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Abstract The second harmonic signal, which is generated
by co-application of AC and DC fields to polycrystalline
type-II superconductors, were analyzed in terms of the weak
links and the critical current density. With this aim the
YBa;Cu3_,Zn,07_y (x =0, 0.01,0.02, 0.03,0.05, and 0.1)
samples were synthesized in order to adjust intergranular
couplings and thus the strength of weak links. The mechan-
ical and magnetic measurements are in good agreement on
that Zn doping reduces strength of the links between grains;
however, contrary to the common expectations, it has no di-
rect contribution to the 2nd harmonic signal strength.

Keywords Superconductors - Superconductivity -
Magnetometer - Magnetic properties

1 Introduction

The magnetic sensors have been very useful for many appli-

cations such as space sector, archaeology, medicine, mineral
exploration, military, etc. [1]. Since magnetic applications
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are so varied, the choice of magnetic sensor can be a dif-
ficult task. For instance, working range of the sensor must
cover 107°=10~* T for applications in the navigation sys-
tems [1]. Similarly, the investigation of local anomalies of
the earth field requires measurement capability of magnetic
fields in the range of 1075-1073 T. In order to measure mag-
netic field signals generated from the ionic current activity
of heart muscle, the sensor must have sensitivity to the fields
less than 10712 T.

The known technologies used for magnetic field sens-
ing are mainly: search coils, fluxgate, nuclear precession,
SQUID, Hall-effect, giant magnetic resistance, fiber optic,
and magnetooptic [2]. Thus, for instance, while Hall-effect
sensors seems to be suitable for analyzing earth field anal-
ysis, SQUID magnetometer and search coil are good candi-
dates for the analysis of the ionic current activity of heart
muscles [3-6]. There has been an increased demand for
high sensitive magnetic sensors (from pT to uT) for navi-
gation systems and defense applications [7]. In this range,
the most popular sensing technology is known to be flux-
gate magnetometer (in a range of 10 pT to 0.1 mT) [8, 9].
Another method, which uses polycrystalline high-T, super-
conductors instead of ferromagnetic core as in the case of
the fluxgate magnetometer, also covers this range with min-
imum detectable magnetic fields down to 0.5 nT [10, 11].
The working principle is almost the same with the fluxgates;
as it is well known that the fluxgates are based on the peri-
odical saturation of a soft ferromagnetic core driven by an
AC field [6, 8]. When the core saturates, the external field
being measured will have no contribution to the magnetiza-
tion of the core. On the other hand, when the core goes out
of the saturation by decreasing the amplitude of excitation
field, magnetization of the core will change by the external
field. In these conditions, the voltage induced in the sense
coil consists of even harmonics of the excitation frequency.
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Fig. 1 The coil configuration
used in experiments
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The sensor using superconductor core is based on nonlin-
ear magnetization of polycrystalline type II superconductors
when the core is under both AC and DC fields [12-17]. So,
the core is excited by an AC field and the even harmonics
are generated due to the external DC magnetic field being
measured. The studies have shown that the even harmonic
signal changes quite linearly and sharply with DC field.

In literature, the magnetization of a polycrystalline su-
perconductor is known to be through the summation of in-
tergranular and intragranular contributions of circulating su-
percurrents [18]. At low fields, intergranular regions dom-
inate the sample’s magnetization (i.e., the flux first enters
to the specimen through intergrain regions rather than intra-
grain regions). Therefore, the links between grains are re-
quired to be weak in order to make quite low flux entries
possible and so, to increase DC field sensitivity. A recent
work has shown that Zn doping reduces the intergranular
couplings [19]. So, it is expected that DC field sensitivity
can be improved by Zn doping. With this knowledge, we
synthesized the polycrystalline YBayCu3O7 samples at dif-
ferent concentrations of Zn atoms in order to understand the
contribution of the weak links to the second harmonic signal
strength. Synthesis conditions (such as furnacing tempera-
tures) and dimensions of the superconducting samples are
kept the same just to clarify the role of weak links (to avoid
demagnetization factor, etc.). The measurements were sup-
ported by mechanical (hardness, elastic modulus) and mag-
netic measurements (the M-T and the M-H).

