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Critical rf Magnetic Fields for Some Type-I and Type-II Superconductors
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The critical rf magnetic field B,'~ of several type-I and type-II superconductors has
been measured between 90 and 800 MHz and near T, has been found to approach the ideal
superheating field in nearly all cases. However, in the same samples the dc critical
field shows little evidence of superheating. The temperature dependene of B,' suggests
that rf-stimulated vortex nucleation occurs in the type-I materials.

The critical rf magnetic field H, ' of several
type-I and type-II superconductors (0.06 &3.'& 1.8)
has been measured at frequencies ranging from
90 to 300 MHz. Near the transition temperature
T, for both type-I and -II superconductors, the
measured critical field H, ' for -1-mm-diam
spherical samples is consistent in magnitude with
the calculated zero-frequency (or dc) superheat-
ing field' H, h for these materials. The calcula-
tions of H, h were based on an experimental eval-
uation' of the Ginzburg-I. andau parameter X,
transition temperature T„ thermodynamic crit-
ical field H„etc., for the samples. However,
the dc critical magnetic field was also measured
and little («10/o) dc superheating was observed,
presumably because of surface defects in these
relatively large samples. Previous dc measure-
ments3 for some of these materials, in aggre-
gates of small (-10 atm) spheres, do show the
ideal calculated superheating effects. ' From the
temperature dependence of H, ' in type-I mater-
ials, it can be inferred that the rf-induced phase
transition to the normal state is by vortex nucle-
ation,

These experiments were done with use of the
elemental superconductors In, Sn, and Pb, and a
series of alloys of SnIn and InBi, The large rf
magnetic fields were developed in a helically
loaded superconducting Nb resonator driven by a
phase -locked, voltage-controlled oscillator. The
resonator was usually operated in a pulsed mode
to minimize sample heating and H, ' was defined
to be the field amplitude at which the resonator Q
was degraded due to dissipation in the sample.
At field amplitude below H, ' the sample was al-
ways completely superconducting and thermally
stable. Measurements in high rf magnetic fields
were done at ambient dc-field levels &10 ' G.
Data for H, ' were found to be independent of the
dc field up to about 10 ' G where flux trapping
begins to cause serious degradation. Spherical
samples were prepared from commercially ob-
tained, 99.999%-purity materials, by cooling a

droplet of the melt in free fall and then annealed
as necessary to assure homogeneity. The sam-
ples were thermally grounded by a sapphire rod
and located at a position of maximum rf field;
H, ' was indicated by an abrupt decrease in res-
onator Q as the rf-field amplitude at the sample
surface was increased above H, ' . Fields in the
resonator were carefully calibrated and cross-
checked in several ways. The electronic calibra-
tion techniques themselves were finally evaluated
by using a resonator as a particle accelerator and
comparing the calibrated fieMs within the resona-
tor against the measured energy gain by the par-
ticles.

For all samples the zero-frequency thermody-
namic critical fields H, and/or H„were experi-
mentally determined by measuring the low-fre-
quency (100-1000 Hz) susceptibility as a function
of static applied field H. From the variation of
susceptibility with H, a determination of H„H„,
H 2 H 3 the dc superheating and super coo ling
fields, etc. , could be determined by standard
techniques. ' Experimental values of H, and T,
for the elemental superconductors were obtained
from several samples and all agreed with the ac-
cepted standard values to within a few percent,
This correspondence thus supports the reliability
of the calibration techniques and the assumptions
regarding important experimental parameters
such as demagnetizing factors, etc. However,
in these low-frequency susceptibility measure-
ments superheating effects were found to be lim-
ited in general to «10% and in no case did the dc
superheating field approach the magnitude of II,'f.

Data, for the reduced field h, ' =H,"/H, versus
reduced temperature t = T/T, are shown in Fig. 1
for a typical Sn sphere. For these samples, the
maximum dc superheating fields were also meas-
ured but were found to be limited to ~1.1H, .
Figure 1 also indicates the the temperature de-
pendences to be expected for the ideal dc super-
heating field based on different assumptions re-
garding the geometry of flux entry into the super-
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conductor. Basically, the superheating field is
determined by balancing the loss in condensation
energy against the gain in diamagnetic energy
which accompanies the formation of a phase
boundary in a field B. Most calculations have
been done in a one-dimensional limit for which
this balance occurs at a plane boundary when the
energies per unit area are equal or, when ~'
= $H,'. Thus, the normalized dc superheating
field h~=H, q/H, cc($/A)'I'=(X) "', where $ and A.

