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investigation of harmonic generation in the alternating magnetic response of

superconducting Y-Ba-Cu-0
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The magnetic behavior of a sintered Y-Ba-Cu-O superconductor has been investigated by
monitoring the harmonic components of its magnetic response o an alternating field. As the
steady bias field is incrementally raised, a transition from a linear, reversible behavior of the
magnetization to a nonlinear, irreversible behavior is indicated by the appearance of magnetic
losses and odd harmonic components in the response. These harmonics disappear as the bias
field or the temperature is increased above a certain point, indicating a linear behavior. The
disappearance of the odd barmonics, while the magnetic losses persist, is interpreted as
signifying a transition to a state of dissipative flex motion without pinning. These
measurements demonstrate a new technique for determination of the lower critical field and
the “irreversibility” field below which irreversibility in the magnetization sets in as a result of

flux pinning.

The magnetic behavior of the new Y-Ba-Cu-O super-
conductors has been widely investigated using both de and
ac technigues."” Wevertheless, the values of fundamental
characteristics, such as the lower and upper critical fields
H,, and H_, are still controversial.®” Accurate measure-
ment of these fields is required for determination of key pa-
rameters such as coherence length and penetration depth,
which are vital for understanding the superconducting
mechanism. The lower critical field is usually determined
from measurements of the superconducting magnetization
curves. The onset of nonlinear behavior in the magnetization
versus field curve is identified as . The accuracy of this
method is limited because of the difficulty in detecting rela-
tively small deviations from linearity just above /. Estima-
tions of the apper critical feld commonly rely upon mea-
suremenis of the transition exhibited by the electrical
resistivity or the magnetic susceptibility at a given field. The
drawback of this technique is that the transitions broaden
with increasing field and the methods for extracting the tran-
sition temperature are somewhat arbitrary. In a recent pa-
per, Malozemoff ef al.” argue that the transitions previously
used to indicate H,, in Y-Ba-Cu-O actually represent an
“irreversibility” field, H, ., i.e., a ficld below which irreversi-
bility in the magnetizalion sets in s a resuit of flux pinning,
Above this field, thermal activaiion permits unpinning of
fiux lines within the time scale of the cxperiment. They
further infer that the line representing /£, in the field-tem-
perature plane lies above the irreversibility line and may be
better determined by the onset of the resistivity drop.

In this letter we propose a new approach for characteriz-
ing the magnetic behavior of Y-Ba-Cu-0 by which the lower
critical field and the irreversibility line can be determined
more accurately. This approach is based on monitoring odd
harmonic components of the ac magnetic response of the
material in steady bias fields. A theory of odd harmonics in
the magnetic response of type I superconductors was first
developed by Bean.'” Although this modei forms the basis
for an understanding of the harmonic generation, it is not
directly applicable to critical-field measurements since it as-
sumes that the lower and upper critical fields are zere and
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infinity, respectively. A model predicting odd harmonics in
the ac magnetic response of superconductors was also devel-
oped by Ishida and Mazaki.'" According to this model the
third-harmonic component of the response is proportional
to the out-of-phase susceptibility. Campbell er al.'? devel-
oped methods for measuring /, and /, using the transient
response to the superposition of a sinuscidal and ramped
ficlds. They also reported the appearance of a second-har-
mouic component in this response when the appiied ficld
was swept between H,, and K ;. However, no second-har-
monic signal was observed when the de field was held con-
stant during the measurement. Harmonics above the second
were not examined.

The experimental procedure of this study is similar 1o
the conventional ac susceptibility technique.' Smalt oscilla-
tions in the magnetization are induced by a small sinusocidal
field that is superimposed on a colinear steady field. The
sinusoidal field is produced by a primary coil coaxial with a
pair of balanced coils, one containing the sample. The off-
balance voltage induced in the coil pair is monitored using a
spectrum analyzer (HP 3585A) and a two-phase lock-in
amplifier (Ortholock-SC 9505). In order to probe H,, and
H,, ate given temperature, the bias field is siowly swept over
a wide range. On raising the field above #,, the material
transforms into a mixed state and its magnetic response be-
comes nonlinear. The magnetization induced by the sinusoi-
dal field traverses minor hysteresis loops as a result of flux
pinning. Thus a nonsinusoidal voltage is induced across the
sample coil and components of the voltage at harmonics of
the applied frequency are generated.'® Hysteresis loops that
are symmetrical with respect to the origin cause the genera-
tion of odd harmonics. ' The transition to the mixed state at
H_, is also accompaniced by the onset of hysteresis losses.
The disappearance of the harmonic components, on raising
the bias ficld above a certain point, indicates iinear behavior
of the sysiem and hence flux motion without pinning. Thus
F; is indicated by the appearance of odd harmonics and
hysteresis losses, whereas £, 1s indicated by the disappear-
ance of the odd harmonics. The losses may persist further up
beyond #,, becauvse of the flux Bow resisiance effect.” The
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experiments described in this note were made on sintered Y-
Ba-Cu-O material. Although the above analysis may have to
be modified to account for the granular nature of this materi-
al, the experimental results clearly demonstrate the phenom-
ena of appearance and disappearance of the odd harmonics.

