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Since the historical discovery of the La-Ba-Cu-0 superconductor by Bednorz and Muller 
[1] in 1986, due to the great potential for applications, a great number of scientists have 
been working in this exciting field. Several thousand research articles have been pub
lished in a variety of journals. The tidal wave of research into the newly found phenom
ena took off in several directions. The theorists began to examine the BCS theory and 
its implications, and almost everyone was synthesizing materials. The experimentalists 
were studying relations among electrical and magnetic properties while the pure materi
als scientists began to examine the microstructures, and the dependences of one or two 
measurable quantities on the processing procedures. The engineering and system commu
nity were preparing real conductors and designing the needed components. Each of the 
communities was holding between two and three annual meetings to discuss most recent 
results. 

Since the early days of 1987,1 have been engaged in this stimulating field. My research 
in this dissertation involves two subjects: The subject in the Supplement is a study about 
the preparation and magnetic properties of Pb-doped Bi-Sr-Ca-Cu-0 and Sb-doped Bi-Pb-
Sr-Ca-Cu-0 superconductors (P.7 and P.8). The main subject relates to the theoretical 
and experimental investigations of the interaction between a permanent magnet and a 
HTSC. This involves several topics, such as vibrations of a superconducting bearing system 
(P. l ) , the forces on a small magnet above a big HTSC disk (P.2 and P.3), the potential 
and force of a magnet-HTSC system (P.4 and P.5), and transport current effect on the 
collective motion of flux lines (P.6). 

In the following sections I am going briefly to state the physical background of these 
investigations and to summarize the results we have obtained. 

1 Introductory Remarks 
Superconductivity was first discovered by Kammerlingh Onnes [2] in Leiden in 1911, who 
observed that the resistance of mercury disappeared to zero at and below a critical tran
sition temperature T c = 4.2K. A perfect diamagnetic property is the so-called Meissner 
effect, discovered by Meissner and Ochsenfeld [3] in 1933, when they observed that a 
superconductor in a weak magnetic field completely expels the field from the interior of 
the material. They also discovered that superconductivity can be destroyed at a critical 
magnetic field. This effect is a fundamental property of superconductivity and shows a 
great difference between a perfect conductor and a superconductor. 

The critical magnetic field can be thermodynamically related to the free energy differ
ence between normal and superconducting states in zero field, the so-called condensation 
energy of the superconducting state. Therefore, thermodynamics has been used to de
scribe the superconducting transition [4]. In 1935, the London brothers [5] proposed two 
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equations that phenomenologically describe perfect conductivity and diamagnetic proper
ties of superconducting phase in weak fields. Moreover, in 1950 Ginzburg and Landau [6] 
introduced a complex pseudowave function as an order parameter for the superconduct
ing electrons, in the so-called Giuzburg-Landau second-order phase transition theory (GL 
theory). A microscopic theory of superconductivity was formulated in 1957 by Bardeen, 
Cooper and Schrieffer [7]. This so-called BCS theory showed that a weak attractive inter
action between electrons mediated by phonons causes an instability of the normal electron 
ground state with respect to formation of bound pairs of electrons called Cooper pairs 
with equal and opposite momentum and spin. 

Since Onnes' discovery, one of the primary objectives of superconductivity research 
has been to raise the transition temperature Tc. The discovery of Tc above 10 K in NbC 
and NbN was one breakthrough. The discovery of the A 15 compounds, with Tc finally 
breaking through the 20 K barrier in the later 1960s and early 1970s, represented the 
culmination of two decades intense search for higher transition temperature. 

1.1 Two Types of Superconductors 

Superconductors are classified in two types according to their magnetic behaviors. Type-I 
superconductors exhibit a pure diamagnitic, or Meissner, effect when the applied magnetic 
field is below the critical field, B,.,1 as shown in Fig 1(a). In type-II superconductors, 
however, the diamagnetic effect is not complete when the field exceeds a critical value 
called the lower critical field, Bcl. The diamagnetism is then not destroyed until the field 
exceeds another critical value, the upper critical field, B&. Between B c i and B c 2 the 
material is in a mixed state as can be seen in Fig. 1(b). 

According to the GL theory, the two types of superconductors can be clearly distin
guished in terms of the GL parameter K (K(T) = \(T)/£(T)): type-I for K < l / \ / 2 and 
type-II for K > l / \ / 2 . Here X(T) and £{T) are called the coherence length and penetration 
depth, respectively. 

Abrikosov [8] first predicted the existence of type-II superconductivity in 1957. The 
mixed state occurs in the regime where re is greater than 1 / \ / 2 for the solution of the GL 
equations. For type-II superconductors there exists a negative surface energy between 
normal and superconducting regions that minimizes the total free energy. These normal 
cylindrical cores, or magnetic flux, exists in the form of isolated filaments, called flux lines, 
along the direction of the applied field at field values between Bcl and Bc2. Each flux line, 
where the superconducting order parameter rises from zero to unity over a distance £(T), 
contains the basic unit of one magnetic flux quantum $n = h/2e. The local magnetic field 

2In this thesis, B denotes the applied magnetic field, which is similar to the notation used by C. Kittel 
in his book: "Introduction to Solid State Physic?, (John Wiley & Sons, New York, 6th Ed., 1986) P 317. 
Values of Be are given in teslas in SI units. In SI we have Be = poffc-
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penetrates over a distance A(T) from the center of the flux line. This distance is called 
magnetic penetration length. The vortex current with a radius \(T) is circulating as a 
result of a gradient of local magnetic flux. The current interacts with the magnetic field 
produced by the vortex current encircling any other flux line. This interaction results 
in the flux lines repelling each other. The flux lines eventually are self-organized in a 
triangular lattice with a periodic structure called the Abrikosov lattice, which has been 
observed directly by using the decoration method (i.e. the Bitter pattern method) in 
1960's [9]. 

y (a) 

3 X ' 
?• 

/ . 
B c 

Fig. 1 Magnetization of long rod superconductors: (a) type-I, (b) ideal type-II, 
and (c) non-ideal type-11 (^reversible magnetization). The applied field is along 
with the axis of the rod. 

The magnetic structure of type-II superconductors in an applied field may be visualised 
as follows. In low fields B < Bci one has a Meissner effect, the energy of an isolated flux 
Une being greater than the reduction in field energy that occurs if the flux line entered 
the superconductor. At the field Bcl this energy criterion is just satisfied, and flux lines 
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begin to enter. The equilibrium flux line density at a field above Bci can be determined 
by the interactions that arise between flux lines as they come together. The flux lines 
approach with increasing field. Eventually the flux line cores touch and overlap, and the 
supeiconductivity disappears when the order parameter reduces to zero everywhere at B& 
[4]. The flux lines play a large role in the magnetic and transport properties of type-II 
superconductors. 

The magnetic properties of type-II superconductors are shown in Figs. 1(b) and 1(c). 
At applied fields below Bct, a type-II superconductor behaves exactly like a type-I super
conductor with a perfect diamagnetization. When the field reaches BC1, flux lines start 
to nucleate at the penetration layer and pass into the material. Since the flux is the same 
direction as that of the applied field, the induction inside is no longer equal to zero, and 
the magnitude of the magnetization suddenly decreases. As the strength of the applied 
field is further increased, the flux lines pack together more closely; thus the total induc
tion increases, and the magnetization decreases smoothly with increasing applied field. 
When the field is reduced, the magnetization curve shows a reversible property, turning 
along the same path as the that increasing field. Based on the GL theory, the reversible 
magnetization can be theoretically predicted for ideal type-II superconductors. 

1.2 Non-Ideal Type-II Superconductors 

Impurities, defects, and inhomogeneities always exist in real superconducting materials. 
In the mixed state the flux lines can interact with these defects. This interaction leads to 
an irreversible magnetization behavior in most type-II superconductors. As the applied 
field increases below B c l , the magnetization starts with flux exclusion. When the field 
is above Bcl, the magnetization peak rounds off as a result of the defects. Finally, the 
magnetization becomes zero at £ c 2 in the normal state. The magnetization follows a 
different path when the field is reduced from higher field. The magnetization versus field 
curve has, therefore, two different branches corresponding to increasing and decreasing 
field, respectively, as shown in Fig 1(c). This magnetic hysteresis can be understood 
in terms of the pinning of the flux lines by the defects. The superconductors with the 
departures from the reversible curve are called the non-ideal type-II superconductors, or 
hard superconductors. 

In the presence of an applied current, the non-ideal type-II superconductors, show 
no resistance until a finite current is reached, since then the flux lines can be pinned by 
the defects. This current (or current density) is another important critical quantity of 
superconductors and is called the critical current (or critical current density, Jc). Anderson 
[10] and Gorter [11] were the first to make the microscopic argument that the critical 
current is reached when the Lorentz force on the flux lines is balanced by the pinning 
force as a result of the defects. Since the defects can be varied by different fabrication 
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techniques, the value of the critical current density depends on the preparation method. 
Hence, unlike the critical transition temperature and the critical fields, the critical current 
density is an extrinsic quantity and is mainly determined by the flux pinning properties 
of the material. 

Although magnetic hysteresis '12] in superconductors had been observed in the 1930's, 
Bean's model [13] (1962) was the first one that successfully explained irreversible mag
netization and its relation to the critical current density. In the corresponding reversible 
curve the flux lines enter abruptly at Bci, and just above B c l th flux density across the 
material is uniform. In the irreversible case, the effect of pinning tends to hold back 
the flux lines near the surface. There is a gradient of the flux density from the applied 
value at the surface to zero inside the material gradually. The Bean model assumes that 
the pinning strength determines the maximum gradient of flux density. By Maxwell's 
equations this means a maximum current density, the so-called critical current density. 

The flux is held back by the pinning centers from reaching the equilibrium distribution. 
This means that the flux distribution at a point on an irreversible magnetization curve 
is always in a metastable state except in the ground state (T = OK). However, the flux 
lines always vibrate and hop free from a pinned configuration as a result of a thermal 
activation. This jumping process can lead to an energy dissipation. 

Above BCI, type-II superconductors are not perfectly diamagnetic. The perfect con
ductivity is also lost. In the presence of a transport current, the flux lines experience a 
Lorentz force, J x B , tending to move the flux lines. The motion of the flux lines generates 
a longitudinal dissipative voltage across the supercoi ductor. In ideal type-II supercon
ductors, the flux motion is hindered only by a viscous drag, and the superconductors then 
show a resistance comparable to that in the normal state. In non-ideal type-II supercon
ductors, however, if the Lorentz force is larger than the pinning force on the flux lines, the 
flux lines follow with a corresponding resistance for any value of applied current. This can 
happen although the material is still in a superconducting state. Anenergv dissipation 
is caused by the resistance resulting from the flux flow. 

1.3 Some New Features of HTSCs 
After the introduction of the La-Ba-Cu-0 superconducting system, many new systems 
have been synthesized, particularly the Y-Ba-Cu-0 [14], Bi-Sr-Ca-Cu-0 [15], and TI-Ba-
Ca-Cu-0 [16] systems. In these materials the superconducting transition temperature (Tc) 
has been raised above liquid nitrogen (LN 2 ) temperature (77K), and practically the Tl-
base oxides have reached the highest Tc = 125K. All these compounds have Cu-0 planes 
or layers in either orthorhombic or tetragonal crystal structures, leading to unusually 
anisotropic physical properties. 

Although each of these HTSCs has its own characteristics, all of them share a largely 
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common phenomenon: the superconducting state seems to be based on the Copper pairs. 
However, the presence of anisotropy, the granular structure, and the higher operation 
temperatures produce completely different values for characteristic parameters relative to 
conventional superconductors. 

The YBa 2Cu307-« (Y123) and Bi jSr jCaC^O* systems are good example? among 
these HTSCs. The Y123 has an orthorjombic structure with unit cell parameters a = 
0.38591nm, b = 0.39195nm, and c = 1.18431nm [17]. The C u - 0 2 planes are primarily 
responsible for electron conduction. For the Y123, there is a structural phase transition 
to a tetragonal (non-superconducting) phase as the temperature is raised above 700°C 
in an oxygen atmosphere. The T c strongly depends on the oxygen composition in Y123. 
Somehow, I ^ S ^ C a C u a O i appears to have a relative stable tetragonal crystal structure 
with a = 0.3814nm and c = 3.052nm [18]. The oxygen composition in B i 2 S r 2 C a C u 2 0 I is 
much more stable than that in Y123. 

The coherence length, {, is very short in the HTSCs. A typical value for <f is of the 
order of lnm, which is of the same order as the crystal unit cell's dimension. This small 
value implies that the superconducting properties will be much more sensitive to small 
scale structural atid chemical imperfections than in conventional superconductors, whose 
£ ~ 10 — 10 3nm. The short coherence length also leads to an extremely high value of the 
upper critical field, Bc2, with potential advantages for applications. 

T e m p e r a t u r e 

Fig. 2 Magnetic phase diagram of high Tc Supercorductors. 

The HTSCs are non-ideal type-II superconductors and exhibit many properties similar 
to those of conventional superconductors, such as the presence of the Abrikosov vortex line, 



upper and lower critical felds, and magnetic hysteresis. However, the HTSCs have much 
more complicated magnetic properties. In the mixed state, unlike conventio jal type-II sv-
perconductors, the HTSCs show a very complicated phase diagram. A generally accepttd 
distinguishing feature of the HTSCs from the conventional type-II superconductors is th>: 
existence of an irreversibility line between Bc\ and B& in the B — T diagram [19], whic) is 
not clearly understood yet. According to statistical physics, the probability of flux lines' 
hopping is proportional to the factor expl—U/kgT), where U is the pinning potential 
barrier and As is the Boltzmann constant. Therefore, the barrier controls the irreversibil
ity line. It seems to be clear that the HTSC materials show a different feature about 
the carrier from the conventional superconductors. However, it takes more time fully to 
understand the differences. In the region near the irreversibility line, several phases such 
as vortex lattice, vortex glass, and vortex liquid etc. have been proposed [20J[21][22][23]. 

Although there are various theories and experiments to explain some complicated 
properties of the HTSCs, the new phenomena have not been completely understood, and 
neither the experimental evidence nor the theories are fully consistent [24]. 

1.4 Magnetic Levitations and Related Vibrations 
The history of bearings started from the 'la.wn of human civilization. Since the Palaeolithic 
period, people have used mechanical bearings in their machine designs. Along with the 
progress in science and technology in this century, more and more physical means have 
been invented and developed in the applications of bearing designs. In a recent paper, 
Brandt[25] reviewed levitations in various physical systems, and stressed l.« particular the 
superconductor system. 

A very important property of superconductors is their ability to levitate a magnet. 
The low Tc of conventional superconductors limits the applications of this phenomenon in 
many aspects. The discovery of the high Tc oxide superconductors exhibits the possibility 
to apply superconductor systems in popular technology, even in daily life [26]. 

There are always vibrations in a mechanical (physical) system no matter how the 
system is :n a static or stationary motisn status. Vibrations are also very common in 
engineering and constructions. Sometimes, they are so severe that constructions may be 
damaged. It is very important to -ivoid resonances in designing a new machine and to 
reduce vibrations in machine making. 

Considering a small magnet-big superconducting plane system, we have utilized the 
dipole-dipole interaction model in P.l: (i) to analyse levitation forces; (ii) to study vibra
tions in connection with levitation; and (iii) to apply the vibration methods to type-II 
superconductors for exploring the physical properties of flux pinning. The methods, given 
in P.l for studying the intrinsic vibrations of these kinds of systems, are also believed to 
be suitable for engineering design. 
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Following our theoretical investigation, Braun and co-workers have recently measured 
the vibration frequencies experimentally [27]. The experimental results are in semi
quantitative agreement with our theoretical predictions even though the magnets used 
in their experiments were not spheres but discs and cubes. 

2 Experimental Setup 

From the 1920's mechanical methods were introduced to study flux motion for conven
tional superconductors (for a review, see Ref. [28]). Two quite common techniques have 
been the use of a torsion pendulum and a vibrating reed. After the discovery of HTSCs, 
several new mechanical techniques have been introduced to characterize some physical 
properties related to levitation applications by using HTSCs. Some of these will be re
viewed briefly below followed by a description of our experimental setup. 

2.1 Other Mechanical Methods 

The physical origin of the mechanical responses is the motion of the magnetic flux lines 
inside superconductors. From different starting points and with different application back
grounds, these mechanical techniques are used for diiferent aims. The torsion pendulum 
was employed to probe the microscopic features of the flux motion. However, after the Tc 

exceeded LN2 temperature, it became feasible to apply superconductors to the magnetic 
bearings. Concerning the research on macro-phenomena related to the superconducting 
levitation, some new methods have been invented to meet the requirements. 

2.1.1 Tors ion P e n d u l u m 

This section is a short review about the torsion pendulum technique used by Houston and 
Smith [29], and Wraight [28] to measu-e mechanical forces on superconducting films in a 
magnetic field. 

A Nylon disc (lead used in Wraight's experiment) connected to a long steel wire was 
hung from a frame forming a torsion pendulum. The superconducting strips (a ring-
shape specimen used by Wraight) were symmetrically mounted on the disc. Some slots 
were radially made on the disc. The inhomogeneous magnetic field on the specimens was 
produced when the field passed through the slots. In the experiments, the configurations 
of the magnetic fields could be oriented to be perpendicular to or parallel with the motion 
direction of the specimens. The top part connected with the wire had a mirror for record
ing the oscillations photographically. The specimen and connecting rod were suspended 
tautly between a single phosphor-bronze strip at the bottom and a bifilar suspension at 
the top. By varying the tension on the bifilar suspension the period of oscillation could 
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be altered during a run. The disc and specimen were suspended in helium gas at low 
pressures. 

By measuring the energy loss versus applied field at various temperatures, they were 
able to characterize the pinning amplitudes of flux lines inside the superconductors. 

2.1.2 Vibrating Reed 

In the 1980's, Brandt et al.[30] introduced the vibrating reed technique to study the 
pinning of flux lines. 

A cantilevered ribbon-shape superconductor and a pair of electrodes placed on each 
sides of the ribbon formed a vibrating reed. One electrode is used for driving the ribbon, 
and the other is used for detection. The pinning properties can be characterized by 
measuring the resonance frequency and the damping of the oscillations versus the applied 
magnetic field through the specimen at various temperatures. 

In the beginning, the vibrating reed was used quantitatively to investigate the flux 
pinning for the conventional superconductors [31]. After the discovery of the HTSCs 
Gammel et al.[32] used this technique to observe a melting transition of flux lines in the 
B — T diagram for an Y123 sample. Somehow, the later experiments showed that the 
melting line coincided with the depinning line reported by different groups [33]. 

2.1.3 Clamped Beam (Cantilever) 

Moon's group [34] designed a cantilever to measure both the static (vertical and lateral) 
and dynamic forces on a magnet above a HTSC disc. 

A small permanent magnet was mounted to one (free) end of an aluminum beam, 
which was fixed to a 3-dimensiondl motorized stage. Two strain gauges glued on the top 
and bottom surfaces of the cantilevered beam were used to measure the bending strain, 
which after calibration was used to indicate the levitation and lateral forces. An optical 
tracking camera (Optron) with a resolution of about 0.02 mm was used to measure the 
motion of the small magnet relative to the HTSC surface. The elastic beam was sensitive 
to a force of around 10~ 4N. The calibrated data from the strain gauges and camera were 
plotted directly on an x — y recorder. 

