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Changes in elasticity as a result of the superconducting transition are observed in high-

purity niobium. The stiffness changes in niobium are quite anisotropic and dependent on the

acoustic mode, suggesting a microscopic mechanism whichis dependent onthe crystalline sym-
metry, perhaps through the band structure. Imperfections and impurities have little effect on

the stiffness changes. A residual stiffness resulting from trapped vortices is used to calcu-
late the forces binding the vortices to imperfections. The magnitudes of the binding forces
suggest a stronger binding mechanism than provided by elastic gradients and might be asso-
ciated with a dynamic interaction between the vortex and the motion of dislocations. The
attenuation of the acoustic wave is observed to decrease upon entering the mixed state and

finally to increase rapidly to its normal-state value at the second critical field (8~2). The de-
crease in attenuation is interpreted as being due to the pinning of free dislocation segments

by vortices, which leads to a mismatch between the acoustic wave and the dislocation system
and a resulting decrease in the energy absorbed from the acoustic wave. At fields immedi-

ately above 0~2, small changes in attenuation are observed which may be attributed to the

presence of fluctuating Cooper pairs. The second critical field is observed to increase with

increases in dislocation density without any accompanying increase in the normal-state re-
sistance. This change is used to calculate a parameter proportional to the phonon mean free
path which modifies the coherence length in a manner similar to the electron mean free path.
The magnitudes of this parameter are comparable to the average dislocation separations, sug-

gesting that the coherence of the Cooper pairs is limited by scattering from dislocations.

I. INTRODUCTION

Transition to the superconducting state leads to
changes in the elastic properties of a solid. These
el.astic changes are used to study the behavior of
the mixed state in niobium as well as to provide
information on the microscopic mechanism asso-
ciated with the changes in lattice properties due

to the superconducting transition. Both the stiff-
ness' and the acoustic attenuation' are less in the
superconducting state than in the normal state. The
decrease is a few parts per million (ppm) for the
former while often orders of magnitude for the lat-
ler. Of particular interest in this investigation are
the magnitude and magnetic field dependence of the
elastic changes at fixed temperatures for niobium.

The decrease in the acoustic attenuation due to
the onset of the superconducting state has its ori-
gin in the change in excitation spectrum of the
charge carriers. The magnitude of the attenuation
change can be accounted for at high frequencies
and low temperatures (T & Tc) as being due to the
lack of available excited states for the charge
carriers interacting with the lattice (at least for
phonons with energies less than bvice the super-
conducting gap energy). The superconductor in
the Meissner state then exhibits acoustic behavior
characteristic of insulators. ' At low acoustic fre-
quencies the attenuation has quite a different ori-
gin. The contribution of the electron-lattice inter-

action of the Pippard type' to the normal-state
attenuation can be quite small. and most of the at-
tenuation has its origin in the motion of imper-
fections such as dislocations. In this investigation,
the electron-lattice attenuation is always less than

5% of the observed attenuation. The low-frequency
attenuation due to the superconducting transition
considered in this investigation is, therefore, al-
most exclusively due to the change in dynamics of
imperfections such as dislocations. The motion
of the imperfections is affected by the onset of
superconductivity through the change in viscous
damping by the normal electons. The supercon-
ducting transition affects the dynamics of the dis-
location by changing the viscous damping of its mo-
tion from overdamped in the normal state to under-
damped in the Meissner state.

The change in stiffness induced by the supercon-
ducting transition results from modification of the
lattice interaction by the pair state. An empirical
investigation of the magnitude of the stiffness
change due to the superconducting transition re-
veals no appreciable effect by factors such as dis-
location and impurity density which are effective
in changing the stiffness of the normal state. The
stiffness change due to the superconducting tran-
sition is quite anisotropic and appears to be de-
pendent on either the band structure or the details
of the atomic potentials. This result is concep-
tually similar to the deformation-potential inter-
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action invoked to explain elastic changes in semi-
conductors when charge carriers are added.

The field dependence of the vortex size and den-
sity is obtained for the mixed state of niobium us-
ing a model of the vortex and its interaction. The
field dependence of the vortex density does not

change appreciably as a function of dislocation den-
sity and impurities. A residual stiffness resulting
from trapped flux remains after cycling the ex-
ternal magnetic field above the second critical field
(H,a). Using the vortex interaction model of de
Gennes and the phenomenological model for the vor-
tex density, the binding force per unit length can
be calculated without an a priori model of the vor-
tex-lattice interaction. The magnitude of the bind-

ing force and behavior as a function of dislocation
and impurity density suggests that the vortex trap-
ping is not due to binding to dislocations by elastic
gradients but rather may involve a dynamic inter-
action between the vortex and a local electromag-
netic field resulting from the vibration of the free
dis location segments.

Attenuation of the acoustic wave in the mixed
state reflects the excitation spectrum of the charge
carriers as well as a contribution due to lattice im-
perfections such as dislocations. " The dislocation
attenuation is large compared to the purely el.ec-
tronic contribution in both the superconducting and

the normal states at the low frequencies used in

this investigation. The contribution of the disloca-
tion motion to the total attenuation depends on the
matching conditions between the frequency of the
acoustic wave and the resonant frequencies of the
distribution of free dislocation segments in the
stretched-string dislocation model. Some of the
features of the field dependence of the attenuation
at low fields are explained in terms of the changing
coupling between the acoustic wave and the disloca-
tion motion. In particular, an initial decrease in
attenuation as the flux penetrates the bulk of the
specimen appears to be caused by an alteration of
these matching conditions due to the pinning of the
dislocation motion by vortices. At fields approach-
ing the second critical field, the field dependence
of the attenuation is dominated by the normal elec-
tronic component returning to damp the dislocation
motion.

