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The complex permeability and harmonic generation
of a Bi,Sr,CaCu,0y_, crystal: measurements and models
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For a single crystal of Bi,Sr,CaCu-Oy_ . at 77 K and subject to simultaneous ac and de magnetic fields, measurements
are reported for the complex ac permeability (w1’ —in”) and for the generated harmonic power P(nf). A plot of u” versus
log(f1,.) shows one peak at 1 =152 Oc, which is interpreted as the penetration field H* in a critical state model. This
result corresponds to only one component of the supercurrent, in contrast to both inter- and intragranular components
generally observed in YBa,Cu;0, 4. The observed dependence of /. 1" and P(nf) on H,. and H, . are only moderately

well explained by a generalized critical state model.

1. Introduction

High-tcmperature superconductors have a
complex microstructure; both inter- and intra-
granular supercurrents have been identified in
polycrystalline YBa,Cu;0,_; (YBCO) (sce, for
example, refs. [1-4]). Contactless measurements
of the ac permeability g = — ix” and genera-
tion of harmonic power P(nf) in applied ac and
dc magnctic ficlds, together with detailed inter-
pretation by critical state models, have provided
much information on critical current densities
[4-7]. Data on harmonic generation in a single
crystal of YBCO, first reported by Xenikos and
Lemberger [8], were explicable by a simple dy-
namical model based on flux creep resistance.

In this paper we extend such previous meas-
urcments to a single crystal of Bi,Sr,CaCu,0,_,
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(BSCCO) at 77 K. Only one component of the
supercurrent 1s obscrved, implying that there is
no significant contribution to & from wcak links.
We find modest agrcement between the overall
data and critical state models, in contrast to
YBCO thin films and ceramic rods, where unusu-
ally detailed agreement is found.

2. Experimental procedures

The Bi,Sr,CaCu,Oy_, single crystal was
grown from a mixturc of Bi,O,., CuO, SrCO, and
CaCO; with molar percentage of 22.4%., 32%,
26.9% and 18.7%, respectively. More details of
the growth proccdurc have been described else-
where [9]. The crystal is roughly disk-shaped with
a radial dimension R= 1.5 mm and thickness
d = 0.01 mm, with the c¢-axis perpendicular to the
disk plane. The transition tempecrature is found
to be 7.=88 K. from four-probe dc resistance
and dc magnetic susceptibility measurcments; the
full resistive transition width is of order 2.5 K.

The apparatus to measure g and P(nf) con-
sists of coaxial copper coils, cooled in liquid N, in
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a magnetically shielded dewar. These coils arc
driven by highly stable synthesizers to produce a
magnetic ficld

H,(1) = Hy + H, cos(wt). (1)

oriented along the c-axis of the crystal, which is
mounted in a coaxial “signal” coil of N =324
turns and area 4 = 0.95 cm’. An identical coil,
counterwound and empty, is used with a simple
balancing circuit to null out the direct pickup
signal ~dH (¢)/d¢. The resulting signal voltage
V(1) is proportional to the time-derivative of the
samgle ac magnxctization and has the form V(t)

= Y V()= Y [V, sinlnwt) +V, cos(nwt)].

n n
=1 oon—1 .
The harmonic components are due to the nonlin-

carity of the electrodynamical behavior of the
material. For n =1 the sine and cosine signal
components V| o) H, and V" o ] H, are sepa-
ratcly measured by a lock-in detector. For n =
2.3.....20, the power spectrum P(nf) o [(V,))* +
V")?1is recorded by an analog spectrum analyzer
(HP 3585A).

3. Critical state model

In 1962 Bean [10] introduced the idea of a
critical state in type-11 superconductors which
successfully explained flux trapping and hysteresis
in dc magnetization measurements observed in
conventional low-temperature superconductors.
The idea was cxtended by Anderson and Kim [11]
who introduced a parameter o representing the
fluxon pinning force density arising from lattice
defects and impuritics in the superconductor.
More recently the model has been further ex-
tended in various ways for the investigation of the
electrodynamics of high-temperature supercon-
ductors in applied ac and dc magnetic fields
[4-7]. We briefly review here a generalized criti-
cal state model which has been used successfully
for YBCO [4,5].