Using the same experimental setup, they also measured the hysteretic behavior of the 
forces and the magnetic stiffness in the magnet-HTSC system. The same kind of setup has 
also been used to investigate the amplitude-dependent magnetic stiffness for the sintered, 
melt-textured and melt-quenched HTSC materials [35]. 
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2.1.4 M a g n e t - C o i l R e s o n a n c e 

The HTSC disc rested on a aluminum block in LNj When the system was well cooled, 
a magnet placed at the disc center floated there in a position of stable equilibrium above 
the surface. A coil supplied with a weak a.c. current was used to drive the levitated 
magnet. The coil could be oriented to be parallel with or perpendicular to the HTSC 
disc. The force (potential) in the magnet-HTSC system could be obtained by measuring 
the resonance frequency as a function of motion amplitudes of the magnet, 

Williams and Matey [36] placed a coil horizontally (parallel with the HTSC disc) and 
studied the lateral force (potential) on a magnet levitated above a HTSC disk. 

Braun et al.[27] placed a coil in different orientations and measured the resonance 
frequencies of a levitated magnet in different modes. 

Nemoshkalenko et al. [37] placed a coil vertically (perpendicular to the HTSC disc) 
and measured the attenuation and nonlinearity of the vertical oscillation, which were 
interpreted in terms of the viscosity of the vortex lattice and the onset of the hysteretic 
damping related to the depinning of the flux lines for the HTSCs. 

2.1.5 Tors ion Ba lance 

A torsion balance was introduced by Weeks [38] to measure the levitation force for the 
Y123 and Tl-Ba-Ca-Cu-0 HTSCs. 

The balance is essentially a torsion spring made with a tightly stretched piece of 
hardened steel wire. One end of the wire is fixed to a dial which can be twisted through 
a measurable angle. The other end of the wire is inserted into a retractable clamp that is 
used to tighten the wire. The clamp can also be rotated which provides overall calibration 
of the balance. One end of a hollow copper rod is clamped to the middle of the wire so 
that the rod and wire are perpendicular. A small magnet is fitted to the other end of 
the copper rod with its dipole axis in the plane perpendicular to the rod. When a HTSC 
disc is placed below the magnet, the force between the magnet and HTSC twists the wire. 
According to Hookes' law, the force is proportinal to the twist angle. The levitation force 
is thus obtained by measuring the twist angle by changing the separation between the 
magnet and the HTSC. 

2.2 Our Apparatus: a Novel Computerized Pendulum 
By extending the investigation on the vibrations of a free small permanent magnet lev
itated above a superconductor (P.l) , we have designed and constructed a mechanical 
pendulum to investigate the interaction in a magnet-HTSC system. 

The techniques of the pendulum with different operating modes have been described 
in P.3, P5, and P.6. 
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A permanent magnet, placed above a bulk (film) HTSC sample, is glued at the bottom 
end of a 4 mm diameter tubulai quartz rod At the other end, the rod (~ 50 cm) is at
tached to a metal frame that permits the rod to swing as a vertical planar pendulum. The 
horizontal axis of rotation is provided by a razor blade fixed to a support. The projected 
motion of the magnet onto the horizontal plane is parallel to the lateral displacement of 
the sample, the i-direction. 

An expanded laser beam is sent through an aperture with a rectangular cross-section. 
Part of this light beam is intersected by the pendulum and focused by a lens onto a 
photodiode. The diode signal is amplified and recorded by a PC/AT. 

The small permanent magnet, (M') and the adjacent coil were employed for controlling 
;he motion of the pendulum (by using a PC/AT) . In the experiments, three kinds of modes 
were used: (i) The feedback system (used in P.3) controls the current in the coil to attract 
the M' for measuring the lateral force on a long magnet bar above a big HTSC disk, (ii) 
The free oscillations (used in P.4, P.o, and P.6) were obtained via pulling the rod out to 
a fixed position ( < 0.4° from vertical) by supplying current to the coil. By switching off 
the current, the oscillations then started, (iii) The forced oscillations (used in [39]) were 
excited by supplying a.c. current in the coil to drive the M'. 

In the experiments, the direction of the magnetic moment (M) could be made: (i) 
normal (N-configuration) and (ii) parallel (P-configuration) to the direction of motion of 
the pendulum. The P-configuration was used for measuring the lateral force, and the 
N- and P-configuations were used for the studies of potential (force) in a magnet-HTSC 
system and current effect on the collective motion of flux lines in HTSCs. 

The performance of the pendulum was also checked with the samples in the normal 
state for clarifying the effects from the magnet-superconductor interaction. It was found 
that the free-damping r 0 was very small and negligible compared to the damping resulting 
from the superconducting sample. Also, no change in the oscillation frequency Uo of the 
free pendulum was observed. Thus, by a relatively rapid sampling rate of the amplitude 
signal (pendulum position), we could extract directly information about the magnet-
HTSC interactions from frequency and damping changes. 

Using this pendulum, we have studied: (i) the lateral restoring force on a bar-shaped 
permanent magnet above a big Y123 disk (P.3); (ii) the potential function and force 
between a (small) permanent magnet and a big HTSC disk (P.5); (iii) the current effect 
on the collective motion of fluxoids in HTSCs (P.6); and (iv) quasistatic fie'd responses 
of fluxoids in an Y123 film [39] 

The advantages of the present pendulum compared with other mechanical methods 
are: 

• It has the highest resolution (10" 5 N) for macroscopic measurements on the lateral 
stability of the magnets above a HTSC. In a way, this is important for characteri-
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zations of the HTSC materials before use in levitation or other applications. 

• Currents can pass through the sample, by which one may investigate the combined 
motion of fluxoids. 

• The sensitivity is sufficiently high to perform measurements on high quality film 
(single crystal) specimen for determining the pinning force on fluxoids and figureing 
out the profile of the pinning potential well. 

3 Static Forces on a Small Magnet above a Big 
HTSC Disk 

Before the discovery of the high temperature oxide superconductors (HTSC), major efforts 
were made to apply superconductors to magnetic bearing systems [25][40]. However, the 
expensive hehum cooling systems for the conventional superconductors have limited the 
applications in many fields. For instance, the levitation train (Maglev) project employing 
conventional superconductors has for a large part been abandoned. The United States 
shut down their Maglev project more than 10 years ago. Germany has not used the 
superconducting system in their ongoing Maglev project either ([25][41] and references 
therein). (It should be pointed out that there are only two Maglev projects in the world, 
but, the Maglevs do not use the same levitation principle as we discuss in this thesis.) 
The historical discovery of HTSCs has stimulated more and more people to reconsider the 
possible applications of magnet-superconductor systems, in particular for levitation trains 
[42]. With the possibility of using liquid nitrogen as coolant, the building of cost-efficient 
superconducting levitation trains has come closer to realization. 

While some theoretical analyses have been reported on the levitation and lateral forces, 
most papers have focused on experimental investigations. 

In most cases, fundamental research on superconducting levitation has involved studies 
of systems formed by a small magnet and a large superconductor. Besides this, other 
systems have been considered and investigated, such as a ring-s'.aped magnet with a 
small HTSC body [43)[44][45] and a ring-shaped superconductor with a small cylindrical 
magnet [46] 

There has been considerable progress in engineering designs of levitation systems. 
For example, high-speed rotation of magnets on HTSC bearings have been investigated 
by some groups [47][48][49], and a micro superconducting actuator has been fabricated 
and tested [50]. A superconducting magnetic levitation system for the transport of light 
payloads has also been made and investigated [51]. 

Somewhat related to these topics, we have mostly focused our research on the small 
magnet and big HTSC plane system. Concerning this system, we have achieved results 
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1 
relevant to some engineering problems. 

3.1 Models for the Magnet-HTSC Interaction 
Before the discovery of the HTSC, the image method was the only theoretical method 
to describe the magnet-superconductor interaction by using the dipole-dipole model. In 
this method, only the Meissner effect is taken into account. This model indeed provides a 
correct description for type-I superconductors, (or when B < BCl for conventional type-II 
superconductors). After the discovery of HTSCs, more and more experiments have been 
performed to investigate the interaction with HTSCs. The results of the HTSCs are not 
consistent with the dipole-dipole model. Concerning the lifting force, Hellman et al [52] 
have introduced a complete penetration model. Following the experimental results [36], 
Davis [53][54] has suggested a model to calculate the lateral force based on Bean's critical 
state model [13]. 

3.1.1 Dipole-Dipole Model 

It may be shown [55] that the field produced around a homogeneously polarized spherical 
permanent magnet (SPM) with moment M is the same as that created by a point dipole 
with moment M located at the center of the sphere. Considering a SPM with moment 
M over an infinite, flat superconductor as shown in Fig. 6 of P.5, the image method can 
be used to describe the interaction. The zeroth-oider approximation is the dipole-dipole 
model. The potential can thus be expressed as (SI units hereafter): 

v = ^iMJiMJ[ + 3 s m Q S ^ 
OTT (2zJ 

where a' = a is the inclining angle, and M ' is the image dipole of the dipole M and 
| M (=| M ' j . The potential can then be written 

with minimum a = 0, which is the equilibrium position. At the equilibrium position, the 
only force on the magnet is then given by: 

, -w-!g l« lV m 

where k is the unit vector in the z—direction. No lateral force and twist torque can exist in 
the dipole-dipole model, but experiments show that there are a significant lateral force and 
a pronounced twist torque in the magnet-HTSC system [34][36][56] (P.3). Furthermore, 
the measured levitation force is much smaller than the value evaluated by using the dipole-
dipole model (1/5 ~ 1/2) [57]. This means that the dipole-dipole model can not describe 
the magnet-HTSC system due to the penetration at very low fields, and a new model is 
required to interpret the observed phenomena. 
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3.1.2 C o m p l e t e Penetrat ion Model for Lifting Force 

Studying the. levitation height of a small magnet above a HTSC plane, Hellman et at. [52] 
have introduced a complete penetration model to calculate the levitation force. Consid
ering that the energy cost of flux lines' penetration in the HTSC contributes to the origin 
of levitation, they showed that the levitation force is 

F oe z" 2 (4) 

where z is the distance between the center of the SPM and the upper surface of the HTSC. 

3.1.3 Davis M o d e l for La te ra l Res to r ing Force 

Referring to Williams and Matey's work [38], Davis [53][54] has suggested a model to 
calculate the lateral force based on Bean's critical state model [13]. Davis has obtained 
the following expression for the force: 

*<*.) = - g #o(0) - y ^ dx \H0(x - a,,) £ ' + Hl(x - xa) £ ' I (5) 

where H0(x) is the field profile produced by the magnet at the lateral displacement x. 
Davis evaluated the force numerically using the field profile of an infinitely long current 
carrying wire 

Ho(x) = r ^ i , X = x/h, (6) 

where x is the lateral displacement, and h is the height of the field source from the 
sup ^conductor. 

In fact, this can be calculated analytically (P.2): 

-Fx(z) _ i + IX^ + X* , X(20 + X*), • 

x>(4 + x*rlR{1 + x >• ( 7 ) 

3.2 Lifting Force Experiments 

Most activities on the force measurements in the magnet-HTSC systems have focused on 
the lifting (vertical) forces [34][38][52][57][58][59][60][61]. 

According to the complete penetration model of Hellman and co-workers, the lifting 
force is F a z~2. However, to our knowledge, no experiments have confirmed this model. 

Moon's group [47] [62] have measured the levitation force as a function of separation 
(2) and the stiffness as a function of levitation force (F). After a series of experiments, 
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they have introduced an empirical exponential formula to express the relationship between 
the levitation force (F) and separation (z): 

• F = F 0 exp ( -Qz ) , (8) 

and a phenomenological power-law formula to describe the stiffness (k spring constant) 
as a function of the lifting force (F): 

k = CF* . (9) 

However, so far they have not given a physical interpretation for their empirical formulae. 
It should be pointed out that k ^ —dF/dz (or dF/dx for the lateral component) 

because the levitation force and lateral force measurements show hysteresis [34] [57] [63] due 
to the hysteresis in magnetization of the HTSCs. It is now clear that the magnetization 
hysteresis loop depends on the pinning of the flux lines in superconductors. A stronger 
pinning results in a larger area of the hysteresis loop and higher critical current density 
Jc. By using the melt-quenched preparation method, it has been possible to increase 
the J c of ceramic (bulk) HTSCs, and the levitation force has been enhanced significantly 
[26][64][65]. 

Similar to Moon et al.'s measurements Weinberger and co-workers [48] have also mea
sured the levitation force and its stiffness as functions of the separation using an analytic 
balance. They have also measured the vertical mechanical resonances of a freely levitated 
magnet above a HTSC sample. By measuring the levitation force as a function of temper
ature they have proved that, at a weak field condition (5 X 10~ 3 T) , the force is correlated 
with the magnetization data measured by a SQUID. 

Following the first reports of the suspension force in HTSCs [66][67], Adler and co
worker [68][69] have observed that a small piece of the conventional superconductor Nb 3Sn 
could also be suspended below a magnet. These results indicate that pinned flux lines 
must play a crucial role in levitation force of type-II superconductors. 

It seems therefore reasonable that studying flux penetration is a good starting point 
to interpret the results found for the magnet-HTSC systems. 

Johansen et al. [70] measured the levitation forces on a SPM placed above several 
Y]Ba2Cu307-i (Y123) disks, and were able to confirm Moon et al.'s empirical formula 
(8), for both configurations: the magnetic moment of the SPM normal (N-state) and 
parallel (P-state) to the upper surface of the HTSC samples. Moreover, we observed a 
crossover behavior of two exponential coefficients when the maximum field on the Y123 
disks reaches 8 x l 0 ~ 3 T for both configurations. Based on the consideration for the 
interaction of fluxoids in the superconductor, we tried to formulate a phenomenological 
description [71). 
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3.3 Lateral Forces on a Long Bar-Shaped Magnet above a Big 

HTSC Disk 

Due to the fact that the most important aspect of levitation applications is the ability of 

magnet-HTSC systems to lift "heavy" bodies, most studies have been focused on investi

gating levitation forces. Somehow, the lateral stability of a lifted body is very important 

in the levitation applications by using HTSCs. However, there are only å few published 

papers concerning the lateral force study. Williams and Matey [36] were the first to mea

sure the lateral force on a small magnet floating above a HTSC disk using a resonance 

method. Moon and co-workers measured the hysteresis behavior of the lateral force [34]. 

Using the mechanical pendulum, we measured the lateral force on a long bar-shaped 

permanent magnet above a big Y123 disk (P.3). 

We performed the experiments on a sintered Y123 disc sample (Tc — 90K, thickness 

7 mm and diameter 70 mm). The maximum tangential field on the HTSC sample is 

Bmaz = 1.3 x 10~ 3 T for our measurements. 

The experimental results of lateral force against displacement is shown in Fig. 2 of P.3. 

The curve of the lateral force versus displacement is quite similar to the behavior of the 

torque against the rotating angle of the applied field obtained in the Lai.s5Sro.i5Cu04_ii 

and 1123 HTSCs by Giovannella et al.[72], which was interpreted in terms of the flux 

creep. Compared with Williams et al.'s result [36] and Moon et al.'s result [34], our 

experimental data have a higher resolution. A very important result is that the lateral 

stiffness is independent of the lateral displacement. The experimental data have been 

compared with Davis' model, which is the only theory treating the lateral force. 

The x-component of the field profile from a permanent magnetic bar infinitely long in 

the j/-direction and x x z dimensions of 2/ x 2w, can be expressed as: 

„ „ / k — w k + w h — w k + w\ 
Hx = 2mv arctan + arctan r — arctan ; — arctan r 

^ x + l x — l x — i x + IJ 
(10) 

where m„ is the dipole-moment volume density and k is the distance from the center of the 

bar magnet to the superconductor surface. When the vertical distance (A) is larger than 

2iø, the field can be approximated by a dipole-line model (polarized along the x-direction 

and transverse to the line direction) and expressed as: 

X2 - 1 
H x = 2m,/i 2

 + 2 , X = x/h, (11) 

where mi is the dipole-moment linear density (per unit length), x is the lateral displace

ment, and ft is the height of the dipole-line above the superconductor. 

Since Davis' model is not valid for the fields which changes sign in the plane [54], we 

have tried several positive field profiles to evaluate the forces, such as rational polynomials 

and Gaussians, however, we have not found any one in agreement with the experimental 
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results even for the fractional field profile Ho(x) = / /o(0)/(l + X2)3, which is a good 
approximation for the infinite dipole-line model given by Eq. (11). 

4 Magnet-HTSC Interaction 

Due to the granularity, the bulk HTSCs show many new phenomena differing from the 
conventional superconductors [4]. It is generally accepted that the magnetic properties of 
the bulk HTSCs are dominated by the weak links between the granules at low external 
fields. The lower critical field of intergranules is BClJ « Bn (the lower critical field of the 
intragranules). Tinkham and Lobb [73] have estimated Bcu ~ 0.5 x IO" 4 T for a three-
dimensional weak link cubic array model. Clem [74] has obtained the result Bcu ~ 1 0 - 4 T 
using the weak link Josephson coupling parameters. 

This means that, if a permanent magnet is placed above a HTSC, the magnetic field 
from the magnet penetrates into the HTSC bulk materials for most cases. Furthermore, 
when the magnet is moved by an external force, such as the gravitational force, the flux 
lines in the HTSC will follow the motion. If the flux lines are in the vortex-liquid phase, 
the magnet will be influenced by the viscous force of the flux lines, but if the flux lines are 
in the vortex-glass phase, the magnet will be influenced by the pinning force oi flux lines 
in the HTSC. These aspects are very important in levitation applications with motion 
between the magnet and the HTSC. 

4.1 Potential and Force Between a Magnet and a HTSC 

This research is an approach to investigate some macroscopic physical parameters (po
tential and force) by measuring the mechanical responses in a magnet-superconductor 
system. 

In these experiments (P.4 and P.5), we used the same sample as that used in the lateral 
force measurements. The sample was immersed in liquid nitrogen (77K) and the distance 
z between the sample and permanent magnet could be adjusted by moving up and down 
the nitrogen reservoir containing the sample. 

The magnet (M) used in these measurements had a cube-like shaped (6.5 x 6.5 x 
7.5mm 3) Nd-Fe-B permanent magnet with rounded edges. The magnet was magnetized 
with a 1.3 T field along the longest side. The maximum remanent field on the surface of 
the magnet was measured to be 0.4 T using a Hall-probe. 

The free oscillation operating mode was used in these experiments. 
By varying the distances z between the magnet and the superconductor, the changes 

in frequency (v) shift and damping (T) can clearly be seen. 
In order to affirm that this is a specific interaction, normal metals and alloys (copper, 

aluminium, brass, etc.) were used as a substitute for the superconductor. Damping (due 
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to the eddy current) was observed for these, but frequency changes were never observed. 
The results were confirmed by measuring other Y123 samples with various sizes made 

by different companies. 
The experiments show that: (i) for the N-configuration, the frequency initially de

creases slightly (this decrease is in the level of the resolution), and increases drastically 
with decreasing z; (ii) for the P-configuration, the frequency increases monotonically with 
decreasing z\ and (iii) for both configurations, the frequency shifts show hysteresis for a 
cycling measurement (first decreasing z and then increasing z). 