The coherence of the Cooper pairs is modified
not only by the scattering centers that limit the
electron mean free path' but also by those which
limit the phonon mean free path. This second limi-
tation is observed as an increase in the second crit-
ical field with increased imperfection concentration
without an accompanying increase in the low-tem-
perature resistivity. Using a solution to the lin-
earized form of the I.andau-Ginsburg equation, the
coherence length modified by imperfection scatter-
ing can be calculated. The magnitude of the im-

perfection limitation is similar to the separation
of free dislocation segments expected in annealed
high-purity metals. This suggests that the motion
of the dislocation segments is effective in limiting
the coherence of the Cooper pairs.

II. EXPERIMENTAL ARRANGEMENT AND RESULTS

The elastic changes due to the superconducting
state are determined from the resonance frequency
and decay time of a rod of niobium (-,'-in. diam).
These observations are used to calculate the change
in stiffness (modulus) and attenuation (loss factor). '
By careful mounting and dislocation from the elec-
tronic drive system, very low acoustic losses are
observed with a resulting resolution of,o ppm in the
stiffness. ' All measurements are at a fixed tem-
perature, with the stiffness and attenuation being
monitored simultaneously. The resonance frequency
of the fundamental longitudinal mode is in the 40-
50-kHz range while the torsional-mode frequency
is in the 20-30-kHz range. Through the use of a
unique capacitive drive and detection system, "
either the longitudinal or the torsional mode can
be excited for a given specimen without changing
the experimental arrangement. This facilitates a
comparison of the elastic changes between the two

modes without introducing complications due to
changes in mounting, drive systems, or aging.

The specimens are in the form of rods with the
external magnetic field applied perpendicular to
the axis. For the mixed state, this leads to a de-
magnetization factor of approximately one-half.
The axial orientations of the single-crystal rods
are pure-mode directions for longitudinal waves so
that the energy of the mode propagates in the same
direction as the wave vector. For the cubic sym-
metry of the niobium this corresponds to the [100],
[110], and [111]directions. The torsional wave is
a pure mode when propagating in directions for
which the transverse modes are cylindrically de-
generate. For cubic symmetry, these are the
[100] and [111]directions.

The capacitive drive excites modes with a con-
stant distribution over the cross section. The form
of the elastic equations most amenableia to these
boundary conditions is expressed in terms of the
compliance components 8;&. The stiffness moduli

(Z, ) are equal to the reciprocal of the compliance
elements and are labeled with a subscript indicating
the direction of propagation and a superscript in-
dicating the mode type (c for compressional mode
and f for torsional mode). A summary of the
stiffness rnoduli in terms of the compliance ele-
ments and stiffness constants is given in Table I
for the various modes used in this investigation.

The electronic characteristics of the specimens
are listed in Table II. The residual resistance
ratio (RRR) is calculated using an extrapolated



TABLE I. Stiffness moduli for compressional and torsional modes propagating along high-symmetry directions in
crystals of cubic symmetry.

Wave vector
(axial orientation) Displacement

Stiffness
IQodu ll Stjffness constants

C«+C~2
[Ioo] I 100] compresslonal

compres slonal 3 (8~ ~
+28(2 +4844) C

C44+4(C «+2C~~)

3C44(C ~q +2C &2)

compressional y(8~~ +8~2+2844)

value of the magnetox'esistance. The magnetic
field used to quench the supercondueting state is
applied in a plane perpendicular to the dlrectlon in-
dicated by the axial orientation, The measux"ements
in Table II are for specimens in an annealed state.
The critical. fields are determined from the mag-
116'tlc fieM depelldellce of tile elasticity. DlslocRtloll
densities in the high-purity annealed specimens'o
(Nos. 4 and 5) are in the range 10'-10' cm-' based
on observations made on similarly prepared speci-
mens from the same laboratory. '4 Mechanical dam-
age is introduced by both quenching and deforma-
tion. The quenching occurs in silicon oil, from
lOQO C to room temperature in approximately 20

The deformations ale produced along the x'a-

dius of the rod in a symmetric fashion to preserve
the circular cross section.

All measux'ements ax'e made at a fixed tempera-
ture in a magnetic field perpendicular to the axis
of the rod. Thermal contact to a liquid-helium
bath is through an ambient of 500 m Torr of helium
gas. No time-dependent changes are observed,
which suggests significant Joule heating fxom the
acoustic energy or eddy currents due to the vi-
bration motion in the magnetic field. The strain
amplitudes of the aeoustj, e wave are estimated at
10-' m/m.

