring how the
transition temperature (Tc) of a particular set of dilute alloys depended on the average number of valence electrons
per atom.. “Effects of Electron Concentration and Mean
Free Path on the Superconducting Transition Temperatures of Zinc Alloys” Phys. Rev. Lett. 13 328 1964. Anisotropy has remained a central theme of Farrell’s research,
both because of its fundamental interest, and because its
understanding and control later turned out to be critical to
the realization of “high-Tc” superconductivity.

Fig. 15-7. David Farrell.

At WRU, Farrell was promoted to assistant professor in 1968. Fig. 15-7. At
CWRU, over the next four decades, he has pursued an extensive research program probing the issue of superconducting anisotropy and related issues. In addition, he has pioneered the use of superconductivity in medicine, including, in the late 1990’s, the use of
magnetic diagnostic devices based on the newly-discovered high-Tc superconductors.
Type II Superconductors
An aside on Type II superconductors: According to the now well-verified theory
of Nobelist (2003) Alexei Abrikosov, in the presence of a magnetic field the fields and
currents in Type II superconductors are fundamentally inhomogenous. The magnetic flux
is not distributed uniformly but rather is arranged in a lattice made up of bundles of
magnetic flux lines. Because electric currents circle the flux bundles, they are referred to
as “vortices.” As the field is increased, the density of vortices increases until they over-
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lap. This occurs at the “upper critical field, Hc2”. At this point, a phase transition occurs, the entire sample reverting to the normal state.

Fig. 15-8. Critical field vs.
field direction relative to
crystal axis.

Exploring the implications of Abrikosov’s theory,
Farrell and Chandra measured the value of the critical
field for niobium as a function of the angle between the
applied field and the crystallographic axes, focusing on its
anisotropy. How does Hc2 depend on the field direction
relative to the crystal’s axes? (Abrikosov’s theory in its
simplest form predicts that there should be no anisotropy.)
To determine Hc2, they placed the sample in an adjustable
magnetic field. Adjacent to the sample were two vibrating coils which measured its magnetization. The external
field was increased until the magnetic moment of the
crystal niobium disk vanished. A typical plot of critical
field versus direction of the applied field relative to the
lattice is shown in Fig. 15-8. They found that the value of
Hc2 changes by as much as 10% as the field direction is
changed, a fact that required “non-local” corrections to
the Abrikosov formalism. "Precision Measurement of
Anisotropy in the Upper Critical Field of Superconducting Niobium" (Phys. Rev. 176 562 1968).

Landau domains: moving islands of superconductivity
By the early seventies, Abrikosov’s flux lines had been observed directly in Type
II superconductors, and it was widely accepted that resistance in these technologically
important materials was due to the motion of flux lines. However, such motion had never
been directly observed. In 1972 Farrell turned his attention to the non-quantized flux inhomogeneities called “domains” that are realized in Type I superconductors. Compared
with the microscopic flux vortices which form in Type II materials, domains can be of
macroscopic (~1mm) size. Farrell asked if it might be possible to produce regular motion
and observe it directly.
When a magnetic field is applied to a thin sample of Type I superconducting material, the domains consist of regions in which the sample is either completely superconducting or completely normal. As the field is increased, the superconducting regions
shrink and the normal regions grow until the entire sample is normal. Generally, the domain structure is irregular, but, by exploiting geometrical anisotropy, a highly regular array of alternating superconducting and normal domains can be formed. Using a simple
point-contact resistance measurement, Farrell was able to show that, in the presence of an
electrical current, these macroscopic domains retain their size and shape and move with
constant speed across the sample, new domains being created at one edge and disappearing at the other. This work helped to establish the now-accepted physical picture in
which all resistance in superconductors is ascribed to the motion of flux inhomogeneities.
"Experimental Realization of Highly Regular Motion of the Landau Domain Structure"
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(Phys. Rev. Lett. 28 154 1972.) “Highly Regular Domain Motion in the Dynamic Intermediate State of Superconducting Tin” (Phys. Rev. B5 3523 1972).
Passing an electrical current along the sample is not the only way that flux inhomogeneities can be driven into continuous motion. Motion can also be produced by applying a temperature gradient. In the early seventies there were theories for this effect
but they lacked any experimental verification. Farrell provided this using the same detection method as he had used previously for electrically driven motion. The abstract of the
letter written with grad student, Ashok K. Gupta, summarizes the work: "Direct evidence
is presented for thermally induced flux motion in a superconductor. The method consists
of setting up the macroscopic Landau domain structure in a thin single crystal of tin and
imposing a temperature gradient along the sample. Motion is monitored with the Sharvin
point-contact technique, enabling one to deduce an experimental value for the actual velocity of this motion."

Fig. 15-9. Resistance between two fixed contacts vs. time as domains are driven
across the samples.
Fig. 15-10. Top: schematic of moving domains;
bottom: domain speed vs. temperature gradient.