The frequency increase is due to some kind of attractive forces with lateral or vertical 
components. The physical reason for the frequency increase is due to the fact that the flux 
lines penetrates into the HTSC via the inter-granules or grain boundaries. The pinned 
flux lines attract the magnet and contribute to the frequency increase. (Unfortunately, 
we canrot perform this experiment with the small single crystals available at the present 
time). 

4.2 Effect of Currents on the Motion of Fluxoids in HTSCs 

Most applications of the type-II superconductors depend on the physical properties of the 
mixed state. An exotic picture of the HTSCs from the conventional type-II supercon
ductors is the existence of an irreversibility line in the mixed state. (For a review about 
conventional superconductors, see Ref.[75].) It now seems clear that the irreversibility 
line determines the critical current density ( j c ) . For the present materials, j c is very low 
and this limits the wide applications of the HTSCs for most cases. 

Flux line (fluxoid) dynamics in type-II superconductors reveals information about 
the motion of vortices as influenced by various pinning effects from physical defects like 
inhomogenieties, strains, and vacancies. These effects are important for the depinning 
critical current and possible applications of HTSCs. Traditional a.c. susceptibility and 
magnetization measurements have revealed giant thermal flux creep in these materials 
[19][33][76][77][78][79]. 

Related to the dynamics of fluxoids in HTSCs, it is also of interest to find the relation
ship between the transport currents and the pinning barrier. Several experimental [80] 
and theoretical [81][82][83][84] papers have been published in journals and proceedings. 
All of these reports have focused on the behavior of the intragranules, i.e. the physical 
properties of single crystals and highly orientated thin films. This research is very impor
tant for the applications in microelectronics. The application of the bulk HTSC materials 
is equally important in other fields of science and technology. 

As stated above, the lower critical field of the intergranules (Bcu ~ 1 0 _ 4 T ) is much 
lower than the lower critical field of the intragranules (BC1 ~ 10" 2 T for the Y-Ba-Cu-0 
and 2 x 10" 3 T for the Bi(Pb)-Sr-Ca-Cu-O). When a relatively weak external field B in 
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the range BClJ < B < BCI is applied to a bulk HTSC sample, the penetration takes place 
via intergranules. The pinning properties of the flux lines in this field range have not been 
understood yet. 

By extending the pendulum experiments described in the previous sections, we have 
studied the effect of the transport currents on the "dynamic" responses of the flux lines 
in a bulk Y123 HTSC in the field range of Bcu < 3 < Ba (P.6). 

In all of the experiments, the sample current (/) direction was parallel with the light 
beam, and perpendicular to the direction of the motion of the magnet. Also the current 
could be in one direction (positive) or reversed (negative). 

As stated previously, the interaction between a free-swinging permanent magnet and 
a superconducting disk leads to frequency change and strong damping. As shown below, 
this may be related to the flux bundle activation barrier U [10][81][84]. Specifically, we 
find that the predicted power-law dependence: U(I) oc I~" describes the data well for a 
certain range of currents. 

The measurements of the oscillation frequency {v) and damping factor ( r ) of the 
pendulum with sample currents from OA to 5A in steps of 0.5A were performed with 
various distances between the magnet and the superconductor. 

When the magnet is moved by the gravitational force, the fluxoids try to follow the 
magnet and perform a collective motion (hopping). The collective motion needs to over
come the pinnings at randomly distributed defects such as the interfaces of the inter-
granules. The pinned fluxoids attract the magnet, and as a consequence, the frequency v 
increases due to the collective pinning of weak disorder. The frequency shift is thus a mea
sure of the collective pinnings. From a classical point of view, 4TT 2(I/ 2 — v%) expresses the 
energy gain of the pendulum due to the collective pinnings in the HTSC sample. There
fore, we argue that the quantity 6v2 = v1 - v\ is prop.. *;onaI to the bundle activation 
energy U. 

The collective pinning barrier U is of the order of the elastic energy of hopping flux bun
dles [10][S1J. When a current is passed through the sample, the Lorentz force F = I x B 
enhances the collective motion of fluxoids, which is equivalent to reducing the collective 
pinning barrier U. As a result of the reduced magnet-HTSC interaction, the "•effective 
stiffness' of the pendulum is also reduced. 

Feigel'man et al.[81] have studied the flux-creep phenomena in the case of collective 
pinning by weak randomly distributed defects. Based on the Anderson concept of flux 
bundle, they have shown that the bundle activation barrier U has a power-law dependence 
on current / : £/(/) oc I~a. For different regimes of currents, a changes from 1/7 to 7/9. 
Although they considered the single crystal materials, the physical basis for this theory is 
the pinning of weak disordered defects. The physical basis for the present results is also 
the randomly distributed pinning centers. Therefore, this theory should also be applicable 
for analyzing the present experimental data. 
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The field dependence of the barrier exponent (a) has also been measured, and the 
result is in qualitative agreement with Feigel'man et al.'s theory (P.6). 

We found that the effect of sample currents on the frequency and damping is very 
different for weak fields (B ~ BClJ corresponding to v ~ vo without sample current and 
only a few penetrating flux lines present) and strong fields (B > BClJ corresponding to 
v 3 - va without sample current and with a certain amount of flux lines). It appears tbat 
when B ~ Bnj, the frequency and damping factors are almost independent of sample 
currents. There seem to be a very small increase in frequency with an increase in sample 
current, but this is on the level of our experimental resolution. However, when the field 
is much higher than Bcu, the effect of sample currents is significant. 

Kes et al.[83] have introduced a theory to describe thermally assisted flux flow (TAFF). 
According to their theory, the activation barrier U is independent of the field for the TAFF 
at small driving forces. Kes et al.'s theory is a good description for isolated fluxoids. 
For the TAFF, the hopping of fluxoids is governed by the conventional linear diffusion 
equation. In this case the fluxoids relax individually, and the correlation of the fluxoids 
does not play an important role. The present experiments at low fields are consistent 
with Kes et al.'s theory. In the case of low fields, the fluxoid-fluxoid interaction is very 
weak since only a few fluxoids are present in the sample. The motion of fluxoids is similar 
to the TAFF in this case. However, when the fields are high enough, the correlation of 
fiuxoids is more pronounced. As a consequence, the motion of fluxoids becomes collective, 
i.e. the flux-"creep" is the case of collective pinnings by weak disorder. As a result of 
an increase in fluxoid-fluxoid correlation, the barrier exponent a increases monotonically 
with increasing fields. 

5 Concluding Remarks 
The principal conclusions of the research presented in this thesis can be summarized as 
follows: 

• The levitation forces of a magnet above a superconducting plane has been analysed, 
and the vibrations near equilibrium positions in a magnet-superconductor system 
have been investigated. 

• Extending the research of vibrations in the magnet-superconductor system, we have 
constructed a novel mechanical pendulum to probe the interaction between a magnet 
and a HTSC. which includes several topics: 

• i) The lateral force on a long magnet-bar above a HTSC disk. The stiffness of the 
force shows that HTSCs are much more stable laterally than had been predicted 
theoretically. 
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• ii) The potential and force in the magnet-HTSC system. The experimental results 
are consistent with the weak-link model for bulk HTSCs. 

• Hi) The effect of transport current on the collective motion of flux lines in a Y123 
bulk sample. The experimental results have been interpreted based on the collective 
motion theory. 

Many questions remain in the study of HTSCs. Theoretical investigations of the nature 
of the flux structure in HTSCs is under way. Layered structure, quasi two dimensional 
systems, short coherence length, and high operating temperature should play important 
roles in the flux dynamics. It may lake a long time to fully understand these phenomena. 
It will probably take several years before it is possible to make practical high-current, wire-
wound, high-temperature devices. The use of melt-quenched and melt-textured materials 
iru-.y be the first realization of the HTSC applications for levitation apparatuses (such as 
frictionless bearings, actuators, even the Maglev). In this sense, our pendulum can be 
modified to be a kind of standard technique to characterize the HTSC materials, which 
are to be used in engineering design. 

There are many open questions related to flux dynamics in HTSCs. One direction 
of our research is to improve the pendulum for probing some physical properties of the 
HTSCs quantitatively, and further to figure out the mechanism of pinning. The con
struction of the low temperature facilities is ongoing in our lab. We believe that these 
new experimental facilities coupled with the use of high-quality samples will enable better 
understanding of the nature of the vortex structure in HTSCs. 

22 



6 Supplement: Pb- and Sb-doped Bi-Based Super
conductors 

After coming to Norway in August 1988, in the beginning I continued to do the research 
work related to materials science: trying to synthesize new materials and to characterize 
them. Later I shifted my main research topic, the study of the magnet-HTSC interaction 
has become my major investigation and is the main subject of this thesis. Somehow, in 
the past years, I have spent a lot of time on material processing, so that , the research 
results relevant to this are presented in this supplement. 

Working on the new materials synthesis, scientists have tried many ways to enhance the 
superconducting transition temperature, TC1 and critical current density, Jc (for review, 
see Ref. [85]). On this topic, many efforts have been done in the Bi-Sr-Ca-Cu-0 system. 
After the discovery of superconductivity in the Bi-Sr-Ca-Cu-0 system by Maeda et al. 
[15], Tarascon et al.[86] have identified three superconducting phases in the Bi-Sr-Ca-Cu-0 
family referred to by their cation ratios as 2201, 2212 and 2223. Formation of the highest 
Tc (110K) phase, 2223, has been hampered by the relatively high stability of the 2212 
(85K) phase. Sunshine et al.[87] have discovered that the addition of Pb enhances the 
content of the 2223 phase, but the mechanism for this still is an open question. Different 
groups have reported conflicting results. Some groups have claimed that the Pb occupies 
the Ca or Bi sites [88] [89], while some people argue that the final content of Pb and 
post-sintering procedure play important roles in the superconductivity [90]. 

Using dry and wet methods, we prepared a series of Bi-Pb-Sr-Ca-Cu-0 superconduc
tors. Using X-ray diffraction, SEM, TEM and a.c. susceptibility measurements, we have 
investigated the Pb-doped Bi-Sr-Ca-Cu-0 superconductors (P.7). The X-ray emission 
studies of the SEM and TEM show that most of the Pb was lost in long term sintering 
time even though the starting compositions have a large percentage of lead. Our results 
show that the Pb seems not to occupy the Ca or Bi sites, but to be a catalyst in the 
high-T e phase formation procedure. 

Furthermore, several groups [91][92][93][94] have reported the effect of Sb-substitution 
in Bi-based superconductors, but with inconsistent results. One of these groups [91] have 
announced a record high Tc = 132 K in the Sb-doped Bi(Pb)-based superconductors, 
while others cannot repeat this result. 

In orde* to clarify the effect of Sb-doping on the Bi(Pb)-based HTSCs, we have also 
prepared two groups of samples with nominal composition Bi^PbuSb^Sr jCasCiuOz 
using the wet method (P.8). In the first group, xl + x2 + x^ = 2. Here Zj ranges from 1.2 
to 1.6 with x2 varying from 0.72 to 0.12. The second group is characterisized by xi + x 2 = 2. 
Here i i was chosen to be 1.4 and 1.6 while x3 ranges from 0.08 to 0.16. X-ray emission 
(SEM studies) was used to analyze the Pb content. A.c. susceptibility measurements 
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1 
were used to show the effects of Sb-doping on the superconducting transition and the 
influences of external a.c. and d.c. magnetic fields. 

Our experimental results indicate that: (i) high Sb content reduces the transition 
temperature; (ii) for small Sb contents the transition temperature is relatively constant, 
but the transition becomes sharper; (iii) the best sample (with Xi = 1.4, x3 = 0.48 and 
x3 = 0.12) exhibits a very sharp transition with a peak in the imaginary component of 
the a.c. susceptibility at 108.4 K; and (iv) the transition of lightly Sb-doped material is 
strongly influenced by small external magnetic fields. 
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Based on a dipolc-dipole interaction model, we discuss the levitation force and related vibration problems to understand the 
effects of flux pinning in type-Il superconductors, and the applications of levitation in superconducting systems. 

A very important property of superconductors is 
their ability to levitate a magnet. The low Te of con
ventional superconductors limits the applications of 
this phenomenon in many aspects. Because the high 
cost of cooling systems with liquid helium, the lev
itation train and similar other superconducting ma
chines are almost impossible from the economical 
point of view. The discovery of the high 7"c oxide su
perconductors exhibits the possibility to apply su
perconductors systems in popular technology, even 
in daily life. 

Recently, Brandt [1 ] reviewed levitations in sev
eral physical systems, and stressed in particular the 
superconductor system. So far, several groups [ 2-6 ] 
have reported investigations on the levitation force, 
and a new model was suggested for calculating the 
levitation distance [2 ] . 

Vibrations are very common in engineering and 
techniques. Sometimes, they are so severe that con
structions may be damaged. It is very important to 
avoid resonances in designing a new machine and to 
reduce vibrations in machine making. 

The purpose of this letter is to apply a dipole-di-
pole interaction model to: (i) analyse levitation 
forces; (ii) study vibrations in connection with lev
itation; (iii) utilize the vibrations to type-II super
conductors for exploring the physical properties of 
flux pinning. The method, given here for studying 
the intrinsic vibrations of these kinds of systems, is 

also believed to be suitable for engineering design. 
We consider the configuration that a permanent 

magnetic ball is levitating over an infinite plane of 
a superconductor. The system has a minimum po
tential energy when the polarization of the ball is di
rected parallel to the superconducting plane as shown 
in fig. 1(a). 

Without loss of universality, we compare two con
figurations as shown in fig. 1: the magnetic moment 
is parallel to the plane (a), and perpendu ular to the 
plane (b) . For situation (a) , there is an anti-sym
metrical plane a perpendicular to the magnetic mo
ment and superconducting plane. If we assume that 
the image method is valid for studying the interac
tion, it is then easy to show that the potential energy 
(by using following eq. (1 ) ) in (a) is just one half 
of that in (b) . In addition, there is also a symmet
rical axis along the magnetic moment in (b) . In or
der to obtain a more clear physical picture, we an
alyse configuration (b) instead of (a) for type-II 
superconductors. 

When the levitation distance z 0 is much larger than 
the diameter A of a sphere, the dipole model is good 
approximation for dealing with this kind of problem 
[7] , We therefore limit our discussion to this 
condition. 

i) Type-I superconductor. Due to the perfect dia-
magnetism ( ^ = 0 ) of a superconductor in the Meis-

092I-4534/89/S03.50© Elsevier Science Publishers B.V. 
( North-Holland Physics Publishing Division ) 
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Fig. 1. A permanent magnetic sphere is levitating over an infinite 
superconductor plane, (a) magnetic moment is parallel with the 
plane, and (b) magnetic moment is perpendicular to ihe plane. 

sner state, the interaction energy between the per
manent magnetic sphere and an infinite 
superconducting plane can be described by the di-
pole-dipole interaction as shown in fig. 2. Here, M' 
is the image dipole of Mand \M' | = \M\=M. 

The interaction, between the pair of dipoles shown 
in fig. 2. is given by 

= p ( 2 I ? < C O S 2 a + 3 s i n " 0 ; , • (1) 

As there is no horizontal force in the system, we 
omit the horizontal movement of the dipoles. Fur
thermore, there is no horizontal torsion, and we 
therefore omit the rotation around the r-axis. For 
similar reason, the spin term around the polarization 
direction is omitted. In this case, the Lagrangian of 
the system can be written as follows: 

L=\mz2+\Ia--mgz - ~-'—^(cos2a+'i%m2 a) 

* '" (2) 

Fig. 2. The configuration of a dipole with moment M and ils im-
age dipole with moment AT. 

where m and / a r e the mass and inertia of the mag
netic sphere, respectively. 

It is easy to obtain the Euler-Lagrange equations 
for i and a: 

mz+mg- ^ ^ - r < c o s 2 a + 3 sin- a)=0 (3) 

ffcSr 
(4) 

The last term in eg. (3) is the force between the 
sphere and the superconductor, and this falls off with 
the distance as F~z~A. 

The condition for levitation can be expressed as 

dVerr/dq,=Q (5) 

(6) 

Here q, are the dynamical variables z and a, and the 
effective potential is given by: 

„* 8-
We Ihen obtain 

•ng-zr v r i ™ 2ao + 3 sin- a01 = 0 
»JI 8 . 0 
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a n d 

s i n 2 a 0 = 0 . (8) 

The solutions for the equilibrium position are thus: 

«o = 0 (9) 

and 

(to 1M2\"' (10) 

As we are only interested in small vibrations, we 

(11) 

(12) 

The linearization of eqs. (3) and (4) yields the 
decoupled equations: 

^+fMp=o 

m+ZiMla=o. 
J«4*S 

(13) 

(14) 

These equations describe simple harmonical vibra
tions, and the solution are: 

p-po sin(i2,t+å,) 

and 

a=ax s i n f ^ z + i ^ ) -

(15) 

(16) 

Here po. <*i. ^i arid S2 are constants determined by 
the initial conditions, and £if and Q2 are the vibra
tional frequencies given by 

and 

(17) 

(18) 

ii) Type-II superconductor. Let us assume that the di
pole is lowered towards the superconductor from 
z=co. As discussed previously, we study the config
uration as shown in fig. 1(b) without Loss of uni
versality. The field of a dipole along its axis may be 
expressed as H~z~*. tfH<Hcl ( # c l =Iower critical 
field), the superconductor shows perfect diamagne-
tism. We will now be interested in the situation for 
which Hc\ <H<Hc2 (// C2=upper critical field). For 
a free dipole with magnetic moment M (without the 
superconducting plane), the magnetic field at the or
igin point O ts given by: 

1 * 1 * 
4JU Z 3 • 

(19) 

(20) 

We now define 

Jts.M\" 
1 W n» J 

anr1 introduce the corresponding dimensionless dis
tance C 

!,=:/: (21) 

As C decreases from 1, the flux pinning begins and 
the pinning area expands axisymmetrically from the 
center point O. We can now divide the supercon
ducting plane into two regions: a circular area cen
tered at O with radius rHct and the remaining part as 
shown in fig. 3(b) . The circle with radius rHtl is the 
boundary between the flux pinning area and the pin
ning free area so that rH<i increases as C decreases. 
Because the outside area (r>rHci) shows perfect dia-
magnetism in the Meissner state, the interaction be
tween the dipole and this area is almost the same as 
in the case of a type-I superconductor. It is then pos
sible to express the interaction as the difference be
tween a dipole with an infinite type-I superconduc
tor plane and a dipole with a disk area with radius 
rntl of type-H superconductor. However, the latter 
interaction is very difficult to deal with. To our 
knowledge, so far no theory can describe this very 
well. 

Instead of calculating the interactions discussed 
above, we propose to use a semi-empirical formula 
to represent the interaction between a dipole and an 
infinite type-II superconductor plane when flux pin
ning begins. For this, we select a power law to de
scribe the force f\ between the magnet and super-
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Fig. 3. (a) A magnetic d i pole with moment Mover an infinite 
type-II superconductor plane. r^„ is a critical measure for the 
magnetic field (corresponding to Hc,) on the superconductor. 
(b) The type-ll superconductor plane is divided into two parts: 
the circular part with radius rHci has H> HtI, and the rest pan 
has H< Hc,. (c) The magnetization curve of the superconductor 
asa function of distance r from the center. 

conductor as follows: 

(22) 

Here C is a constant determined by the dipole and 
y is a function of the magnetic field at point O. We 
expect the exponent to satisfy 

r = -{to if C> 1 , 
and <4 if£<l . (23) 

This assumption has been proved by different groups 
[4,6]. 