The specimens are etched before each run to
remove surface damage, resulting in a highly re-
flective surface. The measux'ement procedure in-
volves cooling the specimen below the supereon-
ducting eritieal temperature before applying a mag-
netic field. Measurements through the Meissner
state and into the mixed state axe made without any
trapped flux. The field is cycled weB above H,a to
obtain the normal-state field dependence of the elas-
ticity for that particular sample and acoustic mode.
The stiffness and attenuation are also monitored in
the decreasing field to determine the hysteresis
due to trapped Qux.

TABLE II. Residual resistance ratio (RRR) and axial
orientation for annealed nioMum single-crystal rods,
The critical fields are determined from the magnetic
field dependence of the stiffness.

Sample
No.

Axial
orientation

p(4. 2 'K) H~) H~.2
RH R (pQ cm) (kGe) (kOe)

30 0.64 1.30 3.20

86 0. 17 I.40 2. 90

55 0.34 1,44 3.00

2500 6. 8&&10 ' 1.60 2. 65

2500 7.5x10 3 I.70 2. 70

The changes in the elastic properties as a func-
tion of field are calculated as fractional changes
normalized to the superconducting-state value. For
example, the fractional change in stiffness as seen
by R tol'siollRl 111ode pl'opRgRtlllg along tile [100j dl-
reetion is given by

~~ loo y loo (&) ~loo(~)
~loo ~ Ioo(~)

where Zr»o(S) is the stiffness in the Meissner state
and Zlroo(B) is the field-dependent stiffness. The
fractional change in stiffness exhibits no change
in the Meissner state for a virgin samyle, as can
be seen in Pig. l. As the flux begins to penetrate
at a field of —,

'
H, &

the fractional change in stiffness
increases to the normal-state value at H, . Fur-
th i i fi Ml adt q ad t' tiff
increase expected in the normal state. " The total
change in the fractional stiffness is obtained by
subtracting from the value at B,a the normal-state
quadratic field dependence. '6 As the field is de-
creased below H,z to zero external field, a hystex»-
esis in the stiffness results fx'om trapped vortices.
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If the temperature of the material is raised above
T, this residual stiffness disappears and its pre-
vious value in the Meissner state is reobtained.

F&G. 1. (a) Fractional change in stiffness as a func-
tion of magnetic field for a torsional mode propagating
along the [111]direction in a high-purity niobium single
crystal (No. 5). Cooling to obtain the superconducting
state is done in the absence of an external magnetic field.
No change in stiffness is noted as the field is increased
(0) until the mixed state is established at 2H«(demag-
netization factor of 2 for the external field perpendicular
to the rod axis). The critical fields are obtained from
the changes in slope of the fractional change in stiffness.
The total stiffness change due to the superconducting
transition is obtained by subtracting the normal-state
field-dependent stiffness from the observed value at H~&.

As the field is decreased (~) the stiffness exhibits a
hysteresis due to trapped flux. The residual stiffness in

zero external fieM is due to vortices trapped by imper-
fections; T = 4. 2 'K. (b) Fractional change in attenua-
tion as a function of magnetic field for a torsional mode
propagating along the I. 111j axis in specimen No. 5.
The decrease in attenuation begins at 2H« in increasing
fields {0)as the flux begins to penetrate the bulk. The
normal-state fractional change (H &H«) is quadratic with

field. The attenuation exhibits a hysteresis in decreasing
fields (~ ) due to trapped vortices. This is less when the
trapped vortices are present than in the Meissner state;
T =4.2 'K.

The magnitude of the stiffness increase in the
normal state of the high-purity niobium is more
complex than has been observed previously. The
normal-state longitudinal stiffness for propagation
along the [Ill] axis exhibits an anisotropy which
varies with the direction of the field relative to the
crystalline axes while maintaining a constant angle
with respect to the direction of propagation„Lon-
gitudinal propagation along the [100] axis exhibits
no such anisotropy when the field is rotated in the

(100) plane. These effects appear to be associated
with the anisotropic magnetoresistive tensor and

will be considered in detail elsewhere. The tor-
sional mode exhibits similar anisotropies but the
magnitudes are dependent on the imperfection con-
centration, in contrast to the longitudinal mode. The
anisotropy disappears in the severely deformed
material and the torsional. stiffness changes in-
crease by a factor of 100 (at 3 kOe) over that ob-
served in the annealed crystal. The stiffness
changes of the torsional mode appear to be dom-
inated by dislocation behavior' rather than by free-
electron dynamics in the magnetic field, while the
longitudinal mode exhibits what appears to be mag-
netoresistive effects.

The fractional change in attenuation as a function
of field exhibits more complex behavior, as can be
seen in Fig. 1(b). Initially the attenuation decreases
as the flux penetrates the bulk with the fractional
change becoming negative. This decrease is not
observed for low-purity material or in high-purity
material with a large imperfection concentration.
As the magnetic field increases and approaches
II,~ the attenuation increases rapidly to the normal-
state value. The size of the increase is dependent
on the type of acoustic mode and the propagation
direction. As the field is decreased below II,~ a
hysteresis due to trapped vortices is also observed
in the attenuation such that at zero external field
the attenuation is lower than in the virgin Meissner
state. Much of the low-field behavior of the atten-
uation is interpreted in terms of the interaction of
dislocations with the vortices.