are, respectively, the coherence length and pen-
etration depth. Both $ and A are temperature-de-
pendent quantities. In the nonlocal limit appro-
priate to pure Sn and In detailed calculations' for
a plane boundary have shown that the temperature
dependence of h~ is given by h~ = 1.04XO "'(1

t) "". For Sn, X—, =0.09 and the calculation
predicts h~ = 2.2(l t) 'I". This -expression is
plotted in Fig. 1, as the dashed line labeled plane
nucleation. Thus, near T, the magnitude of the
experimental h, ' is consistent with the analytic
prediction for h~. However, at lower tempera-
tures the temperature dependence of h, ' is more
rapid than that expected for planar nucleation or

Reduced Temperature

FIG. 1. Data points represent the normalized rf criti-
cal field h ' = 8,'r/H for Sn at 90 MHz vs reduced temp-
erature t =T/T, . Curves represent theoretical esti-
mates of dc superheating for several phase-boundary
configurations. Previous dc measurements (Ref. 3)
near T, range from about 2.8—3.1.

observed in previous dc measurements. '
The other curves shown in Fig. 1 result from

applying the basic energy-balance relationship to
the creation of a vortex and to point nucleation.
For vortex nucleation, equating energy per unit
length gives A. 'H'~ $'H, ' or h„~X ', while point
nucleation requires h, ~ X ' '. Evaluating @ in
the nonlocal limit leads to h„ccX, '~'(1-f) '~' and

h,. ccX, '(1 -t) "' for these cases. These tem-
perature dependences are shown in Fig. 1 nor-
malized to t =0.99. The data are consistent with
a vortex-nucleation model and lead to an evalua-
tion of the proportionality constant for h„ in the
nonlocal limit as k„=0.3X, "'(1 t) '~'.—

Similar results relating h, ' and h„were also
found for In with the same proportionality con-
stant. Extensive data have not yet been taken for
Pb, however significant superheating also per-
sists at lower temperatures. For example, for
Pb, h, ' =1.4 at t=0.3. The implication of these
results is that surface defects play a lesser role
in nucleating the rf magnetic transition than they
do in nucleating the dc transition. Nevertheless,
except very close to T„ the rf transition occurs
at a lower field intensity than the ideal value H, h

and has a temperature dependence corresponding
to vortex nucleation even in type-I materials.

Alloy samples of SnIn (0-6.3 at.% In) were pre-
pared in a range of the Ginzburg-Landau param-
eter X (0.09&X&1.0) and alloys of InBi (0-4 at. %
Bi) in the range (0.16&X&1.8). The droplet sam-
ples were subsequently annealed after formation
for many hours near their melting temperature.
Similar alloy samples were consistent in their
super conducting properties to within experimen-
tal accuracy and in general the width in T, for a
given alloy sample was -10 "K. Values of X for
the alloys were determined by using the Gor'kov-
Goodman equation4 and measured values of the
resistivity for the samples. Sample resistance
was determined by both a dc four-terminal tech-
nique and from measurements of rf surface re-
sistance from changes in resonator Q. These
two techniques agreed to within 5%. The results
for X, T„and H, as a function of In or Bi con-
centration were in very good agreement with
previous results on these alloys. " For example,
in the InBi system as Bi ranged from 0 to 4 at. %,
X varied from 0.06 to 1.75, T, varied from 3.40
to 4.41'K, and H, varied from 280 to 510 G.
Measurements of H, ' and H, for the alloy sam-
ples were done by the techniques previously de-
scribed for the pure materials.

For the alloy samples, the temperature depen-
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FIG. 2. Normalized critical field as a function of the Ginsburg-Landau parameterX. Data points are for h at
t =0.99 for several metals and alloys. Full curve is calculation (Matricon and St. James, Ref. j.) of the dc super-
heating field h&, dashed curve is the fluctuation-limited field estimated by Kramer (Ref. 1),

dence of h, ' was in general found to be much less
pronounced than for the pure materials illustrated
in Fig, 1. This tendency is anticipated by the lo-
cal-limit theories which should apply to these
short-mean-free-path samples. In the local lim-
it h„~(1+@)while h~~(1+t')'I'. Thus in this
limit, h varies relatively slowly near T,. These
temperature dependences do represent the trend
in the alloy data for h, ' to increase near T„but
there was no clear experimental basis to choose
between them. In fact, it was not possible to find
a universal temperature functional dependence to
fit all alloys. Consequently, a relative evaluation
of h, ' near T, is shown in Fig. 2 as a function of
X.