In the experiment, a single crystal of very pure
tin 40 mm long was placed in a magnetic field directed at a small angle relative to the surface of the
crystal. This set up the Landau structure. A thermal
gradient of a few hundred mK across 1.5 cm was applied, and a fine copper wire fixed to the center of the
crystal monitored the contact resistance. The resistance rises and falls as regions of superconducting
and normal tin move down the crystal, driven by the
temperature gradient. Fig. 15-9 shows the signal produced in the single probe for various values of the
“driving” current and of the fraction of normal material (Cn). The top part of Fig. 15-10
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shows the experimental arrangement and the plot below it shows a clearly linear dependence of the velocity of the domains on the temperature gradient. "Thermally Induced Flux
Motion in Superconducting Tin" (Phys. Rev. B7 3037 1973.)
Farrell subsequently published three related papers on Landau domain structure.
“Landau domain structure. I. Theory” (Phys. Rev. B9 2894 1974.) “Landau domain
structure. II. Experiment”. (Phys. Rev. B9 2902 1974.) “Landau Domain Structure. III.
Normal Domain Broadening” (Phys. Rev. B11 4344 1975.) This work brought Farrell
international recognition and led to semester-long Visiting Professorships at both Oxford
and Cambridge as well as at the Institute for Physical Problems in Moscow. The latter has
been home for many leaders in condensed matter physics including Kapitza, Landau, and
Landau’s best-known student, Abrikosov.
During a stay at Argonne National Laboratory in Illinois, Farrell continued his
study of Landau magnetic domains in superconducting tin, using an optical method. In
this case, the domains were observed by reflecting light off a thin magneto-opticallyactive film which was in contact with the surface of the metal crystal. The sample was
maintained at 1.6 K. The plane of polarization of the light is rotated upon
reflection and the amount of rotation
depends on the degree of magnetization of the crystal just below the film.
When a magnetic field is applied, perpendicular to the face being observed,
Landau domains are produced. The
sizes of the domains depend on the
strength of the applied field and its angle relative to the normal to the surface. The rather remarkable photographs in Fig. 15-11 illustrate that one
can produce ever larger domains by
changing the strength (or angle) of the
Fig. 15-11. “Photographs” of magnetic doapplied field. "A New Type of Domain
mains showing how they grow as the applied
Structure in the Superconducting Infield is increased.
termediate State" Phys. Stat. Solidi 20
419 1973.
Defects in superconductors
Farrell and Chandrasekhar collaborated in the development of an anisotropyrelated idea to explain the lowering of Tc of certain superconducting materials produced
by the introduction of defects. From their abstract: “A simple explanation is suggested
for the recently discovered universal behavior of defected A-15 superconductors. Qualitatively and quantitatively, this behavior can be understood as being the direct result of an
extremely large anisotropy of the superconducting energy gap.” They showed that for a
variety of substances, the fractional decrease in the temperature at which superconductiv-
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ity occurs is a universal function of the density of defects. The defects were caused by
bombardment of the sample by 4He (alpha) particles. Fig. 15-12 shows the experimental
situation, where the change in Tc is plotted for four different materials as a function of the
amount of exposure to 2 MeV alpha particles. An intriguing comment is made at the end
of the paper to the effect that if intrinsic defects could be reduced, some materials might
be made to become superconducting at temperatures as high as 35 K, well above any Tc’s
known at the time. “Defect State in A-15 Superconductors” Phys. Rev. Lett. 38 788
1977.
During the same year, Farrell
and his colleague, John McGervey,
collaborated on a positron annihilation
experiment on one of these A-15 superconducting materials. Specifically,
they studied V3Si in an effort to examine further the consequences of defects. This experiment was described
in Chapter 14. A few years later,
Chandra and Farrell joined colleagues
at nearby NASA Lewis in studying
superconductivity in the same material.
This time the sample was exposed to a
Fig. 15-12. Fractional change in Tc vs.
beam of 35 MeV protons from the
density of defects for four materials.
NASA synchrotron.
Among the
NASA participants was Chandra’s
former student, Edward Haugland. As the amount of irradiation increases, defects are
produced, the resistivity goes up, and the critical temperature goes down. This type of
data helps in the determination of such parameters as the electron-phonon coupling and
band structure. “Superconductivity of proton-irradiated V3Si” Phys. Rev. B24 90 1981.
Superconductivity in medical diagnostics
In the late 1970’s, Farrell was approached by John W. Harris and Gary M. Brittenham of the Cleveland Metropolitan General Hospital. These physician researchers
were interested in the non-invasive determination of the iron content in the human liver.
Such information provides an important diagnostic tool in cases of systemic iron overload
caused by frequent transfusions or certain genetic abnormalities.
Iron in the body is predominantly stored in molecules which are paramagnetic.
Paramagnetic materials, when placed in an external magnetic field, become slightly magnetized in the same direction as the applied field. Normal livers are slightly diamagnetic,
that is, they become slightly magnetized in the direction opposite to the applied field.