In the following an idealized model of dislocations
will be assumed. The dislocation line will have a
characteristic average length which is pinned in-
termittantly by impurities or other dislocations to
form segments. These segments are free to vi-
brate between the pinning points in a manner anal-
ogous to a stretched string as proposed by Koeh-
ler'7 and Granato and Lucke' (KGL). The length
of the string determines in part the resonance fre-
quency of oscillation. The degree of excitation of
the free segment by the acoustic wave is deter-
mined by the shear stress in the plane of the string
and the relative frequencies of the acoustic mode
and the resonance of the free segment. The total
energy absorbed by the dislocation is then deter-
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TABLE III. Fractional change in the stiffness moduli
in ppm as a result of transition from the superconducting
to the normal state at T = 4. 2 'K. The normal-state fieM
dependence has been subtracted.

Sample
No.

+~100
c
c~
iOO

~ i00 ~ 1ii
T C

T c
i00 iii

30
2500

55
2500

65
25

193
234

203
215

211
130

Transition to the superconducting state results in
a decrease in the stiffness of a solid. The specific
interaction leading to the stiffness change has not
been isolated. It appears to involve changes in the
electronic excitation spectrum due to the formation
of Cooper pairs as well as their interaction with the
harmonic components of the ionic potential. The
change in stiffness in niobium is observed to be
quite anisotropic, depending on both the crystalline
direction of propagation and the specific lattice
deformation. The total fractional. change in stiff-
ness is observed to vary by a factor of 10 (Table
III) for different propagation directions and displace-
ment polarizations in single crystals with nearly
the same impurity concentration and thermal his-
tory. The longitudinal mode propagating along the
[100] direction exhibited the smallest fractional
change in velocity while the transverse mode along
this same direction exhibited the largest change.

Changes in the RRH by a factor of 100 lead to
only small alterations in the total fractional change
in stiffness. For some directions and polarizations
the fractional change increases while for others it
decreases with increasing purity. The longitudi-
nal-mode fractional change in stiffness along the
[100] direction decreases by a factor of 2. 6 with
the increase in impurity while the transverse
stiffness along the same direction increases by
20%%uo. The impurity dependence of the stiffness
changes caused by the superconducting transition
is dominated by the elastic anistropy and does
not lead to any universal pattern for superconduct-
ing stiffness changes in niobium single crystals.
The samples considered in Table II are in the clean
limit for which the electronic mean free path (I,)

mined by the polarization of the acoustic mode, th»

free-segment length and stiffness (resonance fre-
quency), the damping, and the density of disloca-
tions. The dislocation damping varies from over-
damped in the normal state, due to viscous electron
reaction to its motion, to underdamped in the super-
conducting state.

III. STIFFNESS

TABLE IV. Dependence of the total change in stiffness
due to the superconducting transition on the mechanical
damage for the high-purity (RRR-2500) niobium single
crystals; T= 4. 2 ' K.

Sample
&~1OO

C C

C C
~1OO

+~ 1OO
T T

T T
~100 ~ 111

No. 4 [100] annealed

quenched

5% deformation 26

No. 5 [111] annealed

quenched

0.3' deformation

215 130

130

129

is larger than the intrinsic coherence length ((o)
and thus may be dominated by the symmetry of
the electronic and lattice structure rather than
the impurity distribution.

The introduction of mechanical damage by quench-
ing and deformation is even less effective than
small impurity changes in modifying the fractional
change in stiffness due to the superconducting tran-
sition. The normal-state stiff ness decreased small
amounts (typically 2% for the longitudinal stiffness
and 4. o%%uo for the transverse stiffness) as a result
of an increase in an initially low dislocation density.
The fractional change in stiffness due to the super-
conducting transition, however, is unaffected (Table
IV) by mechanical damage, indicating that the con-
tribution of dislocation motion to the stiffness of
the solid is the same in the superconducting and
normal states. The change in dislocation para-
meters in the superconducting state has a consider-
ably more significant effect on the acoustic atten-
uation than on the stiffness and will be considered
in a subsequent section.

The stiffness changes due to the superconducting
transition appear to result from an interaction which
is not changed radically by impurities and not at
all by imperfections. The significant anisotropy
and mode dependence of the fractional change in
stiffness suggest a microscopic process which is
related to the symmetry of the harmonic components
of the lattice interactions and the band structure.
Effects due to the overlapping s and d bands of
niobium' have been invoked to explain the behavior
of the thermal conductivity of niobium'' in the super-
conducting state. The symmetry of the band struc-
ture might wel. l play a role in the change in stiffness
because of the anistropy of the density of states of
the d orbitals.

The stiffness of semiconductors is observed to
change with charge carrier density in a manner
which is dependent on the symmetry of the band
structure. 2~'~3 The phenomenological description
of the stiffness changes in semiconductors may
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also be applicable to superconductors. The stiff-
ness in the semiconductors is observed to change
proportionally to the specific deformation poten-
tial associated with the lattice distortion~4'~' and
the density of states at the Fermi energy for di-
rections affected by the lattice distortion. By
analogy to the behavior of semiconductors, the
stiffness of a superconductor may be viewed as
changing due to the formation of the Cooper pairs
and the change in nature of the density of states.
The deformation potential of the semiconductor is
not altered appreciably when charge carriers are
added through doping, but it is unlikely that similar
behavior will be exhibited by a metal which under-
goes a superconducting transition. Since the de.-
formation potential represents an effective force
to preserve charge neutrality, its alteration is
plausible when pairing occurs since the interaction
has a coherence over many atomic units and is long
range on the scale of the deformation potential of the
normal state. Although the deformation-potential
approach seems more complex in calculating the
stiffness changes in superconductors than in semi-
conductors, it appears useful to pursue it for lack
of an apparent alternative.