For simplicity, we first ignore the demagneti-
zation effects for the thin crystal and consider a
homogeneous sample with the geometry of a long
cylinder with radius R; the demagnetization ef-

fects of a disk-shaped geomctry will be discussed
later. The magnetic ficld H(1)=H(r=R, 1) is
applied parallel to the axis of the sample. For
H,> H,, where H_, is the lower critical field of
the material, it is energetically favorable for vor-
tices to enter the sample, resulting in an internal
magnetic ficld profile H(r). The field penetrates
the sample to a depth dependent on the critical
current density J. of the sample, which we as-
sume to have the general form (Gaussian units)

J(H a'c )
SN (

where ', H,, and B are parameters to be deter-
mined by the data. Here el H) = p o' /(| H |+
H)P~ " is the vortex pinning force density intro-
duced by Anderson and Kim [11,12], and 8 is a
parameter controlling the ficld dependence of J..
The Bean model assumes 8 = 0; the Anderson-—
Kim model assumes 8= 1. We will determine 8
experimentally. The critical state model assumes
that the sample’s local shielding current density J
would be cither zero in regions which have not
yet been exposed to magnetic flux, or J(H) in
regions which have been subjected to an electro-
motive force induced by the motion of flux vor-
tices. This assumption, together with Amperc’s
law, leads to the following critical state equation
for cylindrical geometry:
dH 4
—=+—J.(H). (3)
dr ¢
The sign in eq. (3) is determined by whether the
supercurrent is trying to screen out cntering mag-
netic flux lines or, if the applied magnetic ficld is
being decreased, to confine the flux lines that
have already entered the sample. Egs. (1), (2) and
(3) are solved analytically to find H(r, H(1)),
where 0 <r <R, ) <t <2w/w. From this we de-
rive an analytical expression for the spatial aver-
age induction field in the sample:

L (R

(B(1)) = (ey/mR) [ "H(r. 0)2%r dr. ()
0

and its time-derivative d{B(¢}) /d¢. From a dis-

crete time series (N =2048) of d(B(1)))/dr a
fast Fourier transform is used to compute the ac
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permeability components u), u] and the har-
monic power P(nf) of the sample, as a function
of the experimentally known parameters
(Hy., H,, R) and of those to be fit by the data

(a’, H,, B). However, the model further yields a
relationship

H*=[HE + 4m(B + )a'R]? — H,,
(5)

where H * is the value of the applied field H, at
which the penetrated flux front just reaches r = 0;
for Hy, = 0 this corresponds to a peak of u[(H,)
at H, = H* which can be readily measured ex-
perimentally, leaving only two independent pa-
rameters, B8 and H,, to be fit by the overall
experimental data.

4. Results and discussion

All the following data on the Bi,Sr,CaCu,Oq_,
single crystal are taken at 77 K with both the ac
and dc magnetic fields perpendicular to the a-b
plane of the crystal.

In fig. 1, the circles are cxperimental data of
the inductive and dissipative components of the
complex permeability, u| and wf, taken on this
single crystal, measured over four decades of the
ac magnetic field amplitude H,, from ~0.1 to
600 Oe, at 85 Hz. Only one peak in the dissipa-
tive component wu is observed (in contrast with
the two peaks observed in bulk ceramic
YBa,Cu;0,_; [4], representing separate contri-
butions from inter- and intragranular components
of supcrcurrents). The value of the u| peak posi-
tion, H*, is quite small: H* =15.2 Oe. This u
peak is located at the same position as the inflec-
tion point of u'. Because u| approaches a plateau
at value 1 for H, > H*, full flux penetration of
the sample is achieved by the maximum ac field
available from our apparatus, and therefore no
more dissipation peaks are expected beyond H,
> 600 Oe. We were unable to detect any peak
below H, = 0.1 Oe, limited by the signal-to-noise
ratio of the apparatus. Thus, this | peak at
H*=5.2 Oc¢ is ascribed to the “one and only
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Fig. 1. Open circles: experimental measurements (Gaussian
units) of (a) u| and (b) pu)| versus log(H) for
Bi,Sr,CaCu,0_, single crystal, Hy =0, T=77 K, f=85
Hz. Dashed ]ines:'generalized critical state model calculations
with B =13, Hy=3 Oe and H* =5.2 Oe. Solid lines: Bean
model calculations (i.e. 8 = 0) with H* =5.2 Oe.

intrinsic” supercurrent of the single crystal sam-
ple.

