Remanent nonlinear magnetic response in superconducting Y-Ba-Cu-0
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We report a “memory” effect in the response of sintered Y-Ba-Cu-O to alternating magnetic
fields. The application of a steady bias field, above a certain threshold, causes the

generation of harmonic components in the response. These harmonics persist after the field is
remeved, exhibiting a logarithmic decay with time. We explain these phenomena in the
framework of the Bean model, taking into account the granularity of the sample. The
memory phenomenon offers a principle for a new recording mechanism which may ailow

extremely high storage capacity.

Harmonic generation in the alternating magnetic re-
sponse of high-temperature superconductors has been the
topic of many recent studies "> Three basic models have
been proposed to explain this phenomenon. The first one is
based on Bean’s critical state model’ as recently extended
by Ji et al* According to this model, the origin of the
harmonic generation is the hysteretic, nonlinear relation-
ship between the magnetization and the external field. The
second model, by Jeffries ef al.! relates to a granular ma-
terial and views it as a collection of supercurrent loops with
weak links. According to this model, the magnetic nonlin-
earity results from the nonlinear relationship between the
Josephson current in these loops and the magnetic flux
enclosed by the loops. The third approach6 is based on the
observed broadening of the resistive transition due to flux
creep and it attributes the harmonic generation to the non-
linear magnetoresistance. These models have been used to
explain some field and temperature dependence measure-
ments of the harmonic components in the ac response of
Y-Ba-Cu-O powders, ceramics, and crystals.

In this letter we describe a new aspect of the harmonic
generation phenomencn in high-temperature supercenduc-
tors, namely, the observation of a2 remanent nonlinear mag-
netic response induced by momentary application of a
magnetic field, and the logarithmic decay of this response
with time. These effects are not predicted by any one of the
above models. We outline an explanation of the results
within the Bean model by taking into account the internal
field which is induced in the weak links by the flux trapped
in the grains.

The experiments were performed on sintered disks of
Y-Ba-Cu-O (9 mm diameter, 1.5 mm thickness). The ma-
terial was prepared by ball-milling stoichiometric amounts
of yttria, barium carbonate, and copper oxide powders.
Caicination of the powders was performed at 900 °C in
flowing oxygen (500 cc/min) for 16 h followed by a 10 ks
ramped cooling to room temperature. The calcined pow-
ders were ground and then pressed at 200 MPa into pellets
and fired at 950°C for 16 L in flowing oxygen (500 cc/
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min). An x-ray diffractogram of this material agreed with
that of the superconducting “1-2-3-7” standard material.

The measurement circuit consisted of a primary coil
coaxial with a pair of balanced coils, one containing the
sample. The material’s response was monitored by measur-
ing the power spectrum of the off-balance voltage induced
in the coil pair using an HP3585A spectrum analyzer. A
nonlinear behavior of the magnetization was indicated by
the appearance of harmonic components in the response.

The “memcory” effect, namely, the remanent nonlinear
response, is illustrated in Fig. 1. The traces in this figure
show the power spectra of the magnetic response of the
disk at 77 K, as a sinusocidal field of amplitude 0.04 Oe and
frequency 20 kHz was applied perpendicular to its face.
The upper trace shows the spectrum obtained at zerc bias
field after the sample was cooled to 77 K in zero field. This
spectram contains only the fundamental component at the
driving frequency (20 kHz), indicating a linear magnetic
behavior of the material. The middle trace demonstrates
the generation of odd harmonics in the material’s response
as the alternating field was superimposed on a colinear
steady bias field Hy, = 170 Ge. This field is larger than the
lower critical field H,; and smaller than the irreversibility
field® H,,, of the material at 77 K. The appearance of har-
monic components in the response indicates 2 nonlinear
behavior of the magnetization. The lower trace in Fig. 1
shows the spectrum of the response after the bias field &,
was removed. It is seen that the third-harmonic component
in the response persists, although with somewhat reduced
amplitude.

In Fig. 2 we demonstrate another phenomenon which
is related to the memory effect. The traces in this figure
show the spectra of the ac response of a sintered Y-Ba-Cu-
O sample at 88.5 K. The upper trace shows the spectrum in
the absence of a dc bias field. The proximity to the transi-
tion temperature 7, = 90 K, causes the appearance of the
harmonic components in the response.” The applicaticn of
a steady bias field larger than the irreversibility field
{for this sample, we measured H,, =310 G at 88.5 K)
suppressed the nonlinear behavior as shown in the middle
trace of Fig. 2. Subsequent removal of the steady bias field
caused the reappearance of harmonic components in the
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FIG. 1. Spectra of the ac response of sintered Y-Ba-Cu-0O at 77 K without
dc bias field (a}, with a bias field of 170 Oe (b), and after the bias field is
removed (c¢).
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FIG. 2. Spectra of the ac response of sintered Y-Ba-Cu-O at 88.5 K
without dc bias field (a}, with a bias field of 1.3 kQe (b), and after the
bias field is removed {c).
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FIG. 3. Time decay of the remanent third-harmonic signal in sintered
Y-Ba-Cu-O.

response as shown in the lower trace of Fig. 2. In this
experiment, the amplitude of the remanent third-harmonic
component is independent of H,, up to our maximum field
of 1.5 kCe. We note that the remanent magnetization itself
is independent of field for fields above the irreversibility
line.