IV. VORTEX PINNING

Hystersis in the magnetic field dependence of the
transport properties of type-II superconductors re-
sults from trapped flux. The presence of trapped
vortices has been envisioned by Essmann and Trau-
ble with electron microscopy of powder patterns.
Elastic properties of type-II superconductors also
exhibit a hysteresis in the form of an increased
stiffness and attenuation after cycling above H,~.
The stiffness is particularly useful in investigating
aspects of the flux pinning since it can be directly
related to the density and separation of the vortices
using an established model of the current vortex.

The fractional change in the longitudinal stiff-
ness (AL /1.) has been shown to be directly pro-
portional to the normal volume fraction in the
mixed state through simultaneous observation of
the magnetic susceptibility and the field dependence
of the stiffness. ~' The field dependence of the
fractional change in stiffness can be written in
terms of the number of vortices per unit surface
[n(H) j times the area of the normal core of the
vortex. Assumming a model of the vortex with a
normal core of a radius equal to the coherence
length ($), the area of the core can be computed. ~'

The fractional change in longitudinal stiffness be-
comes

state. The factor in parentheses is simply the
total change in stiffness between the virgin normal
and superconducting states whose values are tabu-
lated in Sec. III. When the fieM is decreased from
above H,z, the flux trapped in the bulk of the spec-
imen leads to a residual stiffness. This residual
stiffness is given by

where n~ is the residual vortex density. The num-
ber of vortices per unit area can be calculated from
the observed total change in stiffness and residual
stiffness as

"=.("-)./("),:.':
using empirical values of the coherence length ob-
tained from other sources. The average separation
of the trapped vortices is then proportional to the
reciprocal of the surface density. The average
separation of the vortices calculated 'rom the stiff-
ness is comparable to the values observed directly
by Essmann and Trauble.

To simplify identification of bulk-trapping mech-
anisms, the surface of the specimen is strongly
etched as a precursor to each experiment, minimiz-
ing the effect of surface damage on the flux pinning.
A series of measurements of the residual stiffness
after successive severe etchings yielded identical
results indicating that the flux pinning due to surface
damage is not a significant contribution to the total
residual stiffness for the etched specimens. The
trapped flux is assumed to be pinned by a bulk
phenomenon.

As illustrated in Table V, the trapped vortex den-
sity calculated from Eq. (4) is relatively insensitive
to the impurity concentration. In fact, an increase
in the BRR of a factor of 451eads to an increase in
the residual vortex density by only a fa.ctor of 3.
The impurities themselves do not appear to be ef-
fective in trapping vortices, at least in the clean
limit (I, & $0).

The major responsibility for flux pinning appears
to be bulk imperfections and dislocations in particu-
lar. The observed trapped vortex does increase
when the specimen is severely deformed (5%%uo length

TABLE V. Trapped vortex density {'p) resulting from
cycling the external magnetic field above H,2. The re-
sult is calculated from the longitudinal residual stiffness
using Eq. (4); T =4. 2 'K.

Sample
No. n (10' cm-') Field direction

where LN is the normal-state stiffness and L& is
the stiffness of a virgin specimen in the Meissner

2500 3.65
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TABLE VI. Effect of imperfections on the trapped
vortex density in sample No. 4 using the longitudinal-
mode residual stiffness and Eq. (4); T =4. 2 'K.

Condition

annealed

quenched

deformed

g (10~ cm )

4. 30

2. 69

5. 78

change), as seen in Table VI. The effectiveness of
the trapping is dependent on the details of the dis-
location distribution such as the average length and
density. This is reflected in the different effects of
quenching and deformation exhibited in Table VI.
When the specimen is quenched, dislocation loops
of shorter average lenghts result and the trapped
vortex density decreases. It would appear that the
relative size of the dislocation and the vortex affect
the degree of pinning. When the vortex encounters
a dislocation line or loop (D) smaller than its di-
mensions (D& 2t) the effective interaction is re-
duced. This is consistent with the lack of pinning
of vortices to isolated impurities. Long dislocation
lengths or higher densities increase the number of
trapped vortices due to the increased pinning force.

An estimate of the pinning force per unit length
of the vortex can be obtained by assuming the lat-
tice pinning force balances the repulsive electro-
magnetic vortex interactions. For a homogeneous
distribution of vortices the repulsive force per
unit length for vortices on the exterior of the dis-
tribution can be calculated using an expression de-
rived by de Gennes~' and given by

f= (P~~/8n X')e "'"

ific pinning mechanism but only on the electromag-
netic intera, ctions of the vortices.