The net induced field therefore is the sum of two comparable, but opposing, contributions, and the presence of an iron-overload can be deduced by comparison of the measured susceptibility with that of a normal liver.
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What was needed was a technique for the precise measurement of the induced
magnetism in actual patients. This is what Farrell and his group provided by developing a
novel way to measure the iron content in situ. Superconducting coils inside a liquid helium filled Dewar are located above the patient to provide a constant magnetic field. This
field causes a tiny magnetization of the paramagnetic molecules in the liver. The patient
is then moved away from the coils, taking his magnetic liver with him. The region formerly occupied by liver is then occupied by water. Fig. 15-13 shows how an expanding
water-filled bellows follows the torso as it is lowered. The resulting minute change in
magnetic field induces a current in a second set of superconducting coils in the Dewar.
The detector coil current is then monitored by a SQUID (Superconducting Quantum Interference Device). “Magnetic measurement of human iron stores” IEEE
Trans. Magnetics Mag. 16
818 1980. “Magnetic susceptibility measurements of
human iron stores”, New
Eng. J. Med. 307 1671
1982.
Fig. 15-13. Measuring iron content in the liver.
The feasibility of this “biological susceptometry” was clearly demonstrated by
systematic measurements on large numbers of patients with normal and abnormal iron
loading. Comparisons with biopsy measurements showed that the technique is reproducible and sensitive enough to provide clinically useful results. As explained in the next
section, Farrell and his engineering and medical colleagues are still improving and extending this powerful technique.
In 1982, Farrell hired a brilliant young engineer, Chris Allen, who had just completed his BS in biomedical engineering at Case. Allen began as a junior engineer in the
CWRU physics department, working at Metro General. He relocated to the main campus
in 1998. In a continuously funded series of NIH projects, Allen has been responsible for
developing the myriad array of technical procedures that are needed to transform sensitive low-temperature research instrumentation into useful clinical devices.
By the mid-1980’s a commercial version of Farrell’s SQUID-based superconducting magnetic susceptometer was in use at a number of diagnostic centers around the
world. However, its cost, and the need to use liquid helium, put the instrumentation beyond the reach of most clinicians. Then, in 1986, the superconductivity landscape would
change dramatically.
High-Tc superconductors – properties
At the 1987 March meeting of the APS in New York City, details of the discovery
of superconductivity in several exotic materials were reported. Transition temperatures
as high as 90K had been observed and confirmed. Almost overnight, a whole gamut of
new superconductivity applications became possible - in principle, at least. The meeting
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has been described as the “Woodstock of Physics”. As can be imagined, it changed the
research careers of many of its attendees, including Farrell’s and Chandra’s.
The new materials turned out to much more anisotropic than their low-Tc counterparts and it took nearly a decade to understand and control this property and to fabricate flexible conductors. Farrell, who had explored the effect of anisotropy in low-Tc
materials in his thesis work, was well positioned to contribute to these fundamental studies. One of the principle difficulties that faced researchers was that single crystals were
needed to study anisotropy, while growing a crystal greater than a few microns in size
was impossible. Within a few months, Farrell and Chandra, together with colleagues
from the CWRU engineering school and NASA, published a paper which gave a practical
solution to the problem. Tiny (2 to 10 micron) crystallites of yttrium barium copper oxide (nicknamed YBCO, or more precisely Y1Ba2Cu3O7-δ) were set in liquid epoxy which
was then cured in a strong magnetic field at room temperature. The field oriented the
crystallites so that, magnetically at least, the sample acted like one large single crystal.
This was a significant breakthrough and "Superconducting Properties of Aligned Crystalline Grains of Y1Ba2Cu3O7-δ" (Phys. Rev. B36 4025 1987) became Farrell’s mostreferenced paper.
This work initiated a decade of basic research into “high-Tc” superconductors by
Farrell and his co-workers at NASA-Lewis, Ames Laboratory (University of Iowa), and
the University of Illinois. They looked at anisotropies in several high-Tc materials: e.g.
copper oxides containing yttrium or lanthanum or thallium (referred to generically as
“cuprates”). Using epoxy embedding and SQUID technology, they measured “hysteresis
curves”, i.e. the tendency of the samples to retain their magnetism. This was done as a
function of temperature and orientation of the applied field relative to the crystal planes.
“Critical current anisotropy in high-Tc superconductors”. Phys. Rev. B39 718 1989.
Farrell’s most important contribution to the investigation of superconducting anisotropy was to devise an accurate method for measuring it. The technique, known as
“torque magnetometry”, involves suspending the sample by a thin tungsten fiber and using a null technique to measure the torque it experiences in a uniform field. (A small coil
near the top of the torsion apparatus provided counter torque so that the angular displacement of the fiber was zero at all times.) In a typical experiment, the torque on a single crystal of YBCO (50 x 50 x 250 microns) was measured as a function of the angle θ
between the applied one-Tesla field and the normal to the planes of the crystal. If the material had no anisotropy, the peak of the torque curve would occur at θ=45 degrees. With
increasing anisotropy, the peak moves to higher angles and the anisotropy itself can be
deduced directly from the position of the peak and appropriate theory. Farrell made a
systematic study of several high-Tc materials, some of which had torque curves that
peaked within a few tenths of a degree of 90 degrees! These measurements provided a
sound fundamental basis for understanding anisotropy and its impact on a wide range of
properties in the superconducting state. “Torque magnetometry: A new probe of dimensionality in high-Tc superconductors” Phil. Mag. B65 1373 1992.