As discussed previously, if the magnetic moment 
is parallel to the plane, the force /", should be half of 
that of a dipole perpendicular to the plane i.e. 

Fi^lF-^Ctt" (24) 

where Ct{ = kC) is also a constant. 
Now we study the small vibrations in z-direction. 

Without loss of universality, we choose a = 0 (dipole 
is parallel with the plane)- By substituting eq. (24) 
into eq. (3) for the interaction term one obtains: 

mi+m^-C,(2/z,Ti'<--' = 0. (25) 

At the equilibrium position z = Zo, one thus obtains: 

^ - C , ( r 0 / r , ) - » * » = 0 . (26) 
This equation thus determins z0- It may not be pos
sible to find y{z) analytically, but as discussed be
low, this may be found from vibration experiments. 

For small vibrations we use the same variable 
transformation expressed in eq. ( \ \ ) . and by using 
the approximations: 

y{z)=y{z0)=y (27) 
and 

z-y=(z0+p)-' = Zoy(l-yp/Jo) (28) 
we obtain from eq. (25): 

mp+yC^Uo'^P-O. (29) 

The solution of this is 
p=p, sm(£23f+<53). (30) 

Here pi and J 3 are constants determined by the ini
tial conditions, and Q3 is the vibration frequency 
given by (using eq. (26)): 

M f̂-£Hf?r (31) 

If we consider small angular vibrations as for the 
situation described previously for type-I supercon
ductor, we can use the same approximation as in eq. 
(12). and this leads to 
Ia+C2(z0/zl)i~va=Q. (32) 

here C2 is a constant determined by the dipole (in
dependent of zo)-

The solution to the equation is 

a=a2 sm(QAt+d4). (33) 

Here as and <54 are constants determined by the ini
tial conditions, and QA is the vibration frequency 
given by 
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The flux pinning in type-II superconductors pro
duces magnetic hysteresis and therefore damps vi
brations. Due to this magnetic hysteresis, the force 
describing the dipole moving away from a supercon
ductor, must also be expressed by a different power 
law than for a dipole moving towards it, i.e. 

fm(0 = C 3 { - " . (35) 

Due to t^e fact that some flux lines are frozen, *here 
will be an attractive force between the dipole and the 
superconductor. This means that if the dipole is at 
a distance z from the superconductor, the outward 
moving force Fm is lower than the inward moving 
force F. In vibration experiments around the same 
equilibrium position zD> w e should therefore obtain 
two different frequencies corresponding to inward 
and outward motions. 

Fromeqs. (22), (24). (32) and (35), we see that 
parameters C,, C2 and C3 are determined by the 
magnetic properties of a dipole. From formulae (31) 
and (34), the vibration frequencies i33 and QA are 
controlled by magnetic parameters Clt C ; and z,, in-
ertial parameters m and /, and power index y of the 
force. Conversely, we can also select a series of mag
netic spheres with the same magnetic characteristics 
but different inertial parameters, or with the same 
inertial parameters but different magnetic charac
teristics, to investigate the vibrations. By measuring 
the frequencies Q3 and &,, one should therefore ob
tain much knowledge of the interaction in these kinds 
of systems, and further understand the effects of flux 
pinning on the interactions. 

Preliminary experiments in our laboratory showed 
the vibrations of a magnetic sphere over a super
conducting plane in the z-direction. 

This investigation is important for both physical 
research and applied engineering. For high-7", su
perconductors, the investigations have a close rela
tionship to the vortex studies. When a magnet is lev
itated over a high-7"c superconductor, the field in the 
superconductor is always higher than Hcl. Thus, the 
vibrations will certainly result in some motions of 
:he flux lines. The vibration investigations will help 
us to understand the vortex behavior and its physical 
meaning. 

Due to the discovery of oxide superconductors, an 
attractive application is levitation in engineering. 

Earlier research work about stable levitation by us
ing superconductors was studied [8], but they did 
not investigate the resonances in the nable levitation 
states. As we know, resonances are very severe prob
lems in engineering applications, which may damage 
the constructions. Therefore, it is a big challenge to 
find out how to avoid resonances occurring in sys
tem design. Our models and calculations should be 
suitable for such considerations. 

In summary, we have analysed levitation forces of 
a magnet over a superconducting plane, calculated 
vibrations near equilibrium positions, and briefly 
discussed the importance of vibration investigations 
for understanding physical properties and applica
tions of levitation. 
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Based on Davis* model for the lateral restoring force on a magnet levitated above a 
superconductor (J. Appl. Phys. 67, 2631 (1990) J, we calculate the restoring force as a 
function of lateral displacement for a more realistic magnetic field profile. 

Referring to Williams and MateyV experiments on the 
lateral restoring force on a small Sm-Co bar magnet levitated 
over a disk of Y, Ba 2 Cu 3 0 7 superconductor, Davis 3 has, in 
a recent paper, calculated the restoring force as a function of 
displacement from its original position at rest. The calcula
tion is based on Bean's critical-state model to describe flux 
pinning. 

Williams and Matey found that the force is linear for 
small displacements JC0 (— 1 mm) from the original position 
(near the center of the superconducting disk). Similar be
havior was observed by Moon, Yanoviak, and Ware. 3 Davis' 
model provides a clear interpretation for the linear behavior. 
Davis has obtained the following expression for the force: 

= -jj- #6(0) - J dx\H0ix-x0) j -

+ HU.--x0) 
dH0(x) 

dx • ) ] • CD 

where H0(x) is the field profile produced by the magnet at 
the lateral displacement x. 

Davis evaluated the force numerically using the field 
profile 

HQ(x)=N0(0)h2/(rt2 + x2), (2) 

where x is the lateral displacement and h is the height of the 
field source from the superconductor. 

In this comment, we would like to point out that: (i) 
with the field profile described by Eq. (2), which contains 
the main physical feature corresponding to the field for a line 
current wire. Eq. (1) can be calculated analytically. The 
result is 

~FAx) ix/hy 
/ i c . r7£(0) /4 / f 1 + (x/k i ! [4 + U / A ) 2 ] 3 ^ h) 

-5U//0-
[1 + U/A)-][4+(jc/A)M- (x/A)-[4+U/ft)-] 3 

4[4- (3) 

(ii) Davis' model can be applied to more realistic magnet 
configurations. 

Let us consider a permanent magnetic bar infinitely 
long in the indirection and xXz dimensions of 2/ x2iu, re
spectively. Assuming that the magnet bar is magnetized ho
mogeneously along the x direction, the magnetic field out
side the bar can be described as the sum of contributions 
from the dipoles with volume moment density m, in the bar. 
After integration over the bar volume, the x component of 
the field can be expressed as 

/ / = 2m f arctan 
x - l 

+ arctan ft + u-

— arctan - — arctan 
h -r 
x + l l 

(4) 

where h is the distance from the center of the bar magnet to 
the superconductor surface. Substituting this field, instead 

I 
ofEq. (2) , in toEq. (1), we evaluate the force numerically. 
Choosing different values for parameters / and w, the result
ing forces are shown in Fig. 1. One can see that, for the field 
profile given by Eq. (2) , the restoring force [Fig. 1(a) ] in
creases monotonically and finally approaches the saturation 
value. For the fields expressed by Eq. (4) , a peak appears in 
the force curves [Figs. 1(c), 1(d). and 1(e)] . At the limit, 
/ = w — 0, we obtain the dipole-line case: an infinite long 
dipole-line polarized transversely, Fig. 1 (b). The force is not 
very sensitive to the cross section of the magnet bar. With an 
increase in the size of the cross section, the peak value of the 
forceshifts to the left but very slowly. Only when the magnet 
is very close to the superconductor (w/h— I ) , the shift is 
pronounced [Fig. 1(e)] . 

High-resolution measurement of the restoring force11 by 
useofa mechanical pendulum shows that the force increases 
dramatically for small x. Compared with the analytical re
sult [Eq. (3) ]. the experimental data show a much steeper 
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FIG. 1. Comparisons of restoring forces — F,/[p0H J (0>/4J r ] as a func
tion of displacement */A: {a} analytical result expressed by Eq. (3), (b) the 
dipole-line model, (c) the dipole-bar model with t/h = us/h = 0.1, Id) the 
dipole-barmodel with l/h = w/k = 0.5, and (e) the dipole-bar model with 
l/h = m/h = 0.9. Thecurvesare shifted relative to each other by 0.2 in they 
direction. 

dipolc line (polarized along the x direction and transverse to 
the line direction) can be expressed as 

Hx =2m,{(jc ! -A : ) / ( j t ; + A-)-}1 (5) 

where m, is the d i pole-moment linear density (per unit 
length), x is the lateral displacement, and h is the height of 
the dipole line above the superconductor. When x — h, the 
field changes sign, and when x — V$h, the negative field 
reaches the extreme value: |/r"mm | <= J \Hma% | , so that, if 
I Hmin | <HCt, the negative part of the field does not contrib
ute to the restoring force. However, when | Hmin \ > Hrt, the 
force should show a peak. 

Finally, we would like to point out that even for a spheri
cal magnet our previous studies5 show that the restoring 
forces are different for motion parallel with and perpendicu
lar to the magnetic moment M. The details of investigations 
about effective force and effective potential will be published 
elsewhere.6 

The research was supported in part by the Norwegian 
Research Council for Science and the Humanities (NA VF). 
The authors would like to thank J. Yao for confirming the 
calculations, and L. C, Davis for sending his preprint and his 
comment.7 
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behavior, and is close to the curve given by the dipole-line 
model [Fig. 1(b) 1. The physical reason for the peaks in the 
force curves is that the field changes sign. Since flux penetra
tion takes place only when the field is larger than HCy, the 
real integral in Eq. (1) needs a cutoff x value. And if the 
extreme value of negative field is less than HCi, there is no 
contribution of negative field to the force, so that the force 
peaks will not appear in such cases. Quantitatively, we em
ploy the dipole-line model, which gives a better approxima
tion to the experimental field profile, to explain the observed 
force. The x component of magnetic field produced by a 

'R.Williams and J. R. Matey. Appl. Phys. Lett. 52. 751 (198S). 
: L . C. Davis. J. Appl. Phys. 67, 2 « 1 (1990). 
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PhysicaC 165, 397 (1990). 
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1 It would be pointed out that Eq. (1) is noi a universal description of the 
lateral restoring force for any kind of field profile. 
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The lateral force interaction between a permanent bar magnet and a large slab of high Tc 

superconductor has been investigated at 77 K, under conditions of a constant vertical 
separation of 2 mm. The restoring force as a function of lateral displacement rises very 
steeply, and reaches 90% of its saturation value, 5.1 mN, after 1.8 mm. The profile of the 
force-displacement curve is in qualitative agreement with the existing theory. A significant quantitative 
discrepancy is interpreted as due to a theoretical penetration depth exceeding the sample 
thickness. The lateral magnetic stiffness or spring constant, is found to be independent of 
displacement away from lateral equilibrium. 

The levitation of a permanent magnet above a super
conductor is classically explained as a consequence of the 
perfect diamagnetism possessed by the superconducting 
material. Surface currents are induced so that the external 
magnetic field is expelled from the interior of the sample 
(Meissner effect). When this repelling interaction balances 
the weight of the magnet it can levitate. 

The discovery of the high Te oxide superconductors 
has made it possible to study the forces acting on a levi
tating magnet quite conveniently at liquid-nitrogen tem
perature. During the last few years numerous articles have 
reported experiments that address this subject. A majority 
of these investigations has been concerned with the levitat
ing component of the force. 1' 6 The quantitative results of 
these experiments show that the image dipole interaction, 
which is expected from the Meissner effect alone, does not 
fully describe the observed behavior. This is interpreted as 
due to partial flux penetration and pinning, i.e., type-II 
behavior of the ceramic superconductors. 

An even stronger manifestation of the flux pinning in 
these materials is the considerable lateral stability of the 
levitating magnet. In fact, a diamagnetic planar disk of 
finite size will not be able to provide such stability at all.7 

Since most thinkable applications of the levitation phenom
enon will rely on this lateral stability, it is important to 
understand the underlying physical mechanisms. Until 
very recently, a theory for the origin and magnitude of the 
restoring lateral force did not exist for type-II materials. 
Now, a detailed calculation of this force has been presented 
by Davis. 1 

Experimentally, only very few attempts have been 
made to reveal the behavior of the lateral interaction.1,9 In 
order to render a proper theoretical analysis, such experi
ments should be performed with constant vertical separa
tion between the magnet and the superconducting slab. 
Moreover, the sample should be large enough to avoid 
finite size effects. 

In this communication we report high-resolution mea
surements of the static lateral force and also dynamic stiff
ness as function of lateral displacement. Direct comparison 
with theory will be made. 

We have used an apparatus shown in Fig. I. A planar 

disk of YBa2Cu 3O x is placed on a block of aluminum in a 
polystyrene container filled with liquid nitrogen. The top 
surface of the sample is aligned with the horizontal plane. 
The container rests on an electrically movable table. A step 
motor can displace the sample 1.25 pm per step in the 
lateral x direction. The table can also be lifted vertically by 
a manual micrometer. 

A Nd-Fe-B permanent magnet, M, is attached to the 
lower end of a quartz rod, which is free to move as a 

FIG. 1. Experimental arrangement for ihc lateral force measurements 
(upper). Schematic picture of the pendulum with the torques that are 
acting upon it in (hebalance position (lower). 
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vertical planar pendulum. The horizontal position of the 
magnet is detected by a photodiode placed in the focus of 
a laser beam that is partly intersected by the pendulum. 

When the sample is in the superconducting state we 
observe that as it is moved laterally, the interaction causes 
the magnet to follow. In order to measure this force, F„ we 
insist on keeping the diode signal constant, Lc, fix the 
magnet's position while the sample is displaced. For this 
purpose a balancing force. F*, is generated by applying a 
field gradient to a second small permanent magnet, M", 
attached near the center of the rod. At balance, /> will be 
proportional to the current, /, supplied to the electromag
net. Since the torques of the two forces now must be equal, 
one has Fx «. J. Thus, the lateral force, Fx(x), produced by 
the superconductor can be found by measuring the current 
in the coil. Note that since the pendulum remains fixed, 
these measurements are performed with a constant vertical 
distance. 

For optima] performance, the system is fully comput
erized so that the control action of the coil current is au
tomatically updated. More details about the design, instru
mentation, and operation of this apparatus can be found 
elsewhere.10 

The magnet close to the sample was 9 mm long and 
had a square cross section of 2 X 2 mm2. Figure 1 shows the 
orientation of the magnet, which was polarized parallel to 
the x direction. A Hall probe gave 1.3 kG for the field 
intensity at a point along the x-oriented symmetry axis 1 
mm away from the poles. 

The sintered sample of YBa2Cu30JC was shaped as a 
planar circular disk of 7 mm thickness and 70 mm diam
eter. The superconducting material, which has a density of 
90% of the theoretical value and Tc = 90 K, was provided 
by Kali-Chemie Aktiengesellschaft, Hannover, West Ger
many. 

All the experiments started by cooling the sample 
when it was placed far below the magnet In this way 
essentially no flux was frozen into the superconductor ini
tially. The movable table was then lifted so that the dis
tance from the sample top surface to the lower side of the 
magnet was 1.0 mm. 

Curve 1 in Fig. 2 shows the observed lateral force as a 
function of unidirectional horizontal displacement cover
ing a total of 6 mm. The force, which is restoring in its 
nature, rises very steeply during the first small fraction of a 
millimeter. As the displacement increases the slope de
creases raonotonically, and the curve approaches asymp
totically a plateau. The force reaches 90% of its saturation 
value, 5.1 mN, after 1.8 mm displacement. The behavior 
was independent of the starting point of the motion as long 
as the magnet was held away from the edge of the sample. 

We find that the overall profile of the curve is quite 
similar to the behavior predicted by Davis.8 These calcu
lations are based on Bean's critical-state model, and as
sume a magnet of infinite length in the transverse y direc
tion. They give the following expression for the lateral 
force per unit length of the magnet 
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DISPLACEMENT x (mm) 

FIG. 2. Normalized lateral force F, as function of horizontal displanc-
ment. The experimental curve (I ) rises t o / ? 1 = 5.1 mN. The curves (2} 
and (3) show the theoretical force behavior for the cases 
Hot*) = # o « » / n + X*) and Ha{x) = JST0(0)/(1 +-Y*)1, respectively, 

^=-* [ag<o>- /__ *(*<«•-*) 

X-^r{x')+Hl(x'~x)^~(x')\l (1) 

Here HQ(X) is the tangential field distribution at the sur
face of the superconductor, and Jc is the effective critical 
current density. As suggested by Davis, the case of a mag
net polarized parallel to the lateral displacement can be 
well approximated using the simple profile 

H0{x)=HoiO)/i\+Xz)l X=x/h, (2) 

which corresponds to the field a distance h away from a 
straight wire carrying a current. Very recently, Yang et 
al'' found the analytical solution for this force 

-Fx(x)/Ly 4+7X2+X* 20 + X2 

/iofl8(0)/4yt~ (4 + X2)2 + X(4 + X2)3 

4(4 + $X2) 
X (IT - arctan X) - xl^A + xi^l 

Xln( l+X 2 ) . (3) 

For comparison, this function has been plotted in Fig. 2, 
curve 2, using h = 2 mm, equal to the distance from the 
superconductor surface to the center of the magnet. 

It is evident that the theoretical curve rises much more 
slowly than the observed behavior. One possible cause for 
this discrepancy is the choice of model for the field profile. 
It is clear that with HQ falling off with x more quickly than 
described by Eq. (2) it is possible to get a steeper initial 
slope in the force. Indeed, we have solved the force integral 
numerically for many such field distributions, however, 
without being able to reproduce the experimental behavior. 
As an example, curve 3 of Fig. 2 shows the force for the 
case ff0(x) ~ H0(0)/( I + X2)3, which describes to a good 
approximation the decay of the field produced by an infi
nite line of transversely polarized dipoles. The resulting 
increased initial slope has the additional effect of driving 
the force to a saturation at a too small displacement. 
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From Eq. (I) it follows that the saturation force is 
given by 

a result that is independent of the particular choice of the 
field distribution. In order to estimate this saturation value 
we use Jc = 100 A/cm 2 and a maximum surface tangential 
field of 1 kG. Equation (4) then gives a force of 1.6 N, 
which is almost three orders of magnitude larger than the 
observed f?K 

From this discussion it is clear that Davis' model does 
not give a satisfactory quantitative description of the force 
measurements reported in this work. The reason for this 
we believe is the large current penetration depth 
80(x) = H0(x)/Jc in materials with low Jc In fact, using 
the same numerical values as above one finds a maximum 
depth of S0(0) = 8 cm, i.e., more than ten times the thick
ness d of the sample. As pointed out by Davis, in such 
cases the basis of his calculations is no longer valid. How
ever, if one assumes that the saturation force is monoton-
ically increasing with the surface field also when 5 0 (0) >dt 

one can use the model to estimate a lower bound for Ff\ 
The result of Eq. (4) is applicable for fields up to 
H0(0) = J,d. One therefore expects the saturation force to 
satisfy 

IfTlJW^V 4-
In our case, the lower bound amounts to 1 mN. Thus, the 
present measurements are not inconsistent with Davis' the
ory. 