A specific mechanism for the pinning of vortices
is the interaction of the elastic gradients of the dis-
locations with the elastic gradient established be-
tween the normal core and superconducting exterior
of the vortex. The binding force on the vortex due
to this mechanism was calculated by Webb for
different vortex and dislocation orientations and

ranged from 10 dyn cm ' for vortices along the
dislocation to 10 dyn cm ' for other orientations.
These values are considerably below those calcu-
lated from the repulsive electromagnetic interac-
tion of the vortices. The elastic-gradient coupling
is far weaker than necessary to balance the elec-
tromagnetic repulsion of. the vortices, which may
be balanced by a dynamic coupling of the vortex
with the local electromagnetic fields generated by
vibration of the free dislocation segment.

V. ATTENUATION

The attenuation of the acoustic wave in a super-
conductor in the mixed state results from a com-
plexity of interactions involving the charge carrier
excitation spectrum and the lattice. Particularly
significant at the low frequencies used in this in-
vestigation is the contribution of lattice imperfec-
tions such as dislocations. The attenuation of the
wave due to electron dynamics is less than 5/q of
the observed value. The effects of the dislocations
and impurities on the attenaution do not appear to
be independent in either the normal state or the
Meissner state. This is illustrated in Table VIII
for the normal state. The torsional-mode attenua-
tion is seen to increase with increasing imperfec-

where po is the quantized flux filament (2 &&Ip-'

G cm~), X is the London penetration depth, and r
is the distance between the vortices. This repul-
sive force acts on vortices not symmetrically sur-
rounded by neighbors and must be countered by the
pinning force to obtain an equilibrium of pinned
vortices at zero field. The magnitudes of the re-
pulsive force per unit length are given in Table VII
for separations derived from the residual vortex
densities. This result does not depend on any spec-

Sample

No. 3 [111]
RRR= 55

Longitudinal Torsional
Condition g (10 Np) q (10 Np)

annealed 17.2 1.40

quenched

deformed

1.87

19, 4

TABLE VIII. Loss factors for the longitudinal and
torsional modes in niobium in the normal state. An ex-
ternal magnetic field of 3 kOe is applied; T =4.2'K.

TABLE VII. Electromagnetic repulsive force behveen
trapped vortices calculated from Eq. (5) and the vortex
densities of Tables V and VI; T =4.2'K. The specimens
are in an annealed state.

No. 5 f111]
RRR = 2500

annealed

' quenched

deformed

16.2 12.6

9.90

6. 58

Specimen
No.

55
2500
2500

Force (dyn cm ')

0. 075
1.51
0. 92

No. 4 f100]
RRR= 2500

annealed

quenched

deformed

5. 18

3.66
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TABLE IX. Loss factor in the Meissner state for var-
ious imperfection densities; T = 4. 2 'K.

Sample

No. 3 [lllJ
RRR= 55

Condition

annealed

quenched

deformed

Longitudinal
q {lo-' Np)

O. 85

Torsional
g (10 6 Np)

0. 45

1.16

11.0

No, 5 [111]
HHH = 2500

annealed

quenched

deformed

6.39 6. 62

6. 60

1.80

No. 4 [looj
RHH= 2500

annealed

quenched

deformed

0. 74

l. 72

2. 45

22. 39

tion concentration in the low-purity material (No. 3)
while decreasing in the high-purity material (No. 5)
of the same orientation. Along a different direction
in the high-purity material, the longitudinal atten-
uation also decreases with increasing imperfection
concentration.

In the Meissner state the attenuation is aga, in
dependent on the imperfection and impurity con-
centration (Table IX). The torsional-mode attenu-
ation in the low-purity material increases with
increasing imperfection concentration while de-
creasing in the high-purity material, as is observed
in the normal state. The longitudina, l attenuation
is anomalous as it increases in the Meissner state
with increasing imperfection changes while de-
creasing in the normal state.

This rather complex behavior of the attenuation
as a function of imperfection distribution appears
to be related to the interaction of the impurities
and the dislocation motion which in turn affect the
coupling of the acoustic mode to the dislocation
system. The amplitude dependence of the attenua-
tion in the low-purity specimen decreases as the
imperfection concentration increases indicating
an increased pinning by other dislocations rather
than impurities. No appreciable amplitude depen-
dence of the attenuation is observed in the high-
purity material. The pinning mechanism is im-
portant in determining the excitation range of the
dislocation system and the ultimate effect on the
matching conditions with the acoustic wave. As the
damage is increased for an initially annealed high-
purity single crystal, the dislocations become so
numerous that they begin to pin themselves. The
resulting change in length of the free segments
shifts their resonance frequency to higher values.
The matching between the fixed-frequency acoustic

wave and the vibrating dislocation line degrades
as a result of the detuning and less of the acoustic
energy is absorbed by the dislocation system. The
environment of the dislocation is quite different in
the Meissner state compared to the normal state.
In the Meissner state the motion of the dislocation
is underdamped while in the normal state the elec-
tronic viscosity overdamps the motion. This may,
in part, be the origin of the difference in imper-
fection dependence of the longitudinal and torsional
modes in the high-purity material in the Meissner
state even though they exhibit similar behavior in
the normal state. The normal-state behavior indi-
cates that the effect of detuning the dislocation line
is to decrease the energy absorbed from both the
longitudinal and torsional modes. In the supercon-
ducting state the torsional-mode attenuation de-
creases with deformation while the longitudinal-
mode increases. This may result from the differing
coupling of the two acoustic modes to the under-
damped motion of the dislocation in the Meissner
state compared to the coupling to its overdamped
motion in the normal state.