The Y-Ba-Cu-O material was prepared by ball miliing
stoichiometric amounts of yitria, barium carbonate, and
copper oxide powders. Calcination of the powders was per-
formed at 900 °C in flowing oxygen (560 cc/min) for 16 h
followed by a 10 h ramped cocling to room temperature. The
caicined powders were ground and then pressed at 200 MPa
into peliets and fired at 950 °C for 16 h in fiowing oxygen
(500 cc/min). An x-ray diffractogram of this material
agreed with that of the superconducting ““1-2-3-7” standard
material.

We measured the amplitude of the third-harmonic com-
ponent ¥; and the out-of-phase ac susceptibility y” in a slab
of Y-Ba-Cu-O (1 X5X7.4 mm) with the long dimension
parallel to the bias field. An ac field of amplitude 0.04 Ge and
frequency 20 kHz was applied in the same direction. Figure 1
shows the variation of V; and y” as a function of the bias field
at a constant temperature of 77 K. The third-harmonic sig-
nal ¥, and the out-of-phase susceptibility ¥” show similar
behavior. Both remain below the background noise level as
the bias field is increased from O up to about 60 Oe, and rise
abruptly thereafter. This indicates a transition from a linear,
reversible behavior to a nonlinear, irreversible behavior of
the magnetization. Interpreting it as a transition from the
superconducting state to the mixed state of the material, the
lower critical field /; can be determined by extrapolating
the roughly linear rise of y" () and V,(#) downward to
where they intersect the noise level. This gives the value of
63 + 5 Qe for H,, in this sample at 77 K. However, because
of the granular nature of the sample, this value of &, may
represent the decoupling of grains rather than the intrinsic
H,, of the material.

Figures 2 and 3 show the temperature dependence of the
third-harmonic signal and y” as the sample was cooled in
zero field and then slowly heated through the transition un-
der a steady bias field. It is seen that the third-harmonic
signal drops sharply to the noise level at a well-defined tem-
perature. This temperature shifts down as the bias field in-
creases. In contrast, y” shows a gradual approach to zero,
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FIG. 1. Third-harmonic signal (¥,) and out-of-phase susceptibility (y)
measured in ¥-Ba-Cu-G ceramic as function of bias field at constani tem-
perature of 77 K. The solid lines are a guide for the eye.
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FIG. 2. Temperature dependence of the third-harmonic signal for Y-Ba-
Cu-O ceramic in various bias fields.

trailing up to higher temperatures. As mentioned previous-
iy, a plausible interpretation of these data is that the disap-
pearance of the third-harmonic signal, while the magnetic
tosses persist, signifies a transition to a state where flux mo-
tion is retarded only by viscous damping. Following this in-
terpretation, we obtain the irreversibility line in a close vicin-
ity of 7,, as shown in Fig. 4. The curvature of the
irreversibility line can be fit to a relation 7, (0)
~ T, (HY « A7 with g = 0.4 as shown by the dashed curve
in Fig. 4. This is in variance with the theoretical prediction
g = 2/3 of the spin-glass model {the “de Almeida-Thou-
less™ fine}, which was found in high-field dc measurements
on powder sampies of Ba-La-Cu-0'* and some Y-Ba-Cu-O
crystals.” Deviations from an 5 */° dependence in low-field
measurements on Y -Ba-Cu-O ceramics has been reported by
Yeshurun ef ¢f."® and by Cronemeyer ef af. '

It should be noted that the line determined from the
peaksin y” (shown in Fig. 4 as squares) cannot indicate the
irreversibility line, as sometimes proposed,’ since the posi-
tions of these peaks depend on the sample dimensions (in
our case thickness of the slab) and the amplitude of the ac
field. This dependence is predicted by the critical-state mod-
et'” and was confirmed in our experiments on Y-Ba-Cu-O
ceramics.
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78 e 82 84 86 88 80 92
TEMPERATURE ()

FIG. 3. Temperature dependence of the out-of-phase ac susceptibility for Y-
Ba-Cu-O ceramie in various bias fields.
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FIG. 4. Irreversibility line (circles) in Y-Ba-Cu-O ceramic as determined
from the transitions exhibited by the third-harmonic signal. The dashed line
is a fit to a refation 77, (0} — T (H) «« H°*. The field-temperature rela-
tion: obtained from the positions of the peaks in " is indicated by squares.

In conclusion, measurements of higher harmonics in the
ac magnetic response offer an effective tool for investigating
the magnetic behavior of high 7. superconductors. Of par-
ticular interest is the sharp transition which is exhibited by
the third-harmonic component (Fig. 2). We have interpret-
ed it as signifying a transition from a state of flux pinning to a
state of dissipative flux motion without pinning. This inter-
pretation is supported by our recent observation thar this
transition is strongly frequency dependent.'® As expected,
the transition temperature shifts up as the frequency in-
creases. Measurements of the harmonic components aiso en-
able more accurate determination of the lower critical field
H,, . The measurementis reported here on a polycrystalline
material zre affected by the anisotropy of the randomly ori-
ented crystal grains and the grain boundaries. Similar mea-
surements should be donc on single crystals of Y-Ba-Cu-C to
reveal the bulk properties. Measurements of the frequency
dependence of the transition exhibited by the third-harmon-
ic component will be published elsewhere.
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