Figure 2 shows experimental values for h, '

near T, at 90 MHz plotted as a function of X for
several alloys of SnIn and InBi, as well as for In,
Sn, and Pb. Data points are predominately given
for t= 0.99 but where possible extrapolation of the
data to t =1 by analytic continuation is included
as an arrow. Also shown in Fig. 2 are calcula-
tions of h~ in the local limit at T, as a function of
X. The full line follows a calculation by Matricon
and St, James' while the dashed line follows
Kramer. ' Measurements of h, ' were made also
at frequencies up to 300 MHz for sever"-al samples
(0.06&X&1.5), however, no significant difference
from 90-MHz results were found in the magnitude
or temperature dependence of superheating,

These alloy data span from type-I to type-II
materials (0.06&X&1.8). Also included are a
few examples of data from different spherical
samples at the same X to indicate the degree of

internal consistency. In the type-I region, X
&E2 ', the alloy data for h, ' indicate a consis-
tent tendency to approach the dc superheating
field h~ as T-T,. In the type-II region, the ten-
dency for h, ' to approach the theoretical super-
heating limit persists for alloys of InBi. How-
ever, for SnIn, the trend is toward the lower
thermodynamic critical field, H„. Contrary to
what might have been expected, microscopic ex-
amination of the spherical surfaces indicated
SnIn to be considerably smoother than InBi. Thus
surface condition alone will not explain the above
divergent behavior.

These experiments indicate that rf superheating
is less sensitive to surface defects than dc super-
heating for both type-I and -II superconductors,
For the type-I materials Sn, In, and Pb, the
amplitude of h, ', near T„was found to be con-
sistent with the dc planar superheating field h~.
However, the temperature dependence of h, ' may
indicate that vortex nucleation dominates at lower
temperatures, causing h, ' to fall below h~. For
type-I alloys it was also found that h, ' approached
h~ near T„while for type-II alloys h, ' ranged
from h~ to h„depending on the particular com-
position. These i"esults are consistent with the
previously noted trend' in some type-II materials
to exclude flux at fields considerably in excess of
H„. The results also suggest that, if the vortex
is created within one rf cycle, the time scale for
vortex nucleation in these experiments as less
than 10 ' sec.
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Dielectric and Brillouin scattering experiments on a lithium ammonium tartrate crystal
have shown that the transition in this crystal is described by the free energy of a piezo-
electric crystal,

4(&") '&'+a»+kP(T —To)x',

where the primary order parameter is the homogeneous strain, which gives rise to ferro-
electricity through the piezoelectric coupling with the polarization.

At present, ferroelasticity is a well-accepted
concept. However, many ferroelastic crystals
so far reported do not undergo the "proper ferro-
elastic" transition in which the primary order pa-
rameters is the homogeneous strain x. Here, we
treat the ferroelastic transition, which is de-
scribed by the free energy with a bilinear coup-
ling term,

E= ~()(") 'P'+aPx+ 2C x', —

and we conclude that the transition of I iNH4C4H40,
H,O (LAT) at 98 K is a "proper ferroelastic"

transition.
In KH, PO4, the transition is well described by

the free energy

E, = —', o.(T —T, )P'+ aPx+ ,'CPx', -
where the piezoelectric coefficient a and the elas-

tic stiffness at constant polarization, C~, are in-
dependent of temperature. In the early stages of
the investigation of Gd, (MoO, )„ the transition
was suggested to be described by the free energy

E,=-,'Q") 'P'+ aPx+ ,'P(T —T,)x', —

where a and the clamped inverse susceptibility
Q") ' are independent of temperature. Gd, (MoO, ),
was, however, shown to undergo the transition
because of the softening of zone-boundary pho-
nons, ' and is not described by Eq. (8).

The present work reports the observation of
the ferroelastic transition, described by the free
energy E, [Eq. (8)], in the crystal LiNH, C,H, O,
~ H,O. LAT undergoes the transition at T, =98 K,
the ferroelectric phase below T, belongs to P12,1,
and the paraelectric phase above T, belongs to
P2,2,2. According to the ESR study of Cr" in
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