The magnetic stiffness associated with the lateral inter
action is defined by 

k„^dFJdx. 
It is a dynamic quantity that governs oscillatory types of 
motion. If the lateral force were reversible, k^ would sim
ply equal the slope of the force-displacement curve. How
ever, earlier measurements1 , 1 0 have shown that major loops 
in lateral displacement, are highly hysteretic. The determi
nation of the stiffness therefore requires separate experi
ments. 

In this work, the stiffness measurements were per
formed by letting the unidirectional motion of the sample 
regularly be interrupted by periods of 0.1 mm backwards 
motion. The resulting behavior of the force is shown in 
Fig. 3. 

We observe that as the motion is reversed the force 
decreases very quickly. Then the displacement again is set 
forward, the force reversibly returns to the point where the 
reversal started. These experiments clearly demonstrate 
that the slope of these reversible lines remains constant, 
independent of how far from the origin the minor loop 
takes place. The lateral stiffness * „ ( * ) , taken as these 

/ ! . ' M i l ; i i i -
/ i i ! ! ; i : ! i ! J = i : 
/ ; ; ; i i i i • ; *' < •' 

ii * i ' 
! ; 

DISPLACEMENT ( r r m ) 

FIG. 3. Measurement of Oie lateral force stiffness. The sei of parallel lines 
is the result of periodically reversing the displacement- The slope of the 
lines give A u = 26 N/m. 

slopes, is therefore independent of the displacement. This 
surprising result is quite different from the behavior of the 
analogue quantity for the vertical direction, ka(z)> which 
depends strongly upon the separation z}A 

We do not at present have an explanation for why the 
lateral stiffness is invariant. We believe, however, that this 
result is of considerable significance, both from a theoret
ical as well as practical point of view. To improve ou r 

understanding of the lateral interaction more experimental 
information about its characteristics is needed. A series of 
investigations is ongoing in our laboratory. 
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Vibration methods are used to investigate the interaction between a magnet and a type-II superconductor on the basis of a 
dipole-dipole interaction model. For this purpose, a compound pendulum was constructed for studying the interaction between 
a magnet and a high-7"t superconductor. The experiments show that the damping of the pendulum is much larger when the motion 
is parallel to the direction of the magnetic moment than when it is perpendicular. This novel result is discussed m relation to the 
model and movements of flux lines. 

1. Introduction 

In connection with the application of levitalion in 
superconducting systems, il is very' important to un
derstand the interaction between a magnet and a su
perconductor [1-4] . The interaction between a 
magnet and a lype-I superconductor is well under
stood by means of perfect diamagnetism of the su
perconductor in the Meissner state. A dipole-dipole 
model is very good to describe the interaction [ 1-
5] : the potential energy t'~-z~3 and force F~~z~4 

with r the distance between the magnet and super
conductor. However, due to the flux pinning of type-
II superconductors when H>Ht.l(Hcy = lower criti
cal field), the interaction between a magnet and a 
type-II superconductor is, to our knowledge, not clear 
so far 11 ]. Hellman and co-workers [2] have sug
gested a flux pinning model, which yields, in the range 
of Hc, < / / < / / c , (tf c : = upper critical field) and un
der certain conditions. V~ z ~' and F- z ~ \ 

Moon et al. and Marshall et al. [3] have reported 
experimental investigations of the force in this range, 
but they did not investigate the power law behaviour 
of the interaction. In an earlier paper we reported 
[4] the investigations of the force between a per
manent magnetic sphere and an oxide superconduc
tor as a function of separation r. We employed a 
po«er law to describe the force. F-z~y,:>. with j*(c) 

satisfying 0<y(z) <4 . Based on these experimental 
results, we studied the vibrations of a magnet levi
tated over a flat superconductor using a Lagrangian 
dynamical method [6 ] . 

The purpose of this letter is to suggest a vibration 
method based on a dipole-dipole interaction model, 
developed from our previous research [6] , to in
vestigate the interaction between a magnetic system 
and a type-II superconductor. 

2. Description of the methods 

Consider a permanent magnetic sphere with mo
ment M over a flat superconductor as shown in fig. 
1. 

For type-I superconductors, {or when H<HCI for 
type-II superconductors), we can use a dipole-di
pole model and the image method to deal with it. The 
interaction between a dipole and an infinite super
conducting plane can thus be expressed by: 

g * L < 2 r ) 3 ( 2z ) 3 J 

= Bl\M\}MA [cosfa + a 1 ) + 3 sin a sin a ' ] ( I ) 
g7i (2zy 

where M' is the image dipole of the dipole M and 

09:1-4534/90 'S03.5O £ Elsevier Science Publishers B.v. 
i North-Holland ) 
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M ^ o 

S ^ 
Fig. 1. The configuraiionofa dipole with moment M and its im
age dipolr with moment M'. 

| M\ - | M' |. n is the unit vector along the line con
necting the dipoles. and a ' = a . The potential can 
then be written 

J = 
tt> \M\\\T\ 

32it 3 _-3 
(1 +sin- a) (2) 

The force along the r-direction is then given by: 

O , J~K J. Z 

The equilibrium position, corresponding to the min
imum in potential energy, occurs for a = 0. 

Lei us consider a dipole moving towards an infi
nite type-11 superconductor plane from z=oo. When 
//<//<.,. eq. (1 ) is an almost exact representation of 
the interaction. For decreasing r .eq. (1) is not valid 
below a certain value, r = r,, as the field will be higher 
than / / C ! . On the basis of our experimental results 
[4] as well as results due to others [3 ] . we use a 
power law to describe the force (for a = 0): 

F = . C ( r / r , ) - (4) 

(if we lei CC=K/2. the right hand side of eq. (4) 
should be multiplied by 2) where Cand r, are con
stants determined by the magnetic properties of the 
magnet and the superconductor and r, defined by: 

(th2M\ (5) 

;•(:•} is a monotonic decreasing function of 
satisfying 

0 < y ( r ) < 4 . (6) 

Due to the fact that flux pinning causes magnetic 
hysteresis, the force describing a dipole moving away 
from the superconductor is expressed by a different 
power law from that for a dipole moving towards it, 
i.e. Fm~:-y,iz>, and > - ( r ) ^ ^ ( r ) , but j»,(s) also 
needs to satisfy 0<y,(z)<4. 

2.1. Determination of the force exponent from 
spring vibrations 

Let us consider a system shown in fig. 2. A mag
netic sphere of mass m, and magnetic moment M is 
attached to a spring with mass m2 and spring con
stant k and hanging over an infinite superconducting 
plane. The equilibrium situation is with M parallel 
to the plane. 

The equation of motion for this mass-spring sys
tem acted upon only by gravitation without mag
netic interaction may be expressed as: 

(/«i •+• \m2)x+kx=0 C!) 
where x is the coordinate from the equilibrium po
sition. A small extension. Ax, of the spring is given 
by ^x~{ml + {m2)g/k. The solution to eq. (7) is 

^ 

Fig. 2. A magnetic dipole with mass m ; and moment M. con
nected by a siring with mass m : and force constant k. above an 
infinite iype-II superconductor plane. 
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.v = .vK 1sin(i3„( + (5o) (8) 

where A-QO and å0 are constants determined by the ini
tial conditions, and Qa is the inertia vibrational fre
quency given by: 

Bo (9) 

We now want to study the effect of the supercon
ductor on the inertia system, te t us assume that the 
force between the magnet and the superconductor 
maybe described by eq. {4), and by substituting eq. 
(4) into eq. (7) a new dynamical equation is 
obtained: 

IWi + Jm2).T + fcv-C(r/r,)-),,-', = 0 . (10) 

The new equilibrium position r 0 (the distance from 
ihe surface to the center of the magnet) and.v 0 (the 
distance from the old equilibrium position to the new 
equilibrium position) should satisfy: 

kxQ-C(z0hi)-A:oi=0 ( I D 

where .x:0 and r 0 can be measured directly. 
Introducing a new argument, p. defined by 

x=x0-i-p and r = r 0 + / ? , (12) 

and using the approximations 

>'(-)=>-(r0> (13) 

and 

-<<-->= (r 0 +^)-^- -° + "^~ 0 ->^ 1 

(14) 

Ids: 

^ C ( j 2 ) " ' ° ' p = 0 . (15) 

qs. (9) 

the linearization of eq. (10) yields: 
- 7C- -0 

(w, +-jm2)p+kp + 

With the use of eqs. (9) and (11). eq. (15) is 
changed to: 

The solution of this is: 

?=A>sin(ft i(r 0 ) ; + .5i] 

(16) 

(17) 

whereto and åi are constants determined by the ini
tial conditions. The new vibrational frequency Qj.3ø) 
depends on the equilibrium position r 0 and is given 
by: 

+ +v<*°>S" fi,(z0)=f20 

This equation yields 

( IS) 

(19) 

All the parameters of the right side of this equation 
can be measured directly. The exponent y(z 0 ) can 
thus be obtained precisely by measuring r 0 . .v0. Q0 

andf l .Uo) . 

2.2. The potential function investigated for a stiff 
pendulum 

Since the exponent y ( : ) in the force function F{z \ 
is a function of distance :. il is not possible to obiain 
the exponent function oTihe potential function by in
tegrating the force function F=C(z/zl)~

y{:\ Thus, 
it is not possible to obtain the potential function us
ing the vibration method described earlier. Instead, 
we now want to discuss how it is possible to measure 
the potential function using a rigid pendulum. 

For this, let us assume that we have a similar sys
tem as in the spring vibration: the spring is changed 
to a rigid rod. The pendulum is placed over an in
finite type-II superconductor plane as shown in fig. 
3. Let us assume that the diameter a of the sphere is 
much smaller than the length /of the rod. i.e. a<zl. 
Without the magnetic interaction, the dynamical 
equation of motion for. the compound pendulum 
acted upon by gravitation may be expressed by 
(omitting the spin term of the ball in kinetic energy): 

('«i + l ' « 3 ) / : « + ( ' « i + ±ms)gl$\n a=0 . (20) 

Lei us consider a small angle approximation, i.e. 
sin a^a. The linearized equation may then be ex
pressed as: 

{ml+]mi)la+ C", + ^m^ga-Q . (21) 

The solution to this equation is: 

a=aoosin(i2,r + <^) (22) 
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/////;/; 7—7-7—7—7-

! &r A>« ! &r . . . v ; 
{JkJ " ^ 

/7///Z7///7/ ;; ; J/ // 

Fig. 3. A magnetic dipole with mass m, and moment Af, connected by a rigid rod with mass m } and length I. above an infinite type-II 
superconductor plane, (a): The moment Af is parallel with the motion direction, and (b): the moment Af is perpendicular to the motion 
direction. 

whe re a0o a n d <5; a re c o n s t a n t s d e t e r m i n e d by t h e 
initial c o n d i t i o n s , a n d Q2 is the iner t ia c o m p o u n d 
p e n d u l u m frequency given by 

Q2 (23) 

We now want to consider the effect of the inter
action between the permanent magnetic sphere and 
the superconductor on the inertia compound pen
dulum. Let us assume that the potential function can 
be described as follows: 

r = C , ( r / . r ^ - ' - ' U - i - s u r a ) (24) 

where z, is defined previously by eq. (5) . C{ is a 
constant determined by the magnetic properties of 
the ball and the superconductor, and y2(z) is a func
tion of the distance r. If y2(:) is independent of z, 
;•{:) in eq. (4) will also be independent of z. We then 
obtain the following relationships: y2 = j>+l and 
C=C["2 (actually, these relationships are not valid 
for a type-II superconductor). In this case, we as
sume that the angular part in eq. (2) is valid (i.e. we 
still use the image method and that the absolute value. 
' M |. of the image dipole M' is reduced, but its an
gle is unchanged). 

Let us assume that the vertical displacement 

(r— r 0 = / ( 1 — c o s a ) ) of the pendulum is much 
smaller than the distance zQ. i.e. /(1 — cos a ) <zz0. 
As a first approximation the new dynamical equa
tion of motion of the compound pendulum system, 
corresponding 10 the configuration of fig. 3a, can be 
expressed by: 

(mi + \m3)I2d+(m- + \m3)g/a 

+ 2Cl(zQ/zl)-yil'-°)a + lC(:0/z])-/t:a,a = 0. 
( 2 5 ) 

T h e last t e rm is t h e force funct ion F(i) a 1 - 2 . At least 

" Here we omit one term (assume dy2(z)foa = 0). If we still 
formally use eq. (24) to dedude eq. (25). the force function 
F,{z) is different from the force function described in eq. (4). 
The formal result of the force function ii. eq. (25) should be: 

f,(--)=c hH [ w-fern 
In the following we also need to use f i ( - ) instead of F (z). 
The final results are all consistent in eqs. (30). (32) and (33). 

: It should be pointed out that here the force function F only 
has an effective meaning. The effective force thus changes sign 
from " - " (repulsive force) 16 " + " (attractive force) when 
the field H is below or above HCI respectively. As the details 
of the dynamical processes are very complicated, the potential 
function. *'( = ). and the force function. F(:). are only 
phcnomenological. 
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three methods can be employed to determine F(z). 
The first method was discussed above. We may also 
connect the other end of the rod to a balance and 
measure F(z) directly. Later we will describe the 
third method. 

The solution to eq. (25) is 

a = aosin[£3Uo)H-«5j] (26) 

whe;e a0 and å3 are constants determined by the ini
tial conditions, and i3 3(- 0) is a function of distance 
z0. The new vibration frequency £2j(r0) depends on 
the distance r 0 and is given by: 

!3Uo) ^1+IH m,+\m3) 
V{=0) 

F(r0) T / 2 

/ ( m , + i m 3 ) J (27) 

where l'(z) is the potential function defined by 

i•^c)=C(^/z 1)-" ,•" , • (28) 

eq. (27) yields 

r(:0) = U2(m}+
i

}nh)[£2l(-0)-i2l]-^F(=0)-
(29) 

This potential function can thus be obtained by 
measuring G}(z). i23 and F(z) directly. 

Now we consider the third method to measure the 
force function F(z). We can use the same rigid com
pound pendulum as discussed above, but with a dif
ferent configuration: the moment M of the perma
nent magnetic sphere is now parallel to the rotation 
axis of the pendulum as shown in fig. 3b. By using 
the same approximations as before the potential term 
will vanish and the dynamical equation of motion of 
the pendulti-.i can be simplified to 

(w, + \mi)la+(m, + kmi)ga 

+ C(r o /r 1 )- J " a , oc = 0. (30) 

The solution to this equation is 

a=or, sinia>(r0)f-$-<54] (31) 

where or, and å4 are constants determined by the ini
tial conditions. The new vibrational frequency QA( zQ) 
with r 0 the equilibrium position is given by 

L /(m, + lmj)J 
(32) 

This equation yields 

F{=Q)=i{ml+\mi)[al{:0)-Gi] • (33) 

As may be seen from eqs. (27) and (33), it is pos
sible to obtain the force function F(z) and potential 
function V(z) from precise measurements of the fre
quencies Q2> ^ J ( - ) a n d ^ ( r ) for a stiff compound 
pendulum "3. To our knowledge, this offers a new ex
perimental approach to analyse the properties of type-
H or high-7"c superconductors. 

3. Experiments and discussions 

Based on the above suggestions, we have con
structed a rigid compound pendulum for investigat
ing the interaction between a magnet and a high-7~c 

superconductor. For this purpose, a cylindrical Nd-
Fe-B permanent magnet with diameter 9.5 mm and 
length 10 mm was mounted at the end of a quartz 
rod hanging by a knife's edge. The pendulum was 
placed above an YBaaCujO, superconducting disk 
with diameter 69 mm and thickness 6.8 mm emerged 
in liquid nitrogen. An optical system was employed 
tc monitor the time dependence of the amplitudes of 
the oscillations. The pendulum intersected a fraction 
of a laser beam and the transmitted light detected by 
a photodiode was proportional to the amplitude. Via 
an IBM DACA sampling card, the signals from the 
diode were transfered into an IBM PC-AT for data 
treatment. 

Preliminary' experiments were performed for ex
amining the changes of amplitudes and frequencies 
of the pendulum. The damping of the free pendulum 
without the superconductor is very small and neg
ligible. When the distance from the superconducting 
surface to the bottom of the magnet is relatively large 
(typical v.|ue is larger than 25 mm), the influence 
of the magnetic interaction on the amplitude and 

1 If we phenomenologically introduce the damping terms r,a. 
r^a to eqs. (25) and (30). respective!), the frequencies J2j(r i 
and &4(:) need to be corrected. The new corrected frequen
cies ii'3(:) and &;(:) can be obtained by: 

Q^:)=l£2U:)]-nVr- and 12;<r> = f#a(r)l - T;] ' : . 

respectively. 
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frequency is "very weak. As the distance decreases, 
one can clearly observe changes of both amplitude 
and frequency. An unexpected and novel observa
tion was that the oscillations in the two configura
tions, with the moment M parallel with and perpen
dicular to the direction of motion (fig. 3), are very 
different as displayed in fig. 4. There is also an in
crease of the frequencies for both configurations rel
ative to the free pendulum. This is in qualitative 
agreement with our model. As seen in fig. 4, the par
allel motion (fig. 3a) shows much stronger damping 
than the perpendicular motion (fig. 3b). In the im
age picture, the motions of the magnet cause move-
menis of the flux lines in the superconductor. For the 
same amplitudes, even though the motions in both 

1 ?\/1.VV 
'ifMP 

\J\ A : 

1 

?\/1.VV 
'ifMP \'f \l 
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\i . . / ' • 

, . , , i i\ A A .A 

' • • ' • • '•..,' :\ / • \ - | ' M \ f \ i 

' \l \J V v -

TIME ( s i 
Fig. A, Two measurements ofthe amplitudes (proportional IO the 
diode signals) vs. ume with different distances between the mag
net and the superconductor, (a) : 7=14.5 mm (frequencies 
/ = 0.725 Hz and 0.920 Hz. and damping factors r=0 .033 s _ l 

and 0.1 s" 1 . respectively), and (b) ==11.5 mm (frequencies 
.f=0.870 H2 and 1.44 Hz. and damping factors /"=0.1 s" 1 and 
0.3 s"'. respectively). The solid lines show the responses for M 
perpendicular to (he motion direction (fig. 3a) and the dashed 
lines for M parallel with the motion direction (fig. 3b). 

configurations affect the same quantities of moving 
flux lines, a simple calculation for the field distri
bution of a dipole shows that not only the quantities 
of moving flux lines, but also the interactions among 
the flux lines contribute to the damping differently 
in the two configurations. The experiments yield the 
results in qualitative agreement with our calculation. 
This difference in damping for different configura
tions will also obviously have important conse
quences in levitation applications. Besides the fre
quencies change in both configurations, the 
frequencies were also seen to increase slightly with 
time. This feature is beyond the description of our 
model. It is not surprising that our simple model is 
unable to contain all the characteristic features for 
such a rich physics system. This would probably be 
improved in future work. 

