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We have investigated the irreversibility line (IRL) of a ceramic YBa,Cu,0, sample by probing the onset of irreversibility in
four DC and AC techniques. All techniques yield a line which obeys a power law H=A4(1-7/7,)" but 4 and n depend on the
technique. Also, the location of the peak in the AC signal obeys this power-law but it does not scale with the onset of irreversibility.
We have also investigated the effect of two doses of 2.5 MeV electron irradiation on the IRL and find that after irradiation both
the transition temperature T, and the irreversibility temperature 7, decrease. The decrease in T, scales with the decrease in T..
We propose that this scaling indicates that electron-irradiation does not induce pinning centers stronger than those present in the

unirradiated sample.

1. Introduction

Magnetic measurements on high-temperature su-
perconductors (HTSC) have demonstrated that there
is a broad reversible region in their field-tempera-
ture (H-T) phase diagram [1]. The onset of irre-
versible behavior at the “irreversibility line” [2]
T...(H) is described, in most experiments, by a power
law 1 —-T/T.=AH", where A4 is a frequency-depen-
dent constant and the power n (in DC measure-
ments) is approximately %.

The irreversibility line (IRL) was first deter-
mined by conventional zero-field-cooled (ZFC) ver-
sus field-cooled (FC) magnetization measurements.
In these measurements the irreversible temperature
T (H) is the temperature below which hysteresis
behavior appears; for 7> T, (H) the ZFC and FC
branches coincide. This procedure, however, is time-
consuming and the determination of 7;,(H) de-
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pends on an arbitrary criterion for the (ill-defined)
onset.

Alternative procedures are based on AC magne-
tometry. These include the study of
(1) loss signal [3],

(2) harmonics of the AC response [4], and
(3) screening efficiency to AC fields [5,6].

Experiments with the AC technique indicated that
T has a weak (logarithmic) frequency dependence
[3].

In the AC techniques, the IRL is defined via the
onset of nonlinear phenomena, for example, by the
onset of the third harmonic signal [4]. Difficulties
in determining the onset have lead many researchers
to use other features, e.g., the peak in the loss signal
[3]. In fact, the physical meaning of the peak is con-
troversial [4,7-10] and its location depends on the
sample dimensions. Nevertheless, the temperature
and field dependence of the peak have served as an
approximate indicator to the IRL.

In the present article we compare IRLs obtained
from DC and AC data for the same samples. For the
AC data we explore the temperature and field de-
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pendence of both features, peaks and onsets, with the
explicit intention of testing the quality and reliabil-
ity of both approaches.

A second goal of this article is to verify an intri-
guing “scaling” feature which was implied by our
preliminary study of the IRL in an electron irradi-
ated YBa,Cu;O, (YBCO) ceramic sample [11].
After irradiation, we observed a small reduction of
both T, and T;,(H). However, the reduction in T;,,
scaled with the reduction in 7. Our work was mo-
tivated by conflicting results reported in the litera-
ture, for the effect of irradiation on the IRL. Work
done [11,13] on Bi,Sr,CaCu,0; with neutrons and
other ions indicated enhancement of the pinning
centers accompanied by a shift of T, to higher tem-
peratures and fields. On the other hand, Civale et al.
[14] found that the IRL of YBCO is largely inde-
pendent of the defect induced by proton irradiation,
even at defect levels which enhanced the irreversible
magnetization by more than an order of magnitude.
More recently, two groups reported a shift of the IRL
after irradiation with high-energy heavy ions: Kon-
czykowski et al. [15] reported a dramatic shift of the
IRL, after lead irradiation, to higher reduced tem-
perature; that shift is accompanied by a change of
the slope sign, and Civale et al. [16] reported a shift
in the IRL after irradiation with Sn ions.

Our observation of scaled T, suggests that some
of the observed changes in the IRL are directly re-
lated to deterioration of the superconducting phase.
The purpose of this work is to further test this im-
plication by measuring the IRL for a sample which
was exposed to a much higher level of irradiation.

This article is organized in the following way. In
section 2, we provide details of the various experi-
mental techniques used in this work. In section 3.1
we compare the IRLs obtained by four different
techniques for the same sample. In section 3.2 we
deal with the effect of electron irradiation on the IRL.
Finally, we conclude in section 4 by summarizing the
implication of our results on future measurements.