The first experiment demonstrates that a change from
a linear to a nonlinear magnetic behavior can be impressed
in the material by momentary application of a magnetic
field above a certain threshold. The induced nonlinear be-
havior decays slowly with time as indicated by the time
dependence of the third component shown in Fig. 3. This
logarithmic decay with time follows the well known behav-
jor of the remanent magnetization.'” Elimination of the
nonlinear response was achieved by heating the sample
above the transition temperature and subsequently cooling
it to 77 K in zero field.

The memory effect and the logarithmic time decay
seem to follow a pattern which is dictated by the irrevers-
ibility in the dc magnetization. However, irreversibility in
the ac response is not predicted by either of the three mod-
els described above in the introduction. Moreover, we are
not able to reproduce the memory effect in 2 Y-Ba-Cu-O
crystal.'! These suggest that the explanation to the mem-
ory effect is related to fiux trapping and irreversibility in
granular systems.'>? In the foliowing we explain the ex-
perimental results in the framework of the Bean model,
taking into account the effect of granularity on the flux
profiles.

For 4 = 0, the whole sample, grains and weak links,
is shiclded and the response to the ac field is linear; no
harmonics are generated. On raising the bias field above
the “effective” lower critical field, H_, of the medium, flux
starts to penetrate the material and the magnetization in-
duced by the sinusoidal field traverses hysteresis ioops.7
This irreversible, nonlinear behavior causes the generation
of harmonic components in the response. When the exter-
nal bias field is removed, some of the flux lines remain
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trapped within the grains, thus creating an internal bias
field which, in the weak links, is above H .. As a result, the
magnetic response of the material continues to be nonlin-
ear. Following this interpretation, one can explain the log-
arithmic time decay of the third-barmonic signal on the
basis of the dependence of the critical current upon the
trapped flux.”” According to the Bean model, for small ac
fields, the amplitude ¥; of the third harmonic signal is
inversely proportional to the critical current density.” The
flux trapped within the grains produces an internal field in
the weak links, which in turn, reduces the intergranular
J.(B)." As the trapped flux creeps out of the grains, the
internal field in the weak links decreases, and conse-
quently, the intergranular J.(B) increases and ¥,
decreases.

This memory effect may form a basis for & new record-
ing mechanism which may allow extremely high storage
density. Information may be stored on a thin layer of Y-
Ba-Cu-0 in a form of small domains with a nonlinear mag-
netic response in a matrix of superconducting material
with a linear magnetic response. The size of these domains
is expected to be of the same order as the diameter of flux
tubes, namely, 0.01-0.1 pm. The density is determined by
the Abrikosov lattice constant @, = /¢ o/H. Thus,
extremely high storage densities may be expected. In the
recording or “writing” process, a focused electron beam
may be used to cause local heating of the superconducting
layer. In the presence of a magnetic field of sirength H,,
lines of magnetic flux penetrate into the irradiated spot as
soon as its temperature rises to a point at which &, be-
comes smaller than H;. On cooling, some of the flux re-
mains trapped within this spot, giving rise t¢ a2 nonlfinear
magnetic response. In this way, a pattern of small domains
with a nonlinear magnetic response is created in a super-
conduciing matrix with a linear response. This pattern can
be erased by raising the temperature of the superconduct-
ing layer above the transition point. Upon cooling, the
whole matrix exhibits linear response and thus the system
is immediately ready for storing a new information. In the
reading process the film is scanned by an electron beam
while an external sinusoidal field is applied to induce small
osciliztions in the magnetization of the material. The elec-
trons moving in the field caused by the magnetization ex-
perience an oscillatory force perpendicular to their veloc-
ity. Thus, the reflected beam oscillates between two
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opposite directions. These oscillations are expected to be
sinusoidal when the beam is reflected from a domain with
a linear magnetic response and nonsinuscidal when the
beam is reflected from a domain with a nonlinear magnetic
response. Sinuscidal and nonsinusoidal defiections of the
beam can be distinguished by using z detection system
which is sensitive to the direction of the beam.

In summary, measurements of the remanent nonlinear
magnetic response can be used as a tooi for studying the
metastable mixed state of high-temperature superconduc-
tors. Specifically, one can detect remanent magnetization
and measure ifs time relaxation by monitoring the har-
monic components in the ac response of the material. The
potential application of the remanent nonlinear response as
a principle for high-density recording should be further
explored.
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