VI. ATTENUATION AS A FUNCTION OF FIELD

As the flux enters the bulk of the superconductor
and the mixed state is established, the attenuation
in the high-purity annealed material exhibits a
rather unusual feature in the form of an initial de-
crease' with increasing magnetic field followed by
an increase to a value in the normal state larger
than the Meissner state [Fig. 2(a)]. The initial
decrease has been observed previously in high-
purity niobium and vanadium but not in lower-purity
materials. One mechanism discussed previously
interprets the decrease in attenuation as being due
to the limitation of the Cooper-pair mean free path
by the flux vortices. ' '" The mechanism would pre-
dict a dependence of the attenuation on vortex den-
sity which is not observed in this investigation. In
fact, the decrease in attenuation is observed to
disappear for large imperfection densities even
though the magnetic field dependence of the vortex
density and electron mean free path remains sub-
stantially unchanged [Fig. 2(c)].

An alternate description of the attenuation de-
crease to that considered above is based on dis-
location behavior, and is offered in the fol.lowing.
The length of segments of dislocations free to
move in the high-purity niobium used in this in-
vestigation is greater than 10 p. This length can
be considerably less in materials of lower purity
or those with a large imperfection density as one
would obtain as a result of deformation. As dis-
cussed previously, the effective length of the vi-
brating dislocation line affects the acoustic energy
absorbed through its influence on the matching of
the acoustic-drive frequency to the resonance of
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FIG. 2. Loss factor as a function of magnetic field
for a torsional mode propagating along the f 111]' direc-
tion (No. 5) for various imperfection concentrations.
As the imperfection concentration increases the attenu-
ation in the Meissner state decreases due to the change
in resonant-frequency distribution for the underdamped
dislocation motion. The residual attenuation decreases
with increasing imperfection concentration even though
the number of trapped vortices increases slightly. The
magnetic field is in the [110] direction.

the vibrating dislocation segment. A plausible
model to explain the decrease in attenuation in-
volves the variation of the matching of the disloca-
tion motion to the acoustic wave through changes
in its effective length and environment. When the
magnetic field penetrates the superconductor it
does so in the form of filaments of flux generated
by a cylindrical vortex of supercurrent. The vor-
tex has a core of normal material approximately
one coherence length in diameter ((o=0.05 p, for
high-purity niobium). The presence of the vor-
tices in the vicinity of the dislocation line can ef-
fectively change the length of the line by locally
overdamping its motion. Since a typical length of
the dislocation segment is 20 times the diameter
of the vortex, the pinning would behave almost as a
point constraint for low vortex densities. The de-
crease in effective length of the vibrating dislocation
segment increases its resonance frequency making it
even more remote from the frequency of the acous-
tic wave, therefore leading to poorer matching.
The amount of energy absorbed by the dislocation
system is reduced and thus its contribution to the
attenuation of the acoustic wave is decreased. The
attenuation then decreases as the mixed state is
established due to the pinning of the dislocation
motion by the vortex cores. The observed decrease
in attenuation could result from a decrease in ef-
fective dislocation length of 15% according to the
results of Granato and Lucke. 3' As the field is
increased in the mixed state, the density of vor-
tices increases and the isolated pinning of the dis-
location motion no longer occurs since the vortices
are of a higher density, cover much of the disloca-
tion line, and interact strongly with each other.
As the normal state is approached (H H, ~) the-
damping due to the dislocation motion returns to its
overdamped behavior and the attenuation increases
rapidly to its normal-state value.

As supporting evidence that the behavior of the
dislocations leads to the decrease in attenuation,
the high-purity material is deformed to increase
the dislocation density and decrease the length
of the free segments. The decrease in attenuation
for the torsional mode disappears and the magnitude
of the attenuation decreases in the normal state.
[Fig. 2(c)j. The latter effect is expected from the

behavior predicted by the KGL theory for a de-
creased segment length, while the former results
from the change in relative size of the dislocation
segment and vortex size. As the dislocation seg-
ment length is decreased due to deformation, the

size of the vortex becomes comparable and its
impedence to the dislocation motion will not act at a
point. The presence of the vortices are, therefore,
much less effective in pinning the free dislocation
segments and there is less change in matching con-
ditions due to vortex penetration.
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The attenuation of the torsional mode exhibits
some unusual features in the immediate vicinity
of II,3. The magnitude of the change in attenuation
between the superconducting and normal states is
dominated by the change in dislocationdamping from
underdamped to overdamped due to the field-de-
pendent contribution of the free electrons to the
dislocation viscosity. The electronic contribution
due to direct interaction with the perfect lattice'
can be ignored at these low frequencies (& 5%).
The superconducting transition affects the attenua-
tion primarily by its contribution to the viscous
damping of the dislocation motion. In the unde-
formed crystal the transition in attenuation at H, 2

is well defined by a sharp change in slope from the

rapidly increasing value in the intermediate state
to the quadratic field dependence in the normal
state (Fig. 3). As the imperfection concentration
is increased the attenuation does not return to the
normal-state value until significantly above H, z.
Determination of the second critical field is made
simultaneously with the attenuation measurements
by monitoring the behavior of the stiffness, thus

including changes due to aging or deformation.
The diminished attenuation immediately above