In order to use the critical state model to fit
the experimental data and to deduce J. using
eqs. (2), (3) and (5), the significant demagnetiza-
tion effects of the disk-shaped single crystal sam-
ple have to be addressed. Dacumling and Lar-
balestier [13] treated this demagnetization prob-
lem for the critical state in disk-shaped supercon-
ductors in the special case that J, is assumed to
be independent of the magnetic field. They di-
vided the disk into ring segments, and calculated
self-consistently the current distributions and
magnetic field vectors due to the combined con-
tributions of the ring-segment currents in addi-
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tion to the applied magnetic field. They found
that the field shielded (or trapped) in the center
of the disk, which they denoted by A*, was ap-
proximately #* = (w/c)J.d, where d is the thick-
ness of the disk. Note that in the absence of
demagnetization, one would calculate, from eq.
(3) and Bean’s assumption that J, is independent
of H(i.e. B=0ineq.(2), that H* =(4w/c)J.R,
where R is the radius of the disk. The shielding
currents also create radial fields which are of
order (2w /c)J.d on the disk surface. For low
applied fields H, <h* these self-field effects
dominate, leading to substantial deviation of the
local field from the applied field. They also find
that the demagnetization field does not depend
on the applied field, but rather on J.. So if
H, > h* a demagnetization correction is then
not necessary. In short, the surprisingly simple
result of ref. [13] seems to indicate that the sam-
ple radius R should be replaced by the thickness
d in the calculation of the critical current for a
thin sample.

Another theoretical study of the ac susceptibil-
ity of thin superconducting films near 7. has
been given by Sun et al. [14], who point out the
difficulties of this intrinsically nonlinear problem.

We use Dacumling and Larbalestier’s results,
notwithstanding their special case of J. being
assumed constant, to get an estimate of J, of this
single crystal as J. = cH*/4md = 4.1 x 10°
A/cm?, where the thickness of the crystal is
d =10 pm. This estimated value should corre-
spond to some averaged value of J. over the
sample, which in turn is approximately equal to
JAH =H*/2=2.6 Oe) [4]. This small value of J,
is most likely duc to a small flux pinning force
density in the sample. The dashed lines in fig. 1
are calculations according to the generalized crit-
ical state model, egs. (2), (3) and (5), using the
best fitting values 8 =13 and H,=3 Oe, and
the measured value H* = 5.2 Oe. The calculated
w7 peak has the same amplitude as the experi-
mental data. These calculations have been done
by simple-mindedly using the generalized critical
state model for cylindrical geometry, but replac-
ing the lateral dimension of the sample by the
thickness, “R” —=d =10 pm. Calculations ac-
cording to the special case of the Bean version
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Fig. 2. (2) Harmonic spectra generated by Bi,Sr,CaCu,0,_,
single crystal taken at 7=77 K, f=1.0 kHz and ac field
amplitude H; = 10.0 Oe. The values of the dc magnetic field
Hy. are (a) 0.0 and (b) 4.0 Oe. The circles are the harmonic
spectra predicted by the generalized critical state model calcu-
lations with 8 = 1.3, Hy; =3 Oe and H * = 5.2 Oe. The squares
are the B = 0 model calculations with H * = 5.2 Qe. Note that
for the B=0 model, in which J. is independent of the
magnetic field, no even harmonics should be generated even
when Hy # 0.

critical state model [15], i.e. with 8 =0, are also
plotted for comparison in fig. 1, as solid lines.
The generalized critical state model fits the data
better for H, <H* and the amplitude of the
peak; whereas the 8 = 0 model seems to fit better
for H, > H*, but it fails to fit the amplitude.
The measured harmonic power spectrum,
P(nf) versus n, of the signal voltage for H, = 10
Oe, Hy, =0, f=w/2w=1.0 kHz is shown as a
solid line in fig. 2a; the dot-circles represent the
calculated harmonic spectra according to the gen-
eralized critical state model, using the parameter
set, B=1.3, Hy=3 Oe and H* =5.2 Oe, men-
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tioned previously, while the dot-squares represent
the B = 0 model calculation results. Although the
generalized critical state model calculations give
a satisfactory fit for u', and w| versus log,(H,)
in fig. 1, it predicts stronger harmonic power
generation than actually observed. In contrast,
the B = 0 model calculations seem to fit the power
spectra better in fig. 2a. Fig. 2b shows power
spectra for H, = 10 Oe and H,. = 4 Oe; the data
show both even and odd harmonics. However, the
B =0 model predicts zero intensity for even har-
monics, even in the presence of a dc magnetic
field. Thus we must reject the value 8 =0 on the
basis of symmetry. Since any model with g >0
predicts nonzero even harmonics through symme-
try breaking, parameter sets with a small value of
B have also been tried to fit the data. Although
for, say, B = 0.1, model calculations explain the
even harmonics, they consistently failed to fit the
w' and /| versus log,(H ) data in fig. 1, for all
B < 0.5. The circles in fig. 2b are predictions by
the same parameter set as in fig. 1 and fig. 2a;

o
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even harmonics are predicted, but they do not fit
the overall data very well.