4. Summary and conclusion 

The preliminary experiments of our pendulum 
show verj' high sensitivity for examining the inter
action. As the motion of flux lines {lattice) depends 
on temperature, an obvious extension of our exper
iments would be to improve the set-up and measure 
the melting and creeping of flux lines. This is of par
ticular interest as the melting and creeping are the 
main reasons for a low critical current density. The 
model and experiments also offer efficient tools to 
study the dynamical behaviour of flux lines in su
perconductors, which has not been understood very 
well so far. The interaction is attractive due to the 
fact that some flux lines are frozen. This means that 
the force. Fm(z)t acting on a dipole moving away 
from the superconductor at a distance z is lower than 
the force, F(z), acting on the dipole moving toward 
it. The resulting potential function is therefore also 
different for these two situations. By measuring the 
vibration frequencies for these inward and outward 
motions we are therefore able to map the potential 
function. Such investigation will be of interest both 
for characterization of the superconductor itself as 
well as for applications. 
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Abstract. The interaction between a magnet and a high Tc superconductor (krsc) 
is investigated by a novel method. A permanent magnet mounted at one end of a 
stiff rod hanging by a knife's edge forms a mechanical pendulum. When a HTSC is 
placed below the magnet the frequency v and damping factor r will be changed 
due to the interaction between the magnet and the HTSC. The experiments show 
that, as the separation between the magnet and the KTSC decreases, the flux lines 
start to penetrate the sample via interg ran ules and grain boundaries, which resufts 
in a horizontal restoring force even for the field range B « BCl, The present 
experimental results are consistent with the theoretical model of weak links for 
bulk HTSC. The power-law-like potential, Ke l T l and force, Feff, are introduced to 
describe the interaction. The behaviour of Ven and Fttr obtained from the present 
measurements is in disagreement with the dipole-image model even for the field 
range B « Bc,. 

Supercond So Ttchnol. 3 (1990)591-597 PrinlBd in (ha UK 

1. Introduction 

In connection with the application of le vit at ion and 
superconducting bearings by using high 7"c supercon
ductors (HTSC), several groups have reported their re
sults of theoretical analysis and force measurements [1-
8]. In particular, Williams and Matey [5] have mea
sured the lateral force acting on a small permanent 
magnet levitated above an HTSC disc and tried to ob
tain the potential as a function of horizontal displace
ment. Based on Beans' model of hard superconduc
tors. Davis [6] has calculated the lateral restoring force. 
High resolution measurements of the lateral force [7] are 
only in qualitative agreement with Davis* results. At 
present there is therefore relatively little quantitative 
information or basic understanding of the interaction 
between a magnet and an HTSC. The purpose of this 
paper is to use a mechanical pendulum [8] to investi
gate the interaction between a small magnet and a large 
Y ^ a - j C ^ O ^ a (Y123) superconductor disc, and to in
troduce phenomenologically the potential Veff and force 
F e f f to describe the interaction in this system. These 
studies enable us to investigate the dynamic behaviour 
of flux lines in a Y123 superconductor [9]. The present 
results show new features distinctly different to those 
obtained from previous studies on conventional super
conductors [10-12] and HTSC [13]. 

2. Experiment 

The experimental set-up is shown schematically in fig
ure 1. A IVd-Fe-B permanent magnet (M) (manufac
tured by Sumitomo Special Metals Co. Ltd. Japan) was 
cut into a cube-like shape (6.5 x 6.5 x 7.5 mm 3 ) with 
rounded edges and attached to the end of a 55 cm long 
quartz tubular rod hanging by the edge of a razor blade. 
The magnet was magnetized'with a 1.3 T field along the 
longest side. The maximum remanent field on the sur
face of the magnet was measured to be 0.4 T using a Hall 
probe. The magnet could be set in oscillations above 
the sample, a Y123 superconducting disc with diame
ter 69.3 mm and thickness 6.8 mm. (The sample was 
manufactured by KaliChemie Aktiengesellschaft. Ger
many with T c ~ 90 K and a density more than 90% of 
the theoretical density.) The sample was immersed in 
liquid nitrogen (77 K) and the distance z between the 
sample and permanent magnet could be adjusted by 
moving up and down the nitrogen reservoir containing 
the sample. An optical system was employed to monitor 
the time dependence of the 'horizontal displacement' of 
the oscillations as follows. The pendulum intersected a 
fraction of a spread light beam from a laser. The signal 
from a photodiode detecting the focused passing light 
beam was thus proportional to the horizontal position 
of the magnet. A controlled and reproducible initiation 

0953-2048 /90/120591+07 $03.50 © 1990 IOP Publishing Ltd 591 
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( b ) 

of the oscillation was achieved by using a small perma
nent magnet (M' in figure 1) attached to the middle 
part of the quartz tube. The tube could thus be pulled 
out to a fixed position (< 0.4° from vertical) by sup
plying current to an adjacent coil. By turning off the 
current, the oscillations were started. The whole set-up 
was automated using a PC/AT data-logging system. In 
the experiments the direction of the magnetic moment 
M could be made either normal (N configuration) or 
parallel (P configuration) to the direction of the oscil
lations of the pendulum. 

The performance of the pendulum was also checked 
with the sample in the normal state. It was found 
that the damping r o was very small in this case ( r o ~ 
0.011 s" 1 ) and negligible compared to the damping T 
in the presence of the superconducting sample ( r ~ 
0.1 s - 1 , typically). Also, no change in the oscilla
tion frequency v0 (t/0 — 0.798 H2) of the free pendu
lum was observed. Thus, by using a relatively rapid 

Ayvv-
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: 1 

(c) 
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Figur» 1. Schematic diagram of the experimental set-up: 
(a) perspective view, (b) front view, and (c) block diagram 
of the instrument connections. The permanent magnet M 
attached to the end of a tubular quartz rod swings above 
the sample in the T direction. An expanded laser beam is 
sent through an aperture with a rectangular cross section. 
Part of this light beam is intersected by the pendulum and 
focused by a lens onto the photodiode. The diode signal 
is amplified and recorded by a PC/AT. The oscillations 
are started by turning off the supply current in the coil 
attracting the small permanent magnet M' (see text). 

:AAAAAAA 
iAAÅA/W 

Time (s) 

Figure 2. Typical measurements of the horizontal 
displacements (proportional to the diode signals) against 
time for decreasing distances between the magnet and 
the superconductor: (a) for the N configuration, and (b) lor 
the P configuration. Curves A show the free oscillations. 
The distances are * « 37 mm (B); 25 mm (C); 21 mm (D); 
17 mm (E); 13 mm (F); and 9 mm (G). The broken curves 
indicate the frequency shift. A sampling rate ol 188 s" 1 

was used. 
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sampling rate (188 s - 1 ) of the amplitude signal (pen
dulum position), we could therefore deduce information 
about the magnet-superconductor interactions from 
frequency and damping changes. 

3. Results and discussion 

Figure 2 shows the typical response curves: horizontal 
displacements against time for the N and P configura
tions with different distances z between the magnet and 
the superconductor. It may be seen that the oscillations 
are damped and there is also a frequency shift. In or
der to confirm that the frequency shift was a specific 
effect of pinned flux lines in HTSC, normal metals and 
alloys (copper, aluminium, brass, etc) were used as a 
substitute for the superconductor. A damping was also 
observed for these, but frequency changes were never 
observed. The damping caused by normal metals is due 
to eddy currents. However, there is no force to pin the 
field lines, and damping is therefore no physical reason 
for a frequency change. (The present results were also 
confirmed by measurements on other Y123 samples with 
various sizes supplied by other manufacturers.) 

By fitting parabolas to the extremaof the response 
curves, the positions and values of the peaks were ac
curately determined, and the frequency v and damp
ing factor T were calculated precisely (see appendix A). 
The frequency shift vi — v0 against z is shown in fig
ure 3 (:' = 1 for the N configuration and i = 2 for the F 
configuration). It can be seen that these shifts increase 
drastically for decreasing distance z. The differences 
between the two configurations will be discussed below. 
It may also be seen that there is pronounced hysteresis 
for both configurations. 

Figures 4 and 5 show log-log plots of the quantities 
\i/f - I/Q| and |t/| - t/y\ against distance z. It can be 
seen that the curves are approximately linear, signify
ing a power-law dependence. The slopes thus produce 
exponents for the force and potential as discussed below. 

At a given distance z the experiments also show 
that, as the amplitude decreases with time, the fre
quency initially increases slightly and then saturates. 
Meanwhile, the damping factor decreases slightly in 
the beginning and then reaches a constant level. This 
behaviour is distinctly different from results obtained 
for the conventional tin superconductor using a torsion 
pendulum [10]. 

It may be shown that the field produced around 
a homogeneously polarized spherical permanent mag
net (SPM) with moment Af is the same as that cre
ated by a point dipole with moment M located at the 
centre of the sphtre. To the first approximation we 
may also use a sphere approximation instead of the 
cube-like magnet to evaluate the field on the HTSC disc 
(see appendix B). The maximum field on the surface 
of an SPM with moment M and radius r 0 is given by 
BmAX = II0\M\/2TTTI (SI units hereafter). Let us con
sider an SPM placed above the centre of a large HTSC 
disc with the moment M parallel to the upper sur

face of the superconductor. We define a critical sep
aration, *, = ( B m m x / 2 5 C | ) I ' 3 r 0 , for which B - flCl 

at the centre of the superconductor surface. (For this 
configuration one can show that the maximum field on 
the superconductor is fi0\MJ/4TTZ3). We can estimate 
the field range for our experiments with the parameters 
chosen: B m t x = 0.4 T, B C i = 0.01 T and r 0 = 4.2 mm 
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Figure 3. The frequency shift, u, - v0, against distance z 
for: (a) the N configuration (i — 1); (b) the P configuration 
(» = 2); and (c) detail of (a) in the range z = 41 — 27 mm 
for decreasing * (virgin curve). The corresponding fields at 
the centre of the HTSC were estimated to be 2.2 x 10" 4 T 
(z = 41) — 7.7 x 10~* T (r = 27 mm) using the magnetic 
sphere approximation. 
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Figur» S. The log-log plots for the quantity \v%-v\\ against 
distance z. The least-squares fits to the straight parts 
as indicated by the dashed lines (shifted up and down 
for clarity) produce the following the slopes: -4.2±0.1 
(decreasing z) and -3.1 ±0.1 (increasing z), which give the 
exponents of the potential, VeB, as discussed in the text. 
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Figure 4. The log-log plots of the quantity If,1 - v%\ 
against distance z for: (a) the N configuration (i = 1), and 
(b) the P configuration (i = 2). The least-squares fits to 
the slraight parts as indicated by the dashed lines (shifted 
up and down for clarity) produce the following slopes: 
-4.7±0.1 (decreasing z) and -4.5±0.1 (increasing z) 
for the N configuration, and -4.740.1 (decreasing z} 
and -3.7±0.1 (increasing z) for the P configuration. The 
vertical broken lines show the position of z t . 

( P 0 = (3X6.5X6.5X7.5/4.7T)1/3 is the equivalent radius of 
a sphere with the same volume as the cube-like magnet), 
and then zl = U.4 mm (log l 0 Z! = 1.06). 

Consider an SPM with moment M over an infinite 
flat superconductor as shown in figure 6. For type I 
superconductors, (or when B < BCi for conventional 
type II superconductors), the dipole-image method can 
be used to explain the potential as: 

r = ^ ^ ^ [ c o s < a + a ') + 3 S i n Q s i n a ' ] (I) 

where a ' = a is the vertical inclining angle, M' the 
image dipole of the dipole JW and \M\ = \M'\. The 
potential can then be written as 

M' 

Figure 6. The configuration of a spherical permanent 
magnet with moment A f and an infinite flat super
conductor. 

with a minimum for a — 0, which is the equilibrium 
position. The force on the magnet is then given by 

F--VV -. 3 / i D l M | | M ' [ , 
6 4 7T 

(3) 

(2) 

where Jfe is the unit vector in the z direction. One can 
see that there is no lateral restoring force for an SPM 
freely placed above a type I superconductor, but only a 
vertical force reducing the gravitational force. 

If the superconducting disc is in the perfect diamag-
netic state, the repelling force due to the Meissner effect 
should only cause a decrease in frequency for the present 
pendulum system. Using the dipole-dipole model, at 
the critical distance zl, the vertical repelling force is 
estimated to be "-2.5 g or about 10% of the weight of 
the pendulum. This should reduce the pure inertia fre
quency u0 by approximately o%. However, the present 
experiments show that the frequency increases even for 
separations much larger than the critical distance -v 
Figures 3 and 4 show that ul - v0 ~ 0 for z0 = 30.0 mm 
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(I°6io "Q = 1-48). Using the sphere approximation dis
cussed above, the corresponding field at this separation 
is estimated to be B(zQ) = 5.6 x 1 0 - 4 T « B C l . It 
is therefore clear that the dipole-image potential de
scribed by equations (1)—(3) cannot provide a physical 
interpretation for the frequency increase. 

The frequency increase must therefore be due to 
some kind of attractive forces with lateral or vertical 
components. The bulk sample used in the-experiments 
contains "oids and grain boundaries. The flux lines may 
thus penetrate into the sample via these defects even 
for fields much lower than the lower critical field B C i . 
The flux lines will thus be pinned and cause an attrac
tive force between the magnet and the sample. This 
would explain the frequency increase. The gradual flux 
penetration for fields below BCi may also be detected 
indirectly from magnetization measurements. For con
ventional type II superconductors, a distinct deviation 
from a linear M-B relationship identifies B C ) . What 
is observed for the present HTSC materials is a gradual 
deviation from a linear M-B curve [14, 15], signifying 
a gradual flux penetration even for fields below Bc . 

It is generally accepted that the magnetic proper
ties of the bulk HTSCs are dominated by the weak links 
between the granules at low external fields. The lower 
critical field of intergranules is B^ « B C ] (the lower 
critical field of the intragranules). Tinkham and Lobb 
[16] have estimated 5 C l J - 0.5 x 10~ 4 T for a three-
dimensional weak link cubic array model. Clem [17] has 
obtained the result S C i J - l x 1Q~4 T using the weak 
link Josephson coupling parameters. The present exper
imental results seem to be consistent with such a model. 
Since the vertical repelling force only contributes to the 
reduction of frequencies, the penetration takes place 
even for z > z0 = 30.0 mm (B(z0) = 5.6 x 1 0 - 4 T), 
i.e. BCi] < B(z0). 

For the virgin process (magnet approaching the 
HTSC disc) the experimental results may be interpreted 
as follows: (i) When z > zxJ (defined by B{zlJ) = 
BCi}), the frequency is only reduced by the vertical re
pelling force, (ii) When z < z1Jt the frequency shift 
is controlled by the competition between the vertical 
repelling force and the lateral attractive force resulting 
from the flux penetration. The former dominates the 
effect for - > zQ and the latter dominates the effect for 
z < z0. (iii) When z < z}, the attractive lateral force 
will increase due to the intragranular penetration. 

As all the measurements were performed with small 
amplitudes (< 1 mm or < 0.4* from vertical), we may 
use the linear approximation (checked also in lateral 
force measurements [7]) for the equation of motion of 
the mechanical compound pendulum (without the su
perconductor): 

Q + r 0 å + 47r2tfi<* = 0 (4) 

where a is the deflection angle, T • is the mechanical 
damping factor, and the intrinsic frequency of inertia 
is t/0 = ( l /2x) ( /< ;Af e f f / / ) 1 / 2 {g is the graviational con
stant). Here. / is the moment of inertia which can be 

measured or calculated, A/ e f f is the effective mass of the 
inertia compound pendulum and / is the length of the 
pendulum rod. The solution of equation (4) is 

a{t) = ct 0 exp(- iV/2)cos(2™ 0 i m e a s * + 60) (5) 

where a 0 is the initial angle, 60 is the initial phase, and 
the measured frequency is v 0 t M n = yfv% ~ ( W 4 * " ) 2 ^ 
uQ for 4TTI/0 > > r o , which is satisfied for the present 
measurements. 

In the presence of the superconductor, the equation 
of motion is given by 

a + r , a -I- 4T 2 ( / ? a = 0 (6) 

where i = 1 for the N configuration and t = 2 for the 
P configuration. Here, the damping faccors I \ and fre
quencies vi are determined by both the mechanical sys
tem and the magnet-superconductor interaction. The 
solutions are 

<*i(«) = a i i 0 e x p ( - r i < / 2 ) c o s ( 2 w i i m e 8 1 « + 6() (7) 

where a i 0 (i = 1, 2) is the initial angle, 6i (i = 1, 
2) is the initial phase and the measured frequency is 
"i.me- = x / ^ - ( r , / 4 ^ . 

The quantities i/2—i/2, and F,-—T0 express the contri
butions of the interaction to the elastic and dissipative 
parts, respectively. Classically, the parameter t/f - v$, 
which is proportional to the change of the stiffness con
stant, is a measure of the energy changes from the pure 
inertia pendulum. The kinetic energy for the system 
described by equation (6) is 7} •*- 2x2vf exp(—r,-(). and 
the potential is Vt ~ 2T 2 t - 1

2 exp(~r ,() . The total en
ergy is E,- — 4T 2 f?exp(- r , - t ) . and the relevant energy 
loss per period is expf—T,-/**,•). Since Ti/ui < 0.1 < < 1 
for most cases in our measurements, the interaction be
tween the magnet and the superconductor mainly con
tributes to the elastic part. It is then reasonable to 
assume that the parameter uf — i/* is a measure of the 
interaction in this system. 

Phenomenologically, and guided by the dipole-
image picture, the force F^{z) and potential Veff(z) may 
be expressed [8] as a power law: 

F (z\-IC0{z/z1)-'">{-e> decreasing z 
**K] " \ C^zfzJ-^ increasing z W 

and 

v ( z \ = f C?(zfz^)-1^{I + sin2 a) decreasing 2 
XCziz/zJ-TWil+siiPa) increasing! 

(9) 
where zx = {\M\fBCl)

lt3. The parameters C0, Cx, C 2 

and C 3 are independent of distances. However, these 
parameters as well as the exponents yQ(z), y^z), 7 2 (

2 ) 
and 73(2) should be temperature and sample depen
dent. 

Substituting equations (8) and (9) into equation (6), 
one may obtain for the N configuration 

la + / r , a + [4* 2 i / 2 / + lFefT(z)]a = 0 (10a) 
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and for the P configuration 

IQ + / r > + [ 4 T V 0

2 / 4- /F e f f (z ) + 2V e f f (r)]a = 0. (106) 

By neglecting the effects of damping, one obtains 

r<« = c 0 i l w* , r , ° - ' = 4*2'<"i2 - " ! ) / ' . 

This functional form is consistent with the linear 
dependence in the log-log plots in figure 4(a), and from 
the linear regions the following values for the exponents 
were obtained: 7 0 = 4.7. j x = 4.5, and from figure 5 
7 2 = 4 . 2 and -y3 = 3 . 1 . 

It is interesting to note that the effects of the po
tential on the frequency shift become less and less for 
decreasing z. This is shown in figure 7. When z < z^ 
(the corresponding field is B > S C [ ) there appear to be 
no effects from V e f f . 

- " • s* 

0 10 20 30 40 50 
i f mm I 

Figure 7. The quantity (vj - fo )/("i - fo) against distance 
z (omitting the negative starting points for decreasing z in 
the virgin curve). 