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Throughout this period, a succession of undergraduate physics majors enjoyed the
opportunity to become involved in “real” physics research in Farrell’s lab. The students
were full partners in the work on anisotropy in high-Tc superconductors and were coauthors on many of the papers published by the group.
High-Tc Superconductors to the rescue
By the end of the 1990’s, control of the anisotropy of high-Tc materials had advanced to the point that it was finally possible to produce flexible lengths of high-Tc conductors that carried significant electrical currents at liquid nitrogen temperatures (80 K).
Consequently, the magnetic susceptibility measurements described above can be done
without cooling the coils all the way down to the 4K liquid helium temperature. The
principle goal of Farrell’s research since 2000 has been to bring magnetic susceptometry
into regular clinical practice by exploiting the new materials. His team was awarded a 5year NIH contract to design and build a high-Tc instrument that would be an order of
magnitude less expensive, simpler to use, and more accurate than the early low-Tc device.
In 2004 final technical tests were conducted prior to the installation of the instrument at
Columbia University for clinical tests.
David Farrell points out that there are other exciting prospects for high-Tc based
susceptometry in medicine, beyond the detection of iron in the liver. Because most biological tissue is diamagnetic with susceptibility proportional to its density, the technique
may eventually be suitable for the non-invasive detection of a variety of abnormalities.
The “basic” research undertaken by Chandra and Farrell to understand the fundamentals
of superconductivity, whether of the low-Tc or the high-Tc variety, has been essential to
the exploitation of these materials in a wide range of technologies.

Dahm: cold helium
A new member of the "low temperature" research group joined the CWRU department in 1968.
Thirty-six year old Arnold J. Dahm (Fig. 15-14) had
completed his doctorate at the University of Minnesota
three years earlier. His thesis title was “Effective Mass
of Ions in Liquid Helium II”; it was completed under
advisor Michael T. Sanders. Dahm spent two years as a
post-doc with Donald Langenberg at the University of
Pennsylvania, where he worked on the Josephson effect.
(This concerns the passage of current across an insulating gap between two superconductors. It is the basis
Fig. 15-14. Arnold Dahm.
for modern techniques which allow the precise determination of magnetic fields.) “Study of the Josephson
Plasma Resonance” Phys. Rev. Lett. 20 859 1968. “Linewidth of the Radiation Emitted
by a Josephson Junction” Phys. Rev. Lett. 22 1416 1969.
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Solid helium
Dahm has told me that he chose to join the newly formed CWRU department because of the opportunity to work with Chandrasekhar. He began with the measurement
of the electrical properties of solid helium. 4He solidifies only at pressures above 25 atmospheres. Dahm was interested in how electric charge is transported in a uniform crystal of solid helium. The experiment was quite straightforward in concept but technically
sophisticated. Crystals of helium were grown in a gap (from one to a few millimeters
across) between two electrodes, and the current
across the diode was measured as a function of the
applied voltage. A radioactive source of electrons
produces both positive and negative “ions” which
travel through the crystal to the oppositely charged
electrode. Measurements were made at temperatures
from just below the melting point, around 2.5 K down
to 1.1 K, and with voltages up to 2000 V. It was
found that the current depends linearly on the square
of the applied voltage. The mobilities (μ) of the
charge carriers were then determined from the slope
of the I1/2 versus V plots. (μ = a constant times I/V2
where the constant contains only the electrode separation and area.) The measured mobilities, μ, shown in
Fig. 15-15 as a function of T-1 rise precipitously as
the melting point is approached. The goal of the
measurement was to identify these charge carriers.
The negative ions were found to have mobilities 2 or
3 orders of magnitude greater than those for positive
Fig. 15-15. Mobilities of ions ions. "Ionic Mobilities in Solid Helium" Phys. Rev.
moving in solid helium vs.
Lett. 28 1244 1972.
reciprocal temperature.
Dahm reported on the results of this work in a
paper given a few years later in Ukraine. The introduction to that paper describes the lattice of solid helium and the motion of ions through it. These are not the chemist’s
“charged-atom” ions. The negative ions are electrons in a void and the positive ions are
regions of enhanced density surrounding a hole (i.e. a missing electron). From the paper:
"Helium crystals differ from most other crystals in that the atoms execute large oscillations about their equilibrium positions. This large rms displacement, which is as large as
one-fourth of the lattice spacing .... is a direct result of the weakness of the attractive interaction between helium atoms and of the small atomic mass." This situation results in a
high rate of atomic exchange and of vacancy hopping. It was hoped that the properties of
this rather unique material could shed some light on charge transport in more complex
solids. "Ion Motion in Solid Helium" Fisika Nizkik Temperatur (Ukr. Acad. of Sci.) 1
593 1975. The transport of charge in a variety of materials and by an assortment of carriers has remained at the center of Dahm’s research for many years.
