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CHAPTER I
INTRODUCTION

In this thesis, the point-contact tunncling rcsults on high-
temperature supcrconductors (HTS) arc reportcd. In order to better
undcrstand superconductivity and the role tunneling measurcments
play, a bricf history of convcntional superccnductors is prescnted.
followed by rccent developments of HTS. Then we focus on
tunncling measurcments and try to provide thc background

information and put the work in this thesis into perspective.
1.1. Conventional Superconductors

It was the interests of many scicntists to study what would
happen to the resistivity of purc mectals as the temperature
approached absolutc zcro. In thc pursuit of reaching this low
temperature limit, Professor H. Kamerlingh Onncs was the first to
liquify hclium.  Threce years later in 1911, he observed that the
clectrical resistivity of mercury suddenly vanished (Onnes, 1911) as
it was cooled down to 4.2 K. The phenomenon, called
supcrconductivity, was obscrved for many other metals and alloys
when the specimen is cooled to a sufficiently low temperature, often
a tcmperaturec in the liquid helium range. At a critical temperature
T¢ the spccimen undergoes a sccond order phase transition from a

statc of normal clectrical resistivity to a supcrconducting stalc.

What happens in a superconductor is that clcctrons form
Coopcer pairs.  All Cooper pairs in a superconductor move coherently,

as onc singlc particle. Disturbance of onc pair would affcct many



morc clectron pairs (located within the Ginzburg-Landau coherence
length) and the largest number of allowed scattering cvents is
obtaincd by pairing clectrons with cqual and oppositc momenta.
Thus, the total momentum will be conserved and it scems any pair
can travel without hindrance. This fact gives risc to
supcrconductivity. Thc pairing mechanism can be described by a
successful quantum thecory of supecrconductivity -- thc BCS thcory
(Bardeen et al., 1957) given by Bardccn, Cooper, and Schricffer in
1957. The phonon induccd attraction proceeds when onc clectron
interacts with the lattice and dcforms it; a sccond eclectron sccs the
deformed lattice and adjusts itself to take advantage of the
dcformation to lower its cnergy. Thus, the sccond clectron interacts
with the first electron via the lattice deformation. This attractive
intcraction between clectrons lcads to a ground state separated from
cxcited states by an energy gap. The critical ficld, thc thcrmal
propertics, and most of the clectromagnetic propertics arc

conscqucnces of the cnergy gap (Kittel, 1986).

The carly cxperiments of Giacver and Mecegerle (1961) showced
that the tunncling tcchnique provides a dircct mcasurc of thc cnergy
gap and thc quasiparticic density of statcs (DOS). This work gave
strong cxpcrimental confirmation to thc BCS thcory. However, it was
not until the tunneling experiments of McMillan and Rowell (1969)
on Pb that tunncling was cstablishcd as a quantitative spcctroscopic
tool. They presented a method of inverting tunncling data to obtain
thc cncrgy dcpendent gap paramcter A(E). which is the strong-

coupling analog of thec BCS gap. Morc importantly, thcy were able to



dctermine the clectron-phonon coupling strength A and the screencd
Coulomb pscudopotential p* in mectals. The prediction of the
transition temperature, T¢, for Pb within cxperimental error gave
strong support to both the wvalidity of the method and to the

Eliashberg (1960a) strong-coupling theory of superconductivity.
1.2. High-Temperature Superconductors

A ncw cra in the ficld of superconductivity started with the
discovery of HTS. The first HTS, Laz.xBaxCuOg4, was discovercd by
Bednorz and Miiller (1986) in the scarch of a material with metallic-
like conductance propcrtics but with the highest possible clectron-
phonon coupling. According to the BCS thcory, a stronger clectron-
phonon interaction would promotc a larger encrgy gap and thcrcby a
higher T¢. Therc are now quitc a number of ceramic compounds that
arc supcrconducting above the tecmperature of liquid nitrogen (77 K).
The rccord high T¢ of 135 K holds for HgBapCayCu3Og4s (Huang erf al.,
1993).  Further cnhanccments of T¢ up to 150 K are reported in an

applicd prcssurc of 150 kbar for this matcrial (Chu et al., 1993).

Before the discovery of HTS, onc pairing mcchanism, phonon-
induced attraction, could cxplain almost all of the supcrconducting
matcrials.  Now various mechanisms including phonons, plasmons,
cxcitons, thc rcsonating valence bond (RVB), correlated charge
fluctuations (cxchange of charged bosons), interband pairing, ctc., arc

suggested to cxplain just a few high T supcrconductors. Yct nonc of

them is accepted gencrally (Ginsberg, 1994). Ncew and more accurate



cxperimental mcasurements arc nceded to decide on the validity of

the various proposed modecls.
1.3. Tunneling Measurements

Tunneling mcasurement is one of thc most important
tecchniques in obtaining thc fundamental physical properties of
supcrconductors such as the gap paramecter A and DOS. Dircct
information about novel mechanisms and pairing in HTS can bc
rcvealed by measuring thc magnitudec of A, anisotropy of A,
temperaturc and magncetic ficld dependence of A, and DOS. The
Eliashberg function a2F(w) can also bc obtained through the inversion
of tunncling data and comparcd with thc phonon density of states
F(w) obtaincd from ncutron scattering cxperiments. Here a2(w) is a
mcasurc of thc coupling strength of clcctrons to phonons of cnergy
Rw. Thus, tunncling spectroscopy provides a direct mcasurc of the
strength of the clectron-phonon interaction and gives insight into the
pairing mcchanism of HTS. In the cvent that pairing in HTS is
mcdiatcd by somc other boson, c.g., spin fluctuations, then a morc
general spectral function must be considered. If an Eliashberg type
of modcl applics, then it is assumcd that tunncling spcctroscopy will
still provide a?F(w), but that F(w) is now a general boson density of

statcs.

Point-contact tuiincling studics on HTS arc prescnted in this
thesis.  This work is part of the collaborative effort of many pcople.
A number of questions nced to be addressed. Why do we usc the

point-contact tunncling as opposcd to other tunncling methods?



Docs it have thc samc sensitivity as found in thin-film tunncling
spcctroscopy? What arc our objectives when studying the HTS? In
order to answer these questions, a bricf review of what has been
donc previously is given herc, followed by qucstions we would like

to address in this thesis.

The first gencration of our tunncling apparatus is a vanation of
the vacuum-tunncling devices in common usc for scanning tunneling
microscopy. It was designed and built by M. E. Hawley and K. E. Gray
to study organic superconductors and a dctailed description is given
(Hawley er al., 1986). An clectrochemically polishcd Au tip is moved
along a direction perpendicular to the samplc surfacc by the
combined action of a differential micromcter and a stack of
piczoclectric crystals. The cxponcntial dependence of the current on
the tip movement dcmonstrated vacuum tunncling on chemically
inert samples of Au with a Au tip. Spectrum analysis of such
junctions indicated that vibrations could be virtually climinated by
usc of a sandbox mounted on an air-suspension system. As thc first
test for thc system, single crystals of ErRhyBg4 were studied in
vacuum tunncling modc and cnergy gap mcasurcments showed the
cxpected superconducting gap of 1.15 mcV at = 2 K. This apparatus
was also uscd successfully to provide the first dircct mcasurcment of
a supcrconducting cnergy gap in an organic supcrconductor (Hawlcy
et al., 1986) and into thc HTS Laj §58rg.15Cu04.y (Hawlcy et al.. 1987).
For samples cxhibiting an insulating surface layer, howecver, the
surfacc layer rcsistance can casily cxceed the presct shut off

tunncling resistance of 5 MQ, preventing the tip from stopping