2. Experimental procedure
For determining the IRL, we used four experi-

mental techniques:
(1) the first class consisted of conventional ZFC

versus FC magnetic measurements. Those measure-
ments were made on a commercial SHE SQUID. The
ZFC branch of the magnetization M was measured
during heating of the sample, after cooling it to low
temperature in zero field, and then applying a field
H. With the same field still on, we cooled the sample
to the same temperature and measured the FC
branch, again during heating.

(2) AC screening-efficiency measurements were
made by using two miniature coils — driving and de-
tective coils — which were glued on opposite surfaces
of the sample. The measured quantity was the mu-
tual inductance between the coils, as a function of
temperature, under a static magnetic field. The ex-
perimental data is presented [5] in the form of the
complex transmittivity (=T'+iT"=(M-M,)/
(My—~M,), where M, and My denote mutual in-
ductance in the superconducting (far below 7.) and
in the normal state, respectively. The measurements
were taken under ZFC and FC conditions and the
IRL was determined from the split of ZFC/FC curves
of T'.

(3) Then, we performed measurements of the im-
aginary component, 7", of the transmittivity, under
ZFC conditions. The experimental procedure is as
described in the second technique. The IRL is de-
fined via the onset of this signal. We also describe
the temperature and field dependence of the peak of
T

(4) To conclude, we mention measurements of the
third harmonic in the AC response. The circuit con-
sists of a primary coil coaxial with a pair of balanced
coils, one of which contains the sample. A small sin-
usoidal field, superimposed on a steady DC field, in-
duces small oscillations in the magnetization of the
sample, and thus in the secondary coil which con-
tains the sample. The output voltage of this coil is
fed into a spectrum analyzer. Odd harmonics of the
original signal are observed when the magnetization
is not linear with the field, i.e., in the irreversible re-
gime. We defined the onset of the third harmonic as
T, for the applied field H.

We used three sintered YBa,Cu,;0, samples with
transition temperature of 7.=87 K - determined by
magnetic measurements - and dimensions
4x4x0.1 mm?3, We refer to the three samples as #1,
#2 and #3, respectively. Sample #1 was used for the
measurements of the IRL by the four techniques
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(section 3.1). This sample also served as an unir-
radiated reference. Samples #2 and #3 were irra-
diated at 20K by 2.5 MeV electrons produced by a
Van de Graaff accelerator. Sample #2 was exposed
to an electron dose of 2.54 X 10'® electrons/cm?, and
sample #3 to a dose of 5.45% 10'8 electrons/cm?. The
electrons produced damage consisting of homoge-
neously distributed isolated Frenkel pairs on all sub-
lattices of YBCO [17]. However, the agglomeration
of small defect clusters is expected when the sample
is warmed to room temperature for transfer to the
cryostat for measurements, and the total damage after
annealing at room temperature is estimated [17] to
be 0.0005dpa (displacement per atom) and
0.001 dpa for samples #2 and #3, respectively.

3. Results and discussion
3.1. Comparison between different techniques

All four techniques yield an IRL which obeys a
power law H=A[1-T,,/T.]" with some variations
in the constant A4, and in the exponent n. The field-
dependence of the location of the peak obeys a sim-
ilar power law. Table 1 summarizes these parameters.

In the following, we present raw data for the four
techniques and compare the IRLs obtained from each
of these techniques. We first compare the IRLs ob-
tained by the two AC techniques; we then compare
these results with the IRLs obtained by the other
technique.

In fig. 1 we present raw data of the third harmonic
signal V; as a function of temperature. The mea-
surement frequency was 20 kHz, the AC field am-

Table 1

plitude was 50mOe and a DC field of 265 Oe was
applied. The arrows in the figure show the onset and
the peak of the signal.

Figure 2 shows raw data of the imaginary part of
the transmittivity 7" as a function of temperature.
The measurement frequency was 11.7 kHz, the AC
field amplitude was 28 mOe and the DC field of
250 Oe was applied. Again the arrows show the onset
and the peak of the signal.