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Dahm, Chandra and liquid helium
Dahm then joined Chandrasekhar in a study of superfluid helium. Helium atoms
at low temperatures behave similarly to the electrons in a superconductor in that they also
undergo Bose condensation. They all crowd into the lowest energy level, and are described by a single wave function. Both phenomena display macroscopic quantum effects. Just as superconducting domains grow with decreasing magnetic field, the superfluid fraction in a sample of liquid helium grows with decreasing temperature. Just as the
Cooper electron pairs flow without resistance through the crystal lattice, the zero-spin
helium atoms flow through the tiniest orifices without viscosity.
The helium superfluid ground state can have excitations in the form of quantized
vortices in the liquid. They are analogous to the angular momentum states in the Bohr
atom. They can be produced by the introduction of energy into the system. Chandra had
worked on helium superfluidity at Oxford and had published work on the production of
vortices by acoustic transducers. In the work done with Dahm, the vortex rings were
produced by accelerating ions from a radioactive source across a fixed voltage within the
fluid. The radius of each resulting charged
vortex ring is proportional to its energy, and
thus to the accelerating voltage. The vortices
pass through the accelerating grid, travel
through the remaining liquid, and impinge on
an orifice connecting the helium chamber with
a second chamber. A schematic of the arrangement is shown in Fig. 15-16. The level
of helium in the second chamber is observed to
rise an amount proportional to the rate at
which the vortex rings arrive at and overlap
the orifice.
A simple model predicts that the level
increase per vortex current (for example, microns per pico-amp) should rise quadratically
with the accelerating voltage. (More precisely,
the theory states that the phase of the superfluid helium’s wavefunction is related to the
chemical potential of the bath. When a vortex
ring overlaps an orifice connecting two differFig. 15-16. Apparatus to measure
ent baths, the relative phase between the two
flow of charged vortex rings
baths changes, along with the chemical potential, and a difference in height is established.)
in liquid helium.
The experimental data agree qualitatively with
the model, especially in that the onset of the level-rise occurs when the vortex ring radius
gets to be half the orifice radius, as predicted. "Vortex-ring-Generated Level Differences
in Liquid Helium" Phys. Rev. Lett. 31 873 1973.
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Electrons, ions, vortices, voids and bizarre molecules in liquid helium
Dahm joined colleague Jonathan Reichert to look at electrons trapped in voids
in liquid helium. They injected electrons into the liquid by field-emission from iron or
tungsten tips. A sketch of the setup is shown in Fig. 15-17. The sample was placed in a
resonant cavity and subjected to electromagnetic radiation at 13.56 GHz in the presence
of a magnetic field. (Reichert had been working in electron spin resonance to study electrons in crystals. Chapter 14.) The field was swept through resonance, that is, through
the value at which the difference between the energy of a spin-up electron and a spin-down electron
matched the energy of the 13.56
GHz radiation. The observed absorption of power signaled the flipping of the electron spin. "Observation of Electron Spin Resonance of
Negative Ions in Liquid Helium"
Phys. Rev. Lett. 32 271 1974.
The continuation of this work
was published three years later. By
this time, co-author Reichert had
moved on to SUNY at Buffalo. The
Fig. 15-17. Experiment to observe electron spin
authors describe the unique system
resonance of ions in liquid helium.
of an electron trapped inside a void
in liquid helium: “It is now well established that such electrons form a stable microscopically large configuration consisting of a single electron trapped inside a spherical
void in the liquid of about 17 Å radius.” “In this paper, we shall present the results of an
extensive study of this unique system. The negative ion in helium is one of the simplest
bound electronic systems in nature, possibly the simplest. That is, of all bound electronic
configurations in condensed matter, the electron in the helium void would be expected to
have the weakest interactions with its surroundings.
The measured magneticresonance parameters can be used to verify
this theoretical expectation. This paper
reports the measurements of the linewidth,
the electron g-value, and signal intensity as
a function of pressure and temperature.”

Fig. 15-18. Electric field required to pull
charged droplets out of liquid
helium surface.

The measured g-value was the
same, within errors, as that of the free
electron, indicating the weakness of the
coupling of these electrons with their environment. (The g-value relates the magnetic moment of the electron with its spin,
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and the energy needed to flip the spin is proportional to the magnetic moment.) “Study
of the electron spin resonance of negative ions field emitted into liquid helium” Phys.
Rev. B15 2630 1977.