H,z is shown to be dependent on the imperfection
concentration in Fig. 3. The origin of the dimin-
ished attenuation may be due to the presence of
transient Cooper pairs" whose lifetimes are finite
above H,~. The transient Cooper pairs serve to
modify the transition of the dislocation motion
from the underdamped superconducting state to
the overdamped normal state. The attenuation is
thus diminished immediately above H, z but rapidly
returns to the normal-state value as the lifetimes

of the Cooper pairs decrease with increasing field.
This is similar to observed behavior of the resis-
tivity immediately above the surface superconduct-
ing transition in some superconductors. ' The de-
crease in attenuation is more prominent in the de-
formed material which may be due to better match-
ing between the resonance of the shortened disloca-
tion line and the finite lifetimes of the Cooper pairs.
A phenomenological model which includes resonant
coupling leads to lifetimes of the order of lo ' sec.
This l.ifetime is longer than what might be expected
from the temperature dependence of the transient
pairing.

At fields appreciably above H,2 the attenuation
exhibits the quadratic field dependence expected
in the normal state. If a second-order polynomial
is fitted to the observed values in the normal-state
region, the attenuation obtained from extrapolating
to zero field is less than that observed in the Meiss-
ner state. This suggests that if a normal state
were possible at this temperature the attenuation
would be less than in the superconducting state.
Contributions of the dislocation motion to the atten-
uation are changed in both magnitude and frequency
dependence when the motion is underdamped.

VII. COHERENCE PROPERTIES AND PHONON SCATTERING

Introduction of imperfections in high-purity nio-
bium does not affect the low-temperature normal-
state resistivity to within 10%. The normal-state
electron mean free path remains relatively inde-
pendent of the imperfection concentration. This
is not true for the behavior of the second critical
field which increases with increasing imperfection
concentration. The origin of this change appears

3.0 =

Original Quenched Deformed
0.3 %

Deformed

2.0—

l0—

FIG. 3. Fractional change
in attenuation of a torsional
mode propagating along the
t111] axis of specimen No. 5.
The attenuation immediately
above H, 2 is less than the
extrapolated normal-state
value in the deformed mate-
rial. The magnetic field is
along the [110jdirection;
T=4.2'K.

I

5.0 2.5

H (kOe)

2.5 3.0
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TABLE X. Phonon-mean-f ree-path parameter calcu-
lated from Eqs. (7) and (8) and using )O=0. 05 p;
T=4. 2 K. Sample No. 4.

a„(koe) L {I()Condition

annealed

quenched

0.3' deformation

1.8% deformation

2. 65

2. 76

26. 6

3. 8

2. 3

related to the reduction in phonon mean free paths
by the imperfections and to the decrease in the
correlation involved in forming the Cooper pairs.
The effect is similar to limiting phonon mean
free paths and thus pair lifetimes in nonisotropi-
cally pure materials.

At magnetic fields near H,~ the Landau-Ginsburg
equations can be linearized and a solution is ob-
tained giving the second critical field ' as

H,p
= Po/2wt~ (8)

where $0 is the flux quanta (2&10 ' 6cm 2). This
form provides order-of-magnitude agreement be-
tween the observed values for the coherence length
and the second critical field. The coherence length
exhibits an intrinsic limiting value in high-purity
materials but decreases as the normal-state elec-
tron mean free path approaches the intrinsic co-
herence length ($0). The impurities which limit
the normal-state electron mean free path are not
the only mechanisms which can limit the coherence
properties of Cooper pairs but are often the domi-
nant contribution. In addition, the coherence of the

Cooper pairs can be limited by imperfections such
as dislocations. In this investigation, H,~ for a
fixed field direction is observed to increase with
imperf ection concentration. This behavior of H,z

suggests a modification of the coherence length
analogous to that proposed by Pippard' to a,ceount
for the limitation of the coherence properties due
to the electron mean free path approaching the
coherence l.ength. This modification includes a
term which is dependent on the phonon mean free
path such that the reciprocal of the coherence
length is given by

1/$ = 1/$ + 1/l, + 1/f (f)
where l~ is the term proportional. to the phonon
mea, n free path and /, is the normal electron mean
free path. For high-purity materials, such as
sample Nos. 3 and 4 used in this investigation,
the electron mean free path is much larger than

the intrinsic coherence length (f,= 300)0) and the
electronic contribution to the coherence length can
be ignored. Assuming this additional contribution
to the coherence length due to the finite phonon
mean free path, the observed change in H, a can be
used to calculate l~. The ratio of the second criti-
cal fields becomes

H,q/H, ~
——$ /$0 (8)

where Il, a is for the annealed material with the
least imperfection concentration and H,'z and $' for
material with an increased imperfection concentra-
tion.

Combining Eqs. (7) and (8) and using the observed
values of H,~, the parameter proportional to the
phonon mean free path is calculated and displayed
in Table X. Using these magnitudes to calculate
the number of scatterings per unit volume leads to
a number which is within an order of magnitude
of the number of free dislocation segments expected
in high-purity annealed material. The number of
scatterings increases as the imperfection density
increases, further suggesting the role played by
disl. ocations in limiting the coherence of the Cooper
pairs.
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