In fig. 3 we present the field-temperature depen-
dence of the peaks of T” and of V; for various fre-
quencies. For comparison, we also add the IRL ob-
tained from the onset of ¥V, In this figure the
amplitude of the AC field for T” data is 28 mOe and
the frequencies are 117 kHz, 11.7kHz and 1.17 kHz
while the ¥; measurement was carried out with am-
plitude of 50 mOe and a frequency of 20 kHz. The
figure demonstrates that all lines obey a power law.
The lines obtained from the peaks in the AC signals
have very similar powers (see table 1). A similar de-
pendence of the prefactor on frequency was ob-
served in previous works [3,11]. The prefactor ob-
tained from the third harmonic signal differs from
the prefactors obtained from 7. If we assume that
the prefactor depends only on frequency, the IRL
obtained from the third harmonic has to be located
between the line of 7”7 in 117 kHz and the T” line
in 11.7 kHz near the latter. However, from fig. 3 it
is apparent that the V5 line is shifter beyond the first
one. The line obtained from the onset of the third
harmonic differs from the lines obtained from the
peaks of the AC signal, both in the power » and in
the prefactor.

In order to explain the shift of the lines obtained
from the peaks of V3, relative to the peaks of 77, we

Summary of the IRL parameters obtained from the fit to a power law for YBa,Cu3;0; sample #1

Technique A (X1070e"") n Frequency (kHz)
V3 peak 1.6 3.0 20

T" peak 2.5 31 117

T” peak 4.7 3.1 11.7

T" peak 21.4 3.2 1.17

V; onset 1.2 2.5 20

T” onset 1.2 2.5 11.7,1.17

M ZFC/FC split 1.9% 103 1.3

T’ ZFC/FC split 6.2x1072 239

2 Data taken from sample #3.
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Fig. 1. Temperature dependence of the third harmonic signal in
DC field of 265 Oe, H =50 mOe and f=20kHz. Arrows indi-
cate onset and peak of the signal.
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Fig. 2. Temperature dependence of the imaginary components of
transmittivity in a DC field of 2500e, H,c=18mOe and
f=11.7kHz. Arrows indicate onset and peak of the signal.

recall that for the third harmonic signal at the peak
J.D/H,-=(0.58¢c/2n) [18], whereas for the ima-
ginary part of the transmittivity J.D/Hc=(0.25¢/
2n)Hc [5], where D is the sample thickness and ¢
is the velocity of light. (Throughout this paper J. is
the supercurrent at the time-window of the experi-
ment; at low temperatures and low fields, in the ab-
sence of relaxations, it is the critical current.) From
these equations it is apparent that the third har-
monic signal will reach the peak in a higher critical
current than the 7" signal, i.e., lower temperature.
Another factor that will shift the peak to lower tem-
perature is the amplitude of the AC fields in our
measurements: 50 mOe and 28 mOe for the mea-
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Fig. 3. The irreversibility line (IRL) and the location of the peaks
for sample #1. (a) The peak in the imaginary component of the
transmittivity for H,-=28 mOe and for the indicated frequen-
cies. (b) Third harmonic signal with f=20kHz and
H,-=50mOe. Full circles: signal peaks, full triangles: onset.
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Fig. 4. The IRL for sample #1. (a) The IRL determined by the
onset in the third harmonic signal with f=20kHz, full circles.
(b) The IRL determined by the onset in the imaginary compo-
nent of transmittivity: open circles f=1.17 kHz and open trian-
gles f=11.7 kHz. (¢) The IRL determined by DC technique from
the temperature above which the ZFC and FC magnetization
curves coincide within 0.5% of the measured signal: open squares.

surements of V5 and T, respectively. This discus-
sion gives a quantitative explanation why the line
obtained from the peak of the V; signal shifted to
lower temperatures, i.e., to higher 1 —T7/T, values.
The difference in the conditions of the peaks raises
the question of whether the peaks in these two sig-
nals in fact describe the same phenomena.

In fig. 4 we present the IRL obtained from the on-
set of the third harmonic signal in a frequency of
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20kHz and from the onset of the 7" signal in the
frequencies 11.7 kHz and 1.17 kHz. All of the three
lines fit the power law with the same master curve
with n=2.46 and 4=1.23x10". Likewise, we pres-
ent in this figure the IRL obtained from the split of
the DC ZFC and FC magnetization branches. Typ-
ical data of DC magnetization in a field of 250 Oe is
shown in fig. 5. This line obeys the power law with
n=1.30 and a prefactor 4= 1.90x 10%. From this fig-
ure one can conclude that the dependence of the IRL
obtained via the onsets of 7" on frequency is much
weaker than the frequency dependence of the lines
obtained from the peaks of the same signal. This weak
frequency dependence was observed also in the third
harmonic measurements in the frequencies 60 kHz
and 20kHz. The IRL obtained from V, in a fre-
quency of 20kHz coincide with the two IRL ob-
tained from the onset of 77" in agreement with the
conclusion that the IRL obtained via the onsets has
a weaker dependence on frequency.