In an experiment related to the measurement of the mobility of ions through liquid
and solid helium, Dahm investigated how charge can be pulled through the surface of a
liquid into the vapor above. As in the earlier experiments, ions are produced in the liquid
by a radioactive source and collected by the plates of a diode, but in this case, one plate
lies parallel to and above the surface, the other lies within the liquid. The main experimental result was that the onset of the flow of charged droplets occurred at a critical applied electric field, Ec = (12.3 ± 0.8) (Δρ σ)0.28±0.03 kilovolts per centimeter, where Δρ is
the difference in density between liquid and gas and σ is the surface tension. A theoretical derivation of this result is presented. Fig. 15-18. When the electric field was configured so as to concentrate the charge in a limited area on the surface, it was found that a
portion of the surface would be pulled upward by the field so that bursts of charged droplets would escape; the surface would then fall back to its original level. The resulting oscillatory signal is shown in Fig. 15-19. Similar results were found with both liquid helium and nitrogen. This implies that the underlying physics was classical mechanics, and
not quantum physics, i.e. it has nothing to do with superfluidity. "Extraction of Charged
Droplets from Charged Surfaces of Liquid Dielectrics" J. Low Temp. Phys. 23 477 1975.
Dahm continued the study of ion mobility in liquid helium by looking at the way
that these ions interact with the quantized vortices which can form in a mixture of 3He
and 4He. In a theoretical paper, he and post-doc
Whittack Huang proposed a model for the way in
which positive and negative ions travel along vortex lines in rotating liquid helium. “In this paper
we calculate the 3He atomic scattering contribution to the positive-ion drag and discuss the qualitative difference of this contribution to the drag on
the negative ion.” “Mobilities of Ions Trapped
on Vortex Lines in Dilute 3He-4He Solutions”
Fig. 15-19. Bouncing of liquid
Phys. Rev. Lett. 36 1466 1976.
helium surface as bursts of
droplets are extracted.
and neutral currents
Apparently, electrons and positive ions are not the only things which can flow
through liquid helium. When an alpha source is submerged in liquid helium, or when a
high-voltage tungsten-tip is placed in the liquid, some sort of uncharged entities are
formed which then move slowly through the liquid. “These excitations, which were
shown not to be photons, traveled in straight lines for distances of the order of 1 cm at
temperatures below 0.45 K, did not respond to electric fields of the order of 105 V/cm,
and produced He2+ ions and electrons at the free liquid surface.” The experimenters
measured the delay, (typically 1 or 2 seconds), between the excitation of the tungsten-tip
and the appearance of ions at the surface. They conclude, “Our data suggest that the neutral excitations observed in this experiment are injected into the liquid and drift with the
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local fluid velocity to the detector, and that the fluid is driven by the electric force acting
on the ionic charges.” “We conclude that the neutral excitations are metastable a3Σμ+ helium molecules.” (Dahm tells me that this is a molecule made of one helium atom in the
ground state and another with one electron in an excited state.) “A Study of the Neutral
Excitation Current in Liquid 4He Above 1 K” J. Low Temp. Phys. 36 47 1979.
Dahm was the recipient of two Fulbright grants, one to work at the University of
Sussex in 1977-78 and a second, at the University of Mainz in 1983-84. These two sabbatical leaves allowed him to explore new areas of low temperature research which he
would subsequently pursue in his lab at CWRU.
Positrons in liquid helium
As both Farrell and Chandra had done earlier, Dahm worked with John
McGervey (Chapter 14) to learn more about voids and bubbles in solid and liquid helium. With grad student James Smith, they would apply McGervey’s positron annihilation technique to helium. “We undertook this work to gain a better understanding of the
overlap of the positronium wave function with the liquid, the pickoff rate in the liquid,
and the bubble model as applied to positronium.” If the presence of a positronium atom
repels the liquid surrounding it, forming a
void or a bubble, the probability that the
positron will “pick off” an electron in the
liquid will be lessened and the survival
time of the positronium will be increased.
The use of positrons to sample the electron
distribution in matter is discussed in Chapter 14 in the section on McGervey’s research.
Positrons from the decay of a radioactive 22Na source were introduced into
the helium. As described above in the section on Ben Green's work with positrons,
Fig. 15-20. Positron annihilation rate
this nucleus decays by emitting a positron
as function of helium gas pressure.
followed within a few nanoseconds by a γ.
The time between the detection of this γ
and those from the positron annihilation gives the desired lifetime. The counters could
detect only the slow (10-7 s) ortho-positronium decay, the one in which three γ’s are produced in the annihilation. The measured annihilation rates in gaseous helium (i.e. the
reciprocals of the mean life), are shown in Fig. 15-20 as a function of the pressure. The
decay rate for the positronium increases linearly as the pressure rises, as expected, but at
high pressures (and high densities) it flattens out. The authors are not sure why this happens, but they suggest that at high densities, bubbles might form and the positrons might
take refuge in them, away from the electrons. “Orthopositronium decay in gaseous, liquid and solid helium” Phys. Rev. B15 1378 1977.