It should be pointed out that the present measure
ments were performed in the field range around Bc . 
We believe that our method should also be applicable 
to the higher fields, but this is limited by the maximum 
fields obtained for the best permanent magnets on the 
market (1.0 T on the surface of an Nd-Fe-B sphere). 
Since the measurement of frequency responses is a very 
sensitive technique, it is believed that an improved pen
dulum could also be applied to investigate the dynamic 
behaviour of the isolated fluxoids in HT5C films. The 
characteristic frequency [18] of collective vibrations of 
flux-lines in HTSCs may be measured by the use of forced 
oscillations and this is currently being pursued in our 
laboratory. 

4. Summary and conclusion 

In summary, the main results reported here are: (i) con
struction of a mechanical pendulum to study the inter
action between a small permanent magnet and a big 

high-7'c superconductor; (ii) introduction of the func
tional form of a potential and force to describe the in
teraction; and (iii) experiments showing that the flux 
tines penetrate into the HTSC even for external fields 
lower than the lower critical field 5 C ] , which is consis
tent with the theoretical model of weak links for bulk 
HTSCs. Since the intergranular penetration is very pro
nounced, the present investigations are quite important 
for superconducting bearings and similar applications. 
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Appendix A 

All response curves are closely described by a damped 
harmonic function, i.e. the deflection angle, a, is given 
by (equations (5) and (7)): 

a(() = a 0 e x p ( - H / 2 ) cos (2™ m e a s * + 6) 

where Q 0 is the initial angle, T is the damping factor, 
^meas ' s t n e measured frequency, and 6 is the initial 
phase. 

The extrema satisfy the following equation (where 
we have that a(textc) = 0): 

- o 0 e - n - " ' 2 [ i r c o s ( 2 T 1 / m e a s i e x t r + 6) 
+ 2 : r j / m e a a s i n ( 2 ™ m e a 5 * e x t r +6)] = 0 

and then we have 

2 ™ W e « r . » = " t a n - ^ r ^ i r ^ J - 6 + n*. (12) 

Thus, the time difference between two extrema is 
A*«xtr — V^meas = ^ / 2 aJid therefore precisely the 
half period. 

Appendix B 

The magnetic field around a permanent magnetic rect
angular parallelepiped with dimension 2lx2hx 2w f fig
ure 8) homogeneously polarized along the x direction is 
calculated to be 

BI = -^[F1(-z,y,z) + F,(-x.y,-z) 

+ F , ( - r , -y,z) + F^-z.-y, -z) + F,[z,y, z) 
+ F 1 ( I , J , , - * ) + F , ( Z , - » . * ) + / • , ( * , -» ,—-) ] 

„ _ W i , , [F^-z,-y,z)F.!(x,y,z)\ 

Q &m , F3f-T,v,-J)J?-.fi.ji.r) 
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Figure 8. Schematic diagram tor calculating the magnetic 
field around a homogeneously polarized magnetic 
rectangular parallelepiped with dimensions 21 x 2ft x 2w 
and moment density m. 

where m = | m | is the moment density, and functions 
F i ^ n d F , are denned by 

f,(*.»..-) 
= t a n " 1 ( h + i ) ) ( m + s ) 

(/ + i ) v / ( / + i ) 2 + (A + u) 2 + (w + •-)= 
(14) 

ytf + ̂ - K t + y ^ + tm- lp+ui -z 
2 ' y< + i ) 1 + (A + y ) 2 + (to + * ) 2 - w - .-

(15) 

The magnetic field around a permanent magnetic 
sphere with an equivalent radius r e q = (3K/4 i r ) 1 / 3 = 
(6thw/it)1^3 homogeneously polarized along the x di
rection is calculated to be 

R2) _ <*o""i, 3z 2 - R2 

B.= 

B. = 

li0m Slhv ( 3x ! -
4* fl5 3 

y ,m 2Alhw ly _ ^ m i j , Zxy 
4* fis ~ 3 R 5 

y<,m24l7nr i ; _ >i 0 roi^ 3 r . 
4 T fi5 _ 3 R 5 ' 

& 
(it) 

We may choose / = h — w = 1 (cube) to evaluate 
the difference between the cubic and spherical magnets, 
and numerical calculations show that when R > 2 this 
difference is < h%. The sphere model is thus a good 
approximation for evaluating the field distribution. 
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Effect of Current on Collective Motion of Flux Lines 
in a Bulk liBaiCujO?-^ Superconductor 
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When a permanent magnet, placed above a high temperature superconductor (HTSC). is moved by an external force, 
the flux lines in the HTSC will follow the magnet and perform a collective motion due to the interaction between the Mux 
lines and the magnet. Here, the collective motion of flux lines in an Y,Ba ;CujOr_j (Y123) HTSC is studied by a 
mechanical pendulum method for various transport currents / through the sample. The magnet is sei in low frequency 
(typically 1 Hz) oscillations with a mechanical pendulum, and the current / is flowing perpendicular to the direction of 
the magnet motion. 

The experiments show that the shift of the stiffness (corresponding the shift of the frequency squared) exhibits a cross
over phenomenon: from independence to power law-like dependence for increasing currents. The results are compared 
with the theories of collective flux creep in HTSCs. 

KEYWORDS: high-Te superconductor, fluxoid pinning, flux collective motion, magnet-superconductor interac
tion, quasistatic magnetic field response, transport current effect, superconducting bearing 

§1. Introduction 
Flux line (fluxoid) dynamics in type-II superconduc-

lors reveals information about the motion of vortices as 
influenced by various pinning effects from physical 
defects like inhomogeneities, strains, and vacancies. 
These effects are important for the depinning critical cur
rent and possible applications of high 7"c superconduc
tors (HTSC). Traditional a.c. susceptibility and 
magnetization measurements have revealed giant thermal 
flux creep in these materials.1"95 

Related with the dynamics of fluxoids in HTSCs, a cur
rently interesting topic is to find the relationship between 
the transport currents and the pinning barrier. Several ex
perimental10"1 and theoretical12*171 papers have been 
published in journals and proceedings. All of these 
reports have shown high frequency responses of fluxoids 
and focused on the behavior of the intragranules, i.e. the 
physical properties of single crystals and highly orien
tated thin films. This research is very important for the 
applications in microelectronics. The application of the 
bulk HTSC materials is equally important in other fields 
of science and technology, in particular, the levitation 
and magnetic bearings. It is generally accepted that 
Josephson weak links of the intergranules dominate the 
physical properties in the bulk HTSCs at a weak field.IBI9) 

The lower critical field of the intergranules {Hc„- 1 Oe) 
is much lower than the lower critical field of the in-
iragranules (WC| - 100 Oe for the Y-Ba-Cn-O and 20 Oe 
for the Bi(Pb)-Sr-Ca-Cu-O). When a relative weak ex
ternal field H in the range Hiti<H<H;i is applied to a 
bulk HTSC sample, the penetration takes place via in-
tergranules. The low frequency responses of the flux lines 
reiaied with pinning properties in this field range ha\e 
noi been understood. 

We hau* prewousK designed a noiel mechanical pen

dulum technique to investigate the interaction between a 
permanent magnet and a large HTSC disc. : o :" By exten
ding the application of the pendulum, we have studied 
the effect of the transport currents on the quasistatic 
responses (typically 1 Hz) of the flux lines in a bulk 
YiBaiCujO,-* (Y123) HTSC in the field range of 
HCn<H<HZi. In this letter, we report experimental 
results and interpretation based on the collective flux 
creep theory recently introduced by Feigel'man el al.]2' 

§2. Experimental 
The experimental setup is shown schematically in Fig. 

1. A cube-like Nd-Fe-B permanent magnet (M) 
(6.5 x 6.5 x 7.5 mm3)* with rounded edges was attached 
to the end of a 55 cm tubular quart2 rod hanging by the 
edge of a razor blade. The polarization direction was 
along the longest side of the magnet. The magnet could 
be set in oscillations above the sample, a bulk Y123 
HTSC disc ( r c -90 K a n d / » 90% of the theoretical den
sity)** with diameter 69.3 mm and thickness 6.8 mm. 
The sample was immersed in liquid nitrogen (77 K) and 
the distance between the sample and the magnet could be 
adjusted. An optical system was employed to monitor 
the time dependence of the horizontal displacement of 
the oscillations as follows: the pendulum intersected a 
fraction of a rectangular light-beam from a laser. The 
signal from a photodiode detecting the focused iight-
beam was thus proportional to the position of the 
magnet. A controlled and reproducible initiation of the 
oscillation was obtained using a small permanent magnet 
(M' in Fig. 1) attached to the middle of the quartz rod. 

"The unmagnetized Nd-Fc-B bar was manufactured by Suuu'ionm 
Special Metals Co. Ltd. i Japan). Tin: magnet "as maannn/ed will: :i 
I ?T field. 

"The V Ba : 0i -0- .. super conduct ine ceramic* due «a- manufactured 
S Kah-CI'.cnuc -XkurtrwUM-huft IW GcrmanM 
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<YK// 
Fig. I. Schematic diagram of the experimental setup. The permanent 

magnet M attached to the end of a quartz rod, swings above the 
H i'SC sample. An expanded Laser beam is sent through an aperture 
to form a homogeneous light beam with rectangular cross-section. 
Part of this light beam is intersected by the pendulum and Focused by 
a lense onto a photodiode. The diode signal, linearly proportional to 
the horizontal displacement of the pendulum, is amplified and sent to 
a PC/AT. The oscillations are started by switching off the supply cur
rent I' to the coil attracting the small permanent magnet M' as dis
cussed in the text. 

enabled us to undertake the present study. 

§3. Results and Discussion 

The measurements of the oscillation frequency v and 
damping factor r of the pendulum with sample currents 
from 0 A to 5 A in steps of 0.5 A were performed with 
various distances between the magnet and the supercon
ductor. Some typical pendulum oscillations are shown 
for increasing sample currents / = 0 A-5 A in Figs. 2(a)-
2(b) for the N and P configurations, respectively. The 
distance from the center of the magnet to the surface of 
the superconductor was 14 mm. \n this case the magnetic 
field at the center of the sample was estimated to be 54 Oe 
using a sphere approximation. 3 0 "" As may be seen, there 
are significant changes in both frequency and damping 
with cuirents. 

By fitting parabolas to the peak regions of the response 
curves, the frequencies v and damping factors r were ob
tained precisely. 2 0 , 2 1 1 

Figure 3 shows typical experimental results for the 
quantity v : — Vo against the sample current / i n a log — log 

The rod could thus be pulled out to a fixed position 
( -0 .4 ° from vertical) by supplying current to an adja
cent coil. By turning off the current, the oscillation 
started. The whole setup was automated using a P C / A T 
data-logging system. 

A standard four-lead setup with indium contacts was 
used to supply current ( / ) to the sample and monitor the 
superconducting state of the sample. In all the ex
periments, the sample current direction was parallel with 
the light beam, and perpendicular to the direction of the 
motion of the magnet. Thus, the current could be in one 
direction (positive) or reversed (negative). 

In the experiments the direction of the magnetic mo
ment could be made parallel (P configuration) or normal 
(N configuration) to the direction of oscillations of the 
pendulum. The maximum field on the surface of the 
magnei was measured to be 4 x IO3 Oe with a Hall-probe. 

The interaction between a free-swinging permanent 
magnet and a superconducting disk leads to frequency 
change and strong d a m p i n g . M J U As shown below, this 
may be related to the fiux bundle activation barrier 
L'. i : ; : 'Specifically, we find that the predicted power-law 
dependence: t / ( / )oc /~° describes the data well for a 
wide range of currents. 

The performance of the pendulum was also checked 
with the sample in the normal state. It was found that the 
free-damping (To) was very small (/"o—0.011 s~') and 
negligible compared to the damping caused by the 
superconducting sample. Moreover, no change in the 
oscillation frequency v 0 of the free pendulum (v P=0.798 
Hz) v.as observed. Thus, by relatively Tapid sampling 
lISS s"') of the amplitude signal, we could extract infor
mation directly about the magnet-superconductor interac-
tions from the shifts in frequency and damping. As dis-
cuN>ed elsewhere. 1 ' ' 1 we ha\e developed quite generally 
:h-j :'otve and potential for changes in the separation be-
:«.-.-r .i Ttia^ne; and a typc-II superconductor. ThK has 

Fig. 2. Horizontal displacements or the magnet versus time for 
various sample currents: (a) for the N configuration, and (b) for P 
configuration. Here the separation d= 14 mm measured from the 
center of the magnet to the surface of the sample. A: / = 0 A . B: 
/ = 1 . 0 A , C: / = 2 . 0 A , D: / = 3 . 0 A . E: / = 4 . 0 A and F: / = 5 . 0 A . 
The dashed lines show the frequency shif: with an increase in current. 
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Fig. 5- Typical log- log plot of the quantity vl-v}, versus sample cur
rent / in the P configuration cycled beiwccn 0 A and 5 A (up-down 
marked by arro»sl ai d= 18 mm (ihcma\imum field was estimated to 
be H .,. = 25.J Oe on ihc samplel. A is for nouttvc arid tor «*•«:-,-
cd currents. The dn*hed line (shifted upward', lor clarnjt with slope 
u = 0.19 represent the merase hiyh airrcni behaviour I'o; all ih-; 
nv.usuromeri:-
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plot (the reason for this model of presentation will 
become clear below). 

A characteristic feature of the frequency change with 
sample current /, was a cross-over effect: for low /, v was 
almost independent of /, followed by a decrease in v for 
increasing /. This effect reflects the reduced interaction 
strength due to sample currents as discussed belov.. 

The experiments also show that, for increasing field 
(reduced distance), there is a shift in cross-over region to 
the left corresponding to smaller san-.pl',* currents. 

Using the same pendulum we .tave measured the 
horizontal restoring force on a lon^ permanent magnet 
bar due to the interaction at liquid nitrogen tempera-
tures 1 3 , 2 4 ' The lateral force is, to a very good approximation 
( < 5 % ) , linear when the horizontal displacement is less 
than 1 mm which is satisfied by the present experiments. 
The direct force measurements permit us to use a linear 
approximation to analyse the experimental data. 

In a linear approximation (the maximum deflection 
angle is 8^ < 0.4° for our experiments) the motion of the 
compound pendulum can be described by the following 
equation: 

l-rØ + 4;rVø = 0, (1) 

where 6 is the deflection angle, T i s the damping factor, 
and v is the oscillation frequency. Both /"and v contain 
contributions from the graviation and the magnet-HTSC 
interaction. The solution to this equation is 

6{t)-6oexp (-n/2) cos(2nvmeaj+ 3), (2) 

where v m M l — \ V : - ( 7 7 4 R ) : ( v m H S is equal to the 
measured frequency), 60 is the initial deflection angle, 
and 3 is the initial phase factor. The response curves of 
the experiments are consistent with this linear approxima
tion. 

As discussed previously, ! 0 : " the quantities 47t 2(v : — v5) 
and r — A express the contributions of the interaction to 
the elastic part and dissipation part, respectively. 
Classically, the energy of this pendulum is £ - 4 7 r v : 

exp(—Tr), and the relevant energy loss per period is 
exp{ —T/v). So that, the quantity v 2 - vo is a measure of 
the energy change from the pure inertia pendulum. Some 
normal metals and alloys (copper, aluminium, brass, 
etc.) were chosen as substitutes for the HTSC for clarify
ing the physical origins of the interaction. The damping 
was observed for these also, but no frequency shift was 
observed. This could be understood as that the eddy-cur
rent is responsible for the damping, and the frequency 
shift is due to the pinning of flux lines. Since 
r / v < 0 . l « l for our measurements, the magnet-HTSC 
interaction mainly contributes to the elastic part. It is 
then reasonable to assume that the parameter v- — vl is a 
measure of the interaction in this system. 

When the magnet is moved by the graviational force, 
the fluxoids will follow' the magnet and perform a collec
tive motion (hopping). The collective motion needs to 
o\ercome the pinnings at randomly distributed defects 
such as the interfaces of the intergranulars. The pinned 
fluxoids attract the magnet, and as a consequence, the fre
quency i increases due to the collecmc pinning of weak 
J:<;ordcr. The frequency shift is thus a measure of the col

lective pinnings. From a classical point of view, 
4K:(V2 — Vo) expresses the energy gain of the pendulum 
due to the collective pinnings in the HTSC sample. 
Therefore, we argue that the quantity 3vz = v : — vl is pro
portional to the bundle activation energy U. 

The collective pinning barrier t / is of the order of the 
elastic energy of hopping flux bundles . 1 2 " ' When a cur
rent is passed through the sample, the Lorentz force 
f=/xB enhances the collective flux motion, which is 
equivalent to reducing the collective pinning barrier U. 
As a result of the reduced magnet-HTSC interaction, the 
stiffness of the pendulum is also reduced lower. 

Feigel'man et al.l2> have studied the fiux-creep 
phenomena in the case of collective pinning by weak ran
domly distributed defects. Based on the Anderson con
cept of flux bundle, 2 2 1 they have shown that the bundle 
activation barrier U has a power-law dependence on 
current / : C / ( / ) c c / _ Q : For different regimes of currents, a 
changes from 1/7 to 7 / 9 . Since the physical basis of this 
theory is the pinning of weak disordered defects, the 
results should also be applicable for analysing the present 
experimental data although they obtained the theory 
based on the consideration of single crystals. The 
physical reason for the present results is also the random
ly distributed pinning centers. 

The transport current in the superconductor creates a 
magnetic field parallel with the direction of the pendulum 
motion. For the P configuration, the direction of the cur
rent has no effect on the barrier exponent a. For the N 
configuration a is affected by the direction of the current 
when the field is relative weak. The relative effect on the 
different current directions decreases with increasing 
field. 

The field dependence of the barrier exponent a is also 
investiged and this is shown in Fig. 4, which is in 
qualitative agreement with Feigel'man et ai.'s theory. 

When the magnet approaches the superconductor, we 
observe that the frequency v decreases slightly and then 
increases monotonically for the transport-current-free 
oscillation. This may be interpreted as follows: when 
v = v 0 (v 0 is the free pendulum frequency), the flux lines 
start to penetrate into the sample and H—H^ (the detail 

\ 

Ha. 4. The sanation of tlic slope ti ssiih magnet-^jpor.jor.diji.'io: 
separation d for the P configuration ( • ) , and &.v ^ .oiiiiujranon 
i ' l. The maximum fields on the HTSC sam.il'.- were •j»'im,i!d :o K-
S i Of lr f=:6rr,mj. 13.s) Oe <tJ = 22 innij. ^ 4 Ot i « = l > n n i l . ,n;d 
:•: CX- (i7= la mml UMIIJ; n %rtnTL- :ippro\:in. Ho:. 
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ua:> discussed in rel'. 20, 21) We found that the effect of 
bample currents on the frequency and damping is very-
different for weak fields {H-H. , corresponding to v - v,i 
without sample current and only a few penetrating flux 
lines present) and strong fields (H»Htil corresponding to 
v»v„ without sample current and with a certain amount 
of flux lines). It appears that when H&Ht„t the fre
quency and damping factors are almost independent of 
sample currents. It seems to us that a very small increase 
in frequency with an increase in sample current can be ob
served, but this is on the level of our experimental resolu
tion. However, when the field is much higher than He„, 
the effect of sample currents is significant. 