The DC IRL of fig. 4 has a power of #=1.30 in
agreement with other works [19]. The location of
this line in relation to the AC lines can be under-
stood via a weak dependence on frequency. The dif-
ference in frequency is approximately 6 orders of
magnitude (the SQUID frequency is about 0.03 Hz).
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Fig. 5. Temperature dependence of DC magnetization in a field
of 250 Oe. Open triangles denote the magnetization after being
zero field cooled and open circles the magnetization after field
cooled.

This difference in frequency can explain the location
of the DC IRL. From fig. 4 one can possibly learn
that the exponent # is also dependent on frequency.

Typical data of ZFC versus FC branches of the
transmittivity are presented in fig. 6. Usually, AC
techniques are not sensitive to the magnetic “his-
tory” of the sample. Here, however, we take advan-
tage of the interplay between intragrain and inter-
grain magnetization. In a relatively narrow range of
DC fields (100 Oe to 500 Oe) the response of the in-
tragrain magnetization to the AC field is affected by
the intergrain magnetization [5,6,20,21] and it thus
depends on the magnetic history. In the low-field
limit the intergrain currents mask the grains. In the
high field limit, the intragrain currents are atten-
uated to such a level that history effects cannot be
detected. From the data obtained from this method
we conclude that the split is independent of the
measuring frequency and of the AC field amplitude.
The T;.(H) points we obtained using this method
located between the line obtained by the DC tech-
nique and the lines obtained from the AC technique
with the onset definition (see table 1). It seems that
this line reflects DC IRL properties, and it differs
from the line obtained from DC magnetization in
the rate of data collection, i.e., the actual frequency
is greater than the actual DC magnetization
frequency.

In summary of this part of the paper, we have de-
termined experimental lines in the H-T phase dia-
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Fig. 6. The split of ZFC (open circles) and FC (full circles)
branches of the AC screening efficiency in a field of 250 Qe.
Hyc=180mOe and f=11.7 kHz.
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gram of an YBCO ceramic sample, all of which obey
a power law in T/ T.. Some of these lines are directly
related to the IRL. These are the lines obtained from
the onset of irreversibility in the DC experiments and
in the AC response. Results obtained from the onset
of T” and third harmonic show very similar IRLs
with a weak frequency dependence. The IRL ob-
tained via the split in the ZFC/FC magnetization
differs from the lines obtained by AC techniques,
perhaps reflecting the frequency dependence of the
IRL. The equivalent lines in the H-T phase diagram
which were determined from the peaks in the AC re-
sponse also obey a power law, and describe only
roughly the qualitative behavior of the IRLs deter-
mined from the onset of irreversibility. We also ob-
served a stronger frequency dependence of the peaks.
We may thus conclude that the conditions which de-
termine these peaks are apparently very different
from those which define the onset of irreversibility.

3.2. Irradiation effects

Figure 7 presents the IRL which was obtained from
the onset of the third harmonic signal for all three
samples (the reference one (#1) and the two dam-
aged samples (0.0005 dpa and 0.001 dpa)). From
this figure one can see that both T, and 7. (H) for
sample #2 show a small reduction (< 1K) as a re-
sult of the irradiation. For sample #3 T is reduced
by 4K and a significant reduction of 7;,.(H) is also

1200 T T T

o#l dose
%2 2.54x10'% e/cm
D#3 5.45x10%% e/cm

1000 [~

800

H{oce)

400

80 82 84 86 88
T (K)

Fig. 7. The IRL determined by the onset in the third harmonic
signal before and after irradiation in the form of H(T). Open
circles denote sample #1 (as grown), open triangles sample #2
(dose 2.54 < 10'? electrons/cm?) and open squares sample #3
5.45% 108 electrons/cm?.

observed. However, fig. 8 demonstrates that the three
IRLs presented in fig. 7 coincide nicely if the tem-
perature axis is replaced by the reduced temperature
1—-T/T.. The solid line in this figure describes a
power law with n=2.46 and a prefactor 4=1.2x10’.

Figure 9 presents the lines obtained via the peak
in the 7" signal at a frequency of 11.7 kHz for all
three samples. There is a small effect of irradiation
on the prefactor, mainly on sample #3 (see table 2).
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H{(Oe)
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1001 f=20 kHz
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A #2 2.54x10%® e/cm?
D#3 5.45x10'% e/cm?