In fig. 3, for Hy,, =0, f=1.0 kHz, odd har-
monic powers taken experimentally as a function
of log,,(H,) are shown as circles for harmonic
numbers n =3, 5, 7, 9. The dashed lines are the
generalized critical state model calculations with
=13, Hy=3 Oe and H*=5.2 Oe, whereas
the solid lines are the corresponding 8 = 0 model
calculations. The critical state model calculations
give approximately the observed slopes for H, <
10 Oe. In fig. 3a for the 3rd harmonic power,
P(3f) ~ H*' [6]. Neither model fits the details of
the harmonic power versus ac field amplitude
data satisfactorily, especially for H, > 10 Oe. In
particular, the dips in P(nf) in figs. 3b—d do not
correspond to any model predicted dips.

The effects of adding a dc field H,, =10.2 Oe
on the 7th harmonic power are shown in fig. 4,
which is typical of other harmonics. The data
(circles) are in fair agreement with the general-
ized model (dashed line) previously described:;

W
o

o 10t 10’
H, (Oe)

Fig. 3. (a) Circles: third harmonic power (10 dB/div) versus log,,(H;} experimentally measured on Bi,Sr,CaCu,Oy_, single

crystal at T=77 K, f=1.0 kHz, Hy. = 0. Dashed line: generalized critical state model calculations with 8 =13, H,=3 Oe and

H*=5.2 Oe. Solid line: Bean model predictions with H* =5.2 Qe. (b—d) Same measurements and calculations for the 5th, 7th
and 9th harmonics.
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Fig. 4. Circles: 7th harmonic power (10 dB/div) versus

log,(( H,) experimentally measured on BSCCO single crystal

with H; =102 Oe, T=77 K, f=10 kHz. Dashed line:

generalized critical state model calculations with =13, H,

=3 0e¢ and H* =152 Oe. Solid line: 8 = 0 model predictions
with H* =52 Oe.

other parameter sets predict dip positions which
do not match the data. The 8 =0 model (solid
line) is also plotted for comparison. We note that
in a YBCO ceramic rod such P(nf) versus H,
data can be very well fit by a generalized critical
state model [16].

Additional measurements, at f=1 kHz, not
shown here, on P(nf)versus Hy, forn=2,...,20
show: for even harmonics, dips at Hy. =0; for
odd harmonics, peaks at H,. = 0; and a series of
dips spaced very roughly by AH =3H,/n. The
generalized critical state model with parameters
used in fig. 3 predicts very uniformly spaced
peaks. The 8 = 0 model predicts P(nf)=0 for n
even and P(nf)= constant for n odd, even less
satisfactorily than the generalized critical state
model.

5. Summary and conclusions

We have reported new experimental results at
77 K for a thin crystal of Bi-Sr-Ca-Cu-O for
the complex permeability 2, and generated har-
monic power P(nf) as a function of H,, and H,,
and have attempted to fit it with a generalized
critical state model. In fig. 1 only one peak in

is found at H,=5.2 Oe in the measurement
range 0.1 Oe <H, <600 Oe, with a correspond-
ing inflection in w/; this single )] peak corre-
sponds to only one component of the supercur-
rent, presumably intrinsic. A qualitative predic-
tion of u' and uf versus H, is obtained by the
generalized critical state model. The Bean model,
with B =10, fails to explain the observed even
harmonics in the presence of a dc field, fig. 2b,
and can be ruled out. We note that in experi-
ments in which H,. =0 (fig. 1, fig. 2a, and fig. 3),
it is not as easy to rule out B8 = 0; this indicates
the advantage of using harmonic analysis to de-
tect any symmetry breaking upon application of a
dc field. Assuming that the u| peak corresponds
to the penetration field H* in a critical state
model, we can, using thin sample correction cal-
culations as described by Daeumling and La-
balestier, find an approximate critical current
density in zero dc field, J, = 4 X 10° A /cm? at 77
K. However, we note that this calculated value is
approximately equal to J(H)at H=H*/2=12.6
Oe.

Our overall conclusion is that the modified
critical state model, together with our simplified
approximations for the thin sample using the
results of Dacumling and Labalestier, does not
quantitatively explain our data for the BSCCO
crystal. A more exact numerical solution to the
problem is beyond the scope of this paper. Fi-
nally, we note that the models of Xenikos and
Lemberger [8], and of Sun et al. [14], may be
viable alternatives.
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