Kes and co-workers171 have shown that the activation 
barrier U is independent of the field for thermally 
assisted flux flow (TAFF) at small driving forces. Kes et 
ff/.'s theory is a good description for isolated fluxoids. 
For the TAFF, the hopping of fiuxoids is governed by the 
convensional linear diffusion equation. In this case, the 
fluxoids relax individually, and the correlation of the flux
oids does not play an important role. The present ex
periments at low fields are consistent with Kes et ff/.'s 
theory. In the case of low fields, the fluxoid-fluxoid in
teraction is very weak since only a few fluxoids are pre
sent in the sample. The motion of fluxoids is similar to 
the TAFF in this case. However, when the fields are high 
enough, the correlation of fluxoids is more pronounced. 
As a consequence, the motion of fluxoids becomes collec
tive, i.e. the fiux-"creep" in the case of collective pinn-
ings by weak disorders, which is beyond the description 
of Kes et m.'s TAFF theory. As a result of an increase in 
fluxoid-fluxoid correlation, the barrier exponent a in
creases monoionically with increasing fields. 

The experiments also show that for the P and N con
figurations a has different field-dependence, which is 
consistent with the current-free experiments. ;o:" 
Phenomenologically, the parallel motion has an extra 
contribution of the magnetic moment M compared with 
the normal motion. Therefore, the former needs more 
energy to overcome the barrier. 

It should be pointed out that the present investigation 
is mainly about the physical properties for bulk HTSCs 
at low fields. It is believed that the present method can 
also be applied to studying the HTSC films and single 
crystals at high fields, which is ongoing at our 
laboratory. 

§4. Summary and Conclusion 

The main results reported here are the investigation 
about the effect of transport currents on the collective mo
tion of flux lines in a bulk Y123 HTSC by using a 
mechanical pendulum. The experiments show a cross
over behavior for the current assisted flux line creep in a 
bulk sample in the field range of / / l | F < / / < / / . . The 

stiffness of the pendulum is unchanged when using a 
small feeding current, and shows a power law-like 
decrease with increasing feeding current /. The field 
dependent exponents for high current region were ob
tained by the present experiments. The experimental 
results are interpreted in terms of the current theories of 
collective flux creep. 
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T h e effect of Pb-doping in BI-Sr-Ca-Cu-0 and Sb-doping in Bi -Pb-Sr-Ca-Cu-O superconductors 

Z-J.Yang 1, H.Bratsberg 1 , T.H.Johansen 1 , N.Norman 1 , J.Taftø 1 , G.Helgesen 1, LLorentzen 2 & A.T.Skjeltorp 3 

l : Department of Physics, University of Oslo, Oslo, Norway 
! : Department of Chemistry, University of Oslo, Oslo, Norway 
3 : Institute for Energy Technology, N-2007 Kjeller, Norway 

A series of samples vrith nominal starting compositions BiiApbo^S^GaaC^Oz and Bi2PbizSr2Caj,CuAOz 
(O.J < x < 0.4) were prepared using dry and vict methods. X-ray emission studies of SEM and TEM show that 
most of the Pb-doping is lost during sintering, but Pb apparently acts as a catalyst to form the higk~Tc phase. 
Another series of samples with starting compositions Bi2iii-s)Pbis{i-v)SbixySr2Ca3,Cu^Oi (0.8 < x < 0.8 and 0.2 
< y < 0.7) and Bi2^x)Pb2xSb2ySrjCa3CutOI (O.S < x < O.S and 0.0$ < y < 0.08) were prepared by the wet 
method. Susceptibility measurements indicate a range of Sb-doping levels producing a well developed high-Tc phase. 
The superconducting transition of Sb-doped Bi-Pb-Sr-Ca-Cu-0 specimens is very sensitive to the strength of a.c. 
measurement fields and external d.c. fields. 

1. INTRODUCTION 

It has been revealed thai PA-doping of Bi-Sr-Ca-Cu-

O superconductors enhances the high-T"E phase formation' 1 ' . 

Despite numerous w o r k ^ - 4 ' there are conflicting results 

whether Pb occupies the Ca or Bi sites'^ or whether the 

final Pfr-content and post-sintering procedure play impor

tant roles in the superconductivity' 3 '^. The present pa

per reports a brief summary of the effects of Pfr-doping 

and various heat treatment conditions. In another series 

of experiments the effects of SA-doping of the Bi-Pb-Sr-

Ca-Cu-0 system were studied. The objective was to find 

out to what extent 56-doping enhances or decreases T e as 

speculated in earlier reports ' 5 , 6 ! . 

2. EXPERIMENTAL 

Two groups of Pb-doped samples were prepared using 

the dry and wet methods: Bf-iAPbo&Sr2Ca$CuiQt (sam

ple type A l ) and Bi-iPb-ixSr2CazCuAOt with 0.1 < x < 

0.4 (sample types A2I-A24). In the dry method the mixed 

powders of nominal composition were heated at 845°C 

for 120 hours. The heated powder was ground and com

pressed at about 15 kbars into pellets which were sintered 

at 850°C for about 130 hours and quenched in air. In 

the wet method the mixed powders were dissolved in ni

tric acid and the solution was heated at about 6Q0°C for 

about 40 hours. The dry powder was ground and com

pressed at about IS kbars into pellets which were sintered 

for about 110 hours and quenched in air. For the-Sfr-doped 

samples, also two groups were prepared (wet method): 

Si ; ; i - , )P6jx[ i-v)S63 C V Sr 2 Ca3Cu. ,0 .- with 0.2 < r < 0.3 

and 0.2 < y < 0.7 (sample types U1I-B16) and Bi2{l_xy 

PbZxSb2vSr2Ca3CutOt with 0.2 < s < 0.3 and 0.03 < 

V < 0.08 (sample types B21-B27). The samples were in

vestigated using X-ray diffraction, SEM, TEM and a.c. 

susceptibility measurements {x' and x" , / = 75 H2). 

Superconducting transition temperatures of Pi-doped 
specimens. The da ta shown in columns 3 and A are peak 
temperatures Te{K) j half-height width ( A ) of x"-

Samples Wo n-, a 7 = 1.40 7 = 2.00 
A l 
A21 
A22 
A23 
A24 

.20 

.40 

.60 

.SO 

105.6/5.0 
77.0/-

72.0/7.0 
99.0/4.6 
63.0/-

80 90 100 110 120 

Temperature (A') 

F I G U R E 1 

a.c. susceptibility vs. temperature for specimen A l . 

0921-4534/89/503.50 © Elsevier Science Publishers B.v 
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3. RESULTS 
For the type A samples X-ray emission shows that Pb 

disappears during sintering. The variation of Te (defined 
as the inflection point in x* vs. T data) for the different 
nominal starting compositions are collected in Table 1. 
Figure 1 shows the results of a.c. susceptibility measure
ments for the best sample with Te = 105.5K. Table 2 
summarizes the results for the type B samples. The high
est Te seen for group Bl is 108.4JT for the B14 sample with 
x =0.3 and y =0.2, and T c = 105.5A" for the B22 sample 
with i =0.2 and y =0.05 for group B2. The corresponding 
a.c. susceptibility measurements are shown in Figure 2. 

The superconducting transition of Sfr-doped Bi-Pb-
Sr-Ca-Cv'O specimens is sensitive to the strength of a.c. 
measurement fields and external d.c. fields. A very ~veak 
d.c. magnetic field results in a large shift in the transition 
to lower temperatures. 

4. CONCLUSIONS 
The present results show that Pfr-doping of Bi-Sr-

Ca-Cu oxides is important for achieving Te above lOOif, 
but Pb appears to be lost in the final composition. It 
is suggested that Pb acts as a catalyst in stabilization of 
the high-r e phase. Jfc-doping of the Bi-Pb-Sr-Ca-Cv ox-

95 100 105 110 
Temperature (K) 

F I G U R E 2 
. susceptibility vs. temperature for specimen B14. 

Superconducting transition temperatures of So-doped 
specimens. The da ta shown in columns 4 and 5 are peak 
temperatures Te(K) / half-height width (K) of x"-

samples • « > . Sh B* 
a fl 1 - 1.40 7 = 1.60 

M l .32 .08 103.7/4.4 
B12 .24 .16 102.6/4.7 
B13 .12 .28 65.0/-
B14 .48 .12 108.4/1.0 
B15 .36 .24 76.0/13.3 
B16 .18 .42 < 65.0 
Bill .40 .08 104.5/1.6 
B22 .40 .10 105.5/1.0 u B23 .40 .12 104.4/1.5 t B24 .40 .16 103.4/1.5 
B25 .60 .06 , '105.8/1.5 
B26 .60 .08 <r 105.4/1.4 
B27 .60 .10 105.3/1.0 

ides is shown to enhance and sharpen the superconducting 
transition. A Sb substitution of about 5% favours forming 
the 2223 phase which is contrary to some other report ' 6 ' . 
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Two groups of samples were prepared by the wet method with nominal composition Bi j r )Pb x,Sb 1. iSr :Ca ;iCu,,0 ;. In the first 
group *[ + x2 + x2 = 2. Here JC, ranges from 1.2 to 1.6 with x2 varying from 0.72 to 0.12. The second group is characterized 
by *i + x2 = 2. Here JC, was chosen to be 1.4 and 1.6 while x3 ranges from 0.08 to 0.16. The results show: (i) high Sb conieni 
reduces the transition temperature: (ii) for small Sb contents the transition temperature is relatively constant but the transition 
becomes sharper, (tii) the best sample (with xx «1.4. x : = 0.48 and x 3 = 0.12) exhibits a very sharp transition with a peak in 
the imaginary component of the ac susceptibility at 108.4 K; and (iv) the transition of lightly Sb-doped material is stron°!> 
influenced by small external magnetic fields. 

1. lntroductic.i 

The discovery of superconductivity in the Bi-
Sr-Ca-Cu-O system by Maeda et al. [1] has 
touched off a flurry of research [2-16]. Tarascon 
and co-workers [2] have identified three supercon
ductors in the Bi-Sr-Ca-Cu-O family referred to 
by their cation ratios as 2201, 2212 and 2223. 
Formation of the highest Tc (110K) phase, 2223, 
has been hampered by the relatively high stability 
of the 2212 (85 K) phase [2-16]. Sunshine and 
co-workers [3] have discovered that the addition of 
Pb enhances the content of the 2223 phase, but 
the mechanism for this is not yet understood. 
Although different groups have reported some 
conflicting results, the conclusion that lead-doping 
of starting compositions favours the forming of 
the 2223 phase is confirmed by all reports. 

Furthermore, more and more groups [17-21] 
have reported the effect of Sb-substitution in Bi-
based superconductors. Their results are not con
sistent [17-21]. 

In this letter we report investigations about the 
Sb-doped Bi-Pb-Sr-Ca-Cu-O superconductors. 
The wet method was employed for sample pre
parations and X-ray emission (SEM studies) was 
used to analyze the Pb content. AC susceptibility 
measurements were used to show the effects of 
Sb-doping on the superconducting transition and 
the influences of external ac and dc magnetic 
fields. 

2. Experimental 

In order to mix the powders completely, the 
wet method was used for sample preparation. 
Powders of Bi 20 3 , Pb0 2, Sb 20 3. SrC03. CaC03 

and CuO were completely dissolved in nitric acid. 
The solution was heated to 800 °C and baked for 
7 h. The dry powder was ground and compressed 
at about 10 kbar. After sintering at 850 °C in air 
for about 150 h, the specimens were quenched in 
liquid nitrogen. 

0304-8853/90/S03 50 •: 1990 - Elsevier Science Publishers B.V. (North-Holland) 
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Tabic 1 
Superconducting transition temperatures of specimens with different starting compositions: Bi^Pb^.Sb, S r ,Ca 3 Cu 4 0 . . The data 
shown are Toi (temperatures when x ' " -0.5)/7b.i (temperatures when x ' *• -0 .1 ) 

Samples Pb~ Sb~ 5T̂ ~ 

j r , - 2.00 

SB22 0.32 0.08 105.8/108.4 
SB24 0.24 0.16 103.7/1O6.6 
SB27 0.12 0.28 <65.0 
SB32 0.48 0.12 108.0/109.5 
SB34 0.36 0.24 91.0/95.0 
SB37 0.18 0.42 75.8/84.9 
SB31 0.54 0.06 106.7/108.3 
SB41 0.72 0.08 107.2/108.5 

PSB204 0.40 0.08 105.0/107.3 
PSB205 0.40 0.10 105.7/107.4 
PSB206 0.40 0.12 104.4/106.5 
PSB208 0.40 0.16 103.7/105.6 
PSB303 0.60 0.06 105.8/107.8 
PSB304 0.60 0.08 105.4/107.6 
PSB305 0.60 0.10 105.3/106.7 

PB1 0.60 0 102.7/109.5 
PB2 0.60 0 101.6/109.7 

(a) 

(b) 

(d) 

(0 

S 

fj> 

4^-AtHy 7 . (»i 

(d) 

*jJ.;\.f-K-:*~* 

• ••• , • ' - ,:••„> . . ' - • . , , . . • v . - ' • ' • . ' - • " " 

w • • - . ' v i 
.'/ 

lvT'7'X- /' V 

M • • . I I I - 1 ^s- y 
m i : i : i :i: 

Fig. 1. (A) X-ray diffraction patterns of the specimens: (a) SB22. (b) SB24. (cj SB27. (d) SB32, (e) SB34 and (f) SB37. Positions of 
diffraction peaks corresponding to the 2212 and 2223 phases are indicated with dashed and solid markers, respectively: (Bj X-ra-. 

diffraction patterns of the specimens: (a) PSB204. (p> PSB205. <c) PSB206. Id) PSB208. (e) PSB303. <f> PSB304 and (g) PSB305. 
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T e m p e r a t u r e (K) 

Fig 2. AC susceptibility vs. temperature for the specimens in 
the first group (table 1): (a) real pans and (b) imaginary parts. 

Two groups of samples were prepared to give a 
nominal composition BiJC|Pb,,Sb t jSr2Ca3Cu,,0. as 
starting material. In the first group some of the Bi 
was substituted by Pb and Sb so that x, + x2 + *3 
= 2. The samples in the first group are denoted 
SB * *. In the second group some of the Bi was 
substituted by Pb and an additional amount of Sb 
introduced. Thus in this group xl + x2 = 2, and 
these samples are denoted PSB***. Using the 
same wet method, we also prepared the Sb-free 
BiX |Pbj,Sr2Ca3Cu40. samples denoted PB*. 

The diffraction patterns were obtained from an 
X-ray diffractometer using crystal monochro-
matized Cu K a radiation. A JEOL-35 scanning 
electron microscope (SEM) was employed for ele
ment analysis. The ac susceptibility measurements 
were performed inside a high permeability mag
netic shield to reduce the earths magnetic field. In 
the experiments the ac field was about 30 mG. 
and the voltage from two opposing secondary 
coils was measured with a PAR 2-phase lock-in 
amplifier (model 5204). 

IOO i io 9'o ido 

T e m p e r a t u r e (A') T e m p e r a t u r e (A -) 

Fig 3 AC susceptibility \s temperature for the specimens in the second group (table 1): (a) and (c) real pans, (b) and id) imaginary 
parts. 
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Fig. 4. Superconducting transition temperatures, 7 C (defined as the temperature when x" reaches its maximum), vs. antimony 
contents. xh, for the specimens with certain nominal Iead(antimony) contents (starting compositions as discussed in the text): 
(a) 20$-Pb(Sb) (*, + * , = 0.4). (b) 30$-Pb(Sb) (x2 + JC3 = 0 .6) substituting bismuth in the first group; and (c) 20£-Pb (JC, = 0.4J. 

(d) 30%-Pb (JC 2 = 0-6) substituting bismuth in the second group. 

3. Results and discussion 

Fig. 1 shows the X-ray diffraction patterns of 
the specimens. For many specimens the crystalline 
reflections are rather weak. However, the diffrac-
tograms seem to indicate that all the specimens 
contain both the 2212 and the 2223 phases. At the 
same time the high background indicates the ex
istence of a large fraction of amorphous material. 

Table 1 summarizes the superconducting transi
tion temperatures for all Sb-doped and undoped 
specimens prepared by the same wet method, figs. 
2 and 3 show the ac magnetic susceptibilities of 
selected specimens given in table 1, and fig. 4 
displays the variation of Tc with Sb content for 
different nominal Pb contents. 

It may be seen that the transition is sharp, and 
Tc is rather insensitive to Sb-doping for Sb: Bi(Pb) 
ratio up to about 5%. Above this doping, there is a 
drastic reduction in Tc and broadening of the 
transition. Our results thus show that there is 
some (but not remarkable) improvement in super
conducting transition for low Sb-doping level. 
Compared with the conflicting results in literature 
[17-21], the present results are consistent with 
Luo et al.'s results [21] for low Sb-doping level. 

00 

(b) 

A/? 

/ // i 

1_ 
T e m p e r a t u r e {K) 

Fig. 5. AC susceptibility vs. temperature for specimen PSB204 
Tor various ac fields ( t f a c ) and dc fields ( t f d c ) as discussed in 
Ihe text; (a) real parts and (b) imaginary parts. A: HM = 
0.032 Oe. W J c = 0.00Oe; B: HK = 0.053 Oe. Hdc = 0.00 Oe: 

and C: Hx = 0.032 Oe. H* = 0.53 Oe. 
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and Dou et al.'s results [19] for relatively high 
Sb-doping level. 

The specimen SB32 exhibits the highest 7"c 

(108.4 K) and sharpest transition (half-height 
width of x". AT = 1.0 K, see fig. 2). It is interest
ing to note that this sample has a very high 
fraction of amorphous material as indicated in fig. 
1A, curve d. 

The Sb-doped Bi-Pb-Sr-Ca-Cu-O supercon
ductors are very sensitive to both the strength of 
the ac measurement fields and the external dc 
fields. As shown in fig. 5, a slight increase in the 
ac field ( = 0.02 Oe amplitude) can cause the tran
sition to shift to significantly lower tempera
tures, and very weak external dc magnetic fields 
(= 0.5 Oe) produce similar trends. This suggests 
that it is the intergranular coupling which is in
fluenced by small Sb amounts as these fields are 
far less than the established value of // C ). 

The quantitative results of the X-ray emission 
from SEM for the SB206 sample indicate that 90S 
of the lead in the starting composition disappears 
during the preparation. Checks on specimen SB204 
show similar results. It seems that in order to 
obtain the highest 7̂ , it is very important that the 
starting composition contains 20-30% of lead sub
stituting bismuth. It seems probable that the lead 
does not enter the superconducting phase, but 
may play a catalytic role in forming the 2223 
phase. The role of "lead-doping" is still an inter
esting and open question to answer. The investiga
tion of this phenomenon is important for produc
ing high quality Bi-superconductors. 

4. Conclusion 

. The present experiments indicate that the tran
sition region is sharpened and Tc is relatively 
constant for Sb-doping of Bi-Pb-Sr-Ca-Cu-0 
superconductors when the substitution of Bi(Pb) 
by Sb is a few percent. For higher doping, Tc 

decreases dramatically and the transition broad
ens. For the Sb-doped Bi-Pb-Sr-Ca-Cu-O su
perconductors, lead appears to act as a catalyst in 
producing the 2223 phase. However, the precise 
role of lead is still an open question. Sb-doping 
also strongly affects the Bi(Pb)-superconducting 

phase formation, but the mechanism behind this is 
not clear at present. 
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