10 1

1-T/T
c

Fig. 8. The IRL determined by the onset in the third harmonic
signal before and after irradiation in the form of Log(H) as a
function of Log(1—T7/T.). Open circles denote sample #1 (as
grown ), open triangles sample #2 (dose 2.54 X 10'® electrons/
cm?) and open squares sample #3 (dose 5.45X 10'® electrons/
cm?).
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Fig. 9. Log(H) vs. Log(1—T/T.) of the peak in the imaginary
component of the transmittivity before and after irradiation;
f=11.7kHz. Open circles denote sample #1 (as grown), open
squares sample #3 (dose 2.54X 10'® electrons/cm?) and open
diamonds sample #3 (dose 5.45 % 10'® electrons/cm?).
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Table 2

Summary of the IRL parameters before and after irradiation. The parameter A is in units of Oe ="

Technique Sample #1 Sample #2 Sample #3 Frequency (kHz)
A(107) n A(107) n A(107) n

V3 onset 1.2 2.5 1.2 2.5 1.2 2.5 20

T” peak 4.7 3.1 5.4 3.1 33 3.1 11.7

T” onset * 21.3 3.0 - - 21.3 3.0 11.7

2) The difference of the fit parameters between table 1 and table 2 is because the high fields are taken into account in the fit of table 2.

—

10000

1000

H(Oe)

T" onset
£=11.7 kHz
#1 dose 0

10 #3 5.45x10'% e/cm?

0.01
].—T/TC

Fig. 10. The IRL determined by the onset in the imaginary com-
ponent of transmittivity before and after irradiation in the form
of Log(H) as a function of Log(1-7/T,.), f=11.7kHz. Open
circles denote sample #1 (as grown) and open triangles sample
#3 (dose 5.45% 10'2 electrons/cm?).

Figure 10 presents the IRLs obtained from the on-
set of the 7" signals at a frequency of 11.7 kHz for
samples #1 and #3. In contrast with the results pre-
sented in fig. 9, the lines presented in fig. 10 do not
show any significant effect of the irradiation (in the
reduced temperature axis) and both curves can fit a
master line with n=3 and 4=2.13x 108,

The most intriguing observation of this work is the
simple scaling feature of the IRL with =T,/ T, be-
fore and after irradiation. Following arguments sim-
ilar to that given in ref. [3] this feature may have an
explanation in the context of bulk pinning. We ex-
press the pinning energy U, as p(H2/8n)a3¢ where
ao is the Abrikosov lattice constant, & is the coher-
ence length, H. is the thermodynamic field and p<1
is related to the efficiency of the relevant pinning
center [22]. Taking a3 =¢,/H, and the temperature
dependence of H, and & one finds [2,3] that U, is
proportional to p(1—1)32/H. At the irreversibility

line Uy=kT. In(fy/f) where f; is a characteristic at-
tempt frequency and fis the measurement frequency
[3]. We thus find that at the IRL the field H is pro-
portional to p(1—¢)3/% In other words, the IRL is
predicted to scale with the reduced temperature ¢
provided that the “pinning efficiency” p is not af-
fected by irradiation. The observed scaling thus im-
plies that near 7. the irradiation did not introduce
new effective pinning centers.

From hysteresis loops at low temperatures (4K
and 17 K) before and after irradiation and by using
the Bean model [7,26], we find that, as a result of
the electron irradiation, the intracritical current J,
increased by a factor of 2. Further indirect evidence
for the increase in J, is deduced from the lowering
of the height of the peak in the third harmonic sig-
nal, measured as a function of temperature. This re-
sult, an increase in J, without a change in T}, /T, is
in agreement with the result reported by Civale et al.
[14] after proton irradiation. The size of defects cre-
ated by protons is 30 A while the size of defects cre-
ated by an electron is even smaller [11]. Thus, the
fact that these two experiments did not show any sig-
nificant change in the IRL, indicates that to affect
the IRL we need to create damage on a much larger
scale.

However, the increase in defect concentration in
the samples broadens the width of the hysteresis
loops; thus we argue [15] that for broader width of
hysteresis loops, increase of defect concentration is
enough, while to affect the IRL (i.e., to increase the
irreversible regime ), defects with pinning potentials
larger than the ones existing in the sample before ir-
radiation need to be created.
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