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Ions moving in solid helium
Dahm continued his work on the motion of ions through solid helium. This bizarre material which exists only at very high pressures has a density only about one fifth
that of water and is remarkably compressible. In this experiment, with grad student
Shing-choy Lau, the mobilities of both positive and negative ions were measured in hexagonal close packed (hcp) crystals. It was found, not surprisingly, that the mobility depended on the direction, relative to the lattice axes, in which the ions are pushed through
the crystal by the applied electric field. Some of the measurements were made in samples
which had been strained by melting and re-solidifying small portions of the crystal.
These crystals were found to permit the flow of positive ions in periodic bursts, an effect
thought to be associated with “the simultaneous release of charges from many traps ...
with a recharging of the traps as the current decays to steady state.” “Motion of charged
low-angle grain boundaries in solid helium” Phys. Rev. B23 1139 1981.
Why would anyone be interested in the motion of electric charge, by whatever
means, through a crystal structure? For starters, the whole science of semi-conductors
and their applications to electronics depends on just that. In a conductor, every atom
contributes one or more electrons which are free to jump from atom to atom with only the
slightest encouragement. In a semi-conductor, the electrons need a significant energy
boost to get away from their atom. This can come from thermal agitation or from a rearrangement of the energy levels caused by impurities or lattice defects. The simplicity of
the solid helium crystal makes it an interesting “laboratory” for the study of charge
transport.
Sheets of electrons
In a departure from the study of what happens to ions in bulk liquid or solid helium, Dahm discovered that some very interesting physics can take place on the twodimensional surface of liquid helium. When electrons are placed on the liquid helium
surface and held in place by suitable electric fields, they arrange themselves to form a
two-dimensional crystal, called a Wigner lattice. It is fascinating to imagine this regular
array of free electrons – all pushing on one another, but at the same time being held in
place by their attraction to the underlying helium surface. The system is attractive experimentally because it is
relatively easy to prepare and manipulate and theoretically because of its
“simple interparticle interactions”.
Dahm became interested in this system
of electrons and looked into experiments in which phonons could be used
as probes of its properties. Electrons
on the surface of liquid helium would
Fig. 15-21. Schematic of cell for the
be
central to Dahm’s research for the
measurement of the motion of an electron
next
two decades.
crystal on liquid helium surface.
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In one set of experiments, Dahm investigated the mobility of the electron crystal
as it moves across the liquid helium surface as a function of temperature. It was found
that quantized surface waves on the helium, called “ripplons”, affect the flow. The
higher the temperature, the more ripplons and the lower the mobility of the crystal. A
schematic of the experimental cell is shown in Fig. 15-21. The electrodes (roughly a
square inch each) are separated by a gap of 2 mm. The electron layer lies between the
upper and lower electrodes. An ac signal on B1 disturbs the electrons and that disturbance shows up later at B3. The time lag provides a measure of the mobility. The temperature was varied from 50 to 500 mK. The data showed that the mobility dropped by a
factor of five by about 300 mK, but it then increased slowly as the crystal’s melting temperature was approached. Then, just at the melting point, there is a sudden drop in mobility (or conversely a bump in the lattice-ripplon scattering). Dahm, along with post-doc B.
M. Guenin and grad-student, Ravi Mehrotra, analyzed this behavior near the melting
point and whether it may elucidate just how the lattice melts. “Ripplon-limited mobility
of a two-dimensional crystal of electrons; Experiment” Phys. Rev. Lett. 48 641 1982. A
later paper reported that the mobility measurements and the dependence of the power absorbed on the temperature and on the driving frequency support the theory of “dislocation-mediated melting”. “Evidence in support of dislocation-mediated melting of a twodimensional electron lattice” Phys. Rev. Lett. 51 1461 1983.
Experiments of this type were continued for several years, and more detailed
measurements were made. These included the determination of the effect of the “holding
field”, i.e. the electric field which was used to hold the electron crystal on the helium surface. This field can create a dimple in the helium surface under each electron, and this
dimple can contribute to the “effective mass” of the electron. When the new measurements were taken into consideration, Dahm and grad student Mark Stan concluded that
their earlier melting model is insufficient. They proposed that the observed behavior at
the melting point may be associated with the existence of a new phase, called hexatic,
which may exist between the 2D solid and liquid phases. As the temperature is raised,
the sheet of electrons passes through this phase which is characterized by increasing “local disorder” until the random “fluid” phase is reached. “Two dimensional melting: electrons on helium”. Phys. Rev. B40 8995 1989. This intermediate phase would be later observed in a very different 2D system to be described a bit later.
With grad-student Hong Wen Jiang, Dahm looked at the conduction properties of
a two-dimensional array of electrons on a helium film supported by a dielectric (glass)
substrate. The substrate imperfections pin the lattice and limit the flow. When an alternating voltage was applied to metal electrodes in contact with the electron layer, the electron flow was measured as a function of temperature. As the temperature is raised, there
is enough thermal energy to unpin the lattice and the resistance drops very quickly at the
“melting point”. Again, the two-dimensional system serves as a useful analog to the
more complicated 3D melting in which a similar behavior had been observed. “Conduction properties of a new two-dimensional sliding charge-density wave” Phys. Rev. Lett.
62 1396 1989.
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To better understand melting in two dimensions, Dahm and grad student Robert
Kusner joined J. A. Mann of the chemical engineering faculty in a study of an analogous,
but macroscopic, system. A 2-dimensional array of 1.6 micron polystyrene spheres was
placed between two glass plates separated by about 2.4 microns. When subjected to a
high frequency electric field, a dipole electric moment is induced on the spheres so that
they interact with one another via a 1/r3 dipole potential. Their motion was tracked by a
microscopic optical system which recorded the collapse of the lattice as the density of
spheres was reduced (through controlled leakage). This effectively increased the average
separation, r, thus reducing the strength of the dipole interaction. The system behaved
similarly to the 2D electron layer discussed above, passing through an intermediate hexatic phase. “Two-stage melting of a two-dimensional crystal with dipole interactions”
Phys. Rev. Lett. 73 3113 1994. Phys. Rev. B51 5746 1995.
The study of the motion of electrons in two dimensions was subsequently extended to a series of experiments in which the electrons move through a very thin layer of
specially doped material sandwiched between two forms of gallium arsenide semiconductor electrodes (GaAs and Al0.3Ga0.7As). Two-dimensional layers of electrons like
this are referred to as an electron gas. Understanding how the electrons move in this
situation is key to understanding ultra-small semi-conductor devices in which quantum
effects prevail. Measurements were made of the ease with which the electrons moved
(more precisely the conductivity) as a function of temperature, electron density, and applied magnetic field. The results could be interpreted in terms of a model involving two
regimes of “electron hopping”: short hops and long hops. ”Screening of the Coulomb
interaction in two-dimensional variable range hopping”. Phys. Rev. B56 1161 1997. This
work was done with grad student Xue Long Hu, postdoc F. W. van Keuls and Dahm’s
former student Hong Wen Jiang. Over the course of the following six years, Dahm was
joined in a study of the behavior of electrons on a helium surface by a new member of the
department, theorist Harsh Mathur, and Mathur’s student, Damir Herman. We’ll describe
this work briefly in Chapter 17.
Electrons to store information
Dahm’s work on two-dimensional layers of electrons above liquid helium may
very well turn out to be the key to the next generation of computers. Information can be
stored as the usual bits of 0’s and 1’s by manipulating the energies of the individual electrons. For several years now, Dahm has been studying the possibilities that an electron,
trapped in an electric potential well above the surface of liquid He, can be placed into either of two energy levels. These two quantum states (qubits) then may represent 0 and 1
respectively. If the qubits survive for a time long enough to be manipulated similarly to
the magnetic bits in an electronic computer, they may provide the basis for a super-fast
quantum computer. The plan is to place individual electrons, only microns apart, onto a
helium surface. Tiny electrodes below the helium hold the electrons in place laterally
and voltages applied to the electrodes set the electron energy levels. The electrons will
be in either the ground state for this potential (representing a 0) or the first excited state
(representing a 1). The configuration of electronic states can be prepared by application
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of bursts of microwave energy and can be read out by detecting electrons in the excited
state which are liberated by applying an appropriate electric field.
The thing that makes a quantum computer so extraordinarily powerful is that a
whole collection of qubits can team up in a single wave function. It is possible to “prepare” a system of qubits as an admixture of different quantum states. (The wave function
of this so-called “quantum entanglement” cannot be written as a simple product of wave
functions for the separate qubits, and therefore convolutes the states of all the electrons.)
When this happens, the qubits can be manipulated in parallel, rather than one at a time.
The theory is rather complicated, but the power of the technique can be illustrated by an
example: A search program which looks for a particular item hidden among 1000 different items requires, on the average, 1000/2 or 500 operations on a PC, but only the square
root of 1000, about 32 operations, on a quantum computer. There are other equally astounding examples.
Arnold Dahm was appointed “Institute Professor of Physics” in 2000. This prestigious title, awarded in recognition of his pioneering work in cutting-edge basic research,
has been held by only two other members of the department: Leslie Foldy and Robert
Brown. While Dahm chose to move to emeritus status in 2001, his research on electron
qubits, amply funded by a grant from the National Science Foundation continues at full
speed.
Chandra
Through the 1970’s and 1980’s, Chandrasekhar participated in a wide range of
low temperature physics experiments, including magnetostriction, barrier penetration,
superconductivity in Type II and high Tc materials, and liquid helium vortices. Most of
this work was done with Farrell or Dahm. He joined colleagues at the University of Illinois in a series of Raman scattering experiments related to phonon density of states and
others at the Meissner Institute in Germany on some exotic superconducting materials.
Between 1972 and 1976 he was the Dean of the Western Reserve College part of CWRU.
After several extended stays at the Meissner (near Munich), Chandra decided to leave
CWRU in 1987 and remain in Germany where he would write and reflect.