2 Experimental

Samples of YBayCusz_,Zn,O7—, (x =0, 0.01, 0.02, 0.03,
0.05, 0.1), used as sensing elements, were prepared by the
conventional solid state reaction method. High purity pow-
ders (99.99 %) of Y03, BaCO3, CuO, and ZnO were
weighed in the appropriate amounts and mixed well using
an agate mortar. Then the powder was pressed into pellets
under pressure of 1400 kgf/cm?. The pellets, containing dif-
ferent amounts of Zn given above, were calcined at 925 °C
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for 72 h with intermediate grinding, mixing and pelletizing
after each 24 h. Here, it must be noted that all samples were
furnaced at same atmospheric conditions in order to mini-
mize the contribution of external factors, and thus, to under-
stand the effects of Zinc doping on second harmonic signal
strength. Later, the samples were oxygenated under oxygen
flow (0.5 1t/min) by holding at 900 °C (16 h) and 450 °C
(24 h). Then the samples were sandpapered to the same di-
mensions with diameter of 23 mm and thickness of 7 mm
to avoid the possible variations coming from the demagneti-
zation factor. The M-T and the M—H measurements were
done by using MPMS-5 SQUID magnetometer from Quan-
tum Design. Experimental set up for the second harmonic
measurements were described with details in [20, 21].

The coil configurations used in experiments are seen
in Fig. 1 (the numbers in drawing are mm). The pick-up
coil, which was used for the detection of the second har-
monic signal generated by superconducting specimen, has
2100 turns/cm (wire diameter is 100 pm). The driving coil,
for applying an AC magnetic field to the superconductor,
has 50 turns/cm (wire diameter is 200 pm) and the winding
changes direction in the middle of the template. The pick-up
coil was moved through the driving coil to minimize mutual
inductance between these coils (i.e., mechanical compensa-
tion). We must note that the fiber glass was preferred as a
template for the coils to minimize thermal expansion in lig-
uid nitrogen.

An electronic filter with high quality factor Q was used
to eliminate signals other than 2 f = 99.8 kHz (for details,
see [21]). The DC-field was applied by a calibrated solenoid
with coil constant of 15.61 Oe/A, which is traceable to pri-
mary standards of dimensional and time & frequency over
NMR teslameter. The tests were performed at liquid nitro-
gen temperature and the test place was shielded from sur-
rounding magnetic fields by using trio Mu-metal chambers.
For electrical connections, well-screened cables were pre-
ferred.

The indentation experiments were conducted with a
Berkovich tip using the NH-2 Nanoindenter (manufac-
tured by CETR) with load and displacement resolutions of
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Fig. 2 Typical load-unloading
curves for Zn doped and
undoped polycrystalline
YBaCuO samples
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40.1 uN and £0.03 nm, respectively. Before the indenta-
tion experiments, the samples on the mounting stage were
adjusted to prevent tilting in the z-axis. At least five-step
load-unload indentation experiments were carried out at dif-
ferent locations of the samples as the nature of the samples
was porous and heterogeneous. Loading steps were adjusted
as 50, 100, 200, 300, and 400 mN.

3 Results and Discussion
3.1 Mechanical Measurements
Typical load-unloading curves for the undoped and Zn-

doped samples are shown in Fig. 2. The load is cyclically
increased from 50 mN to a maximum of 400 mN. The curves

demonstrate that all samples show elasto-plastic behavior
during indentation. Figure 3 shows the hardness and reduced
elastic modulus profiles obtained from the load-unloading
curves of the samples. The hardness values were calculated
according to the models developed by Oliver Pharr [22].
They are found to be load dependent (ISE; Indentation Size
Effect Behavior). It is well known that the microhardness
in ceramics is dependent on the load at low loads and inde-
pendent of the load at higher loads. The measured hardness
in our samples decreases rapidly with increasing load up to
200 mN and remains nearly constant for the higher loads.
Similar cases were also observed on different superconduc-
tor materials [23-25].

As seen from Fig. 3, the hardness of YBaCuO decreases
with increasing Zn content. All of the hardness profiles have
a great dispersion in its values. Such dispersion can be as-
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Fig.4 The M-T curves of Y-123 compounds as a function of Zn content

cribed to the microstructural properties of the studied sam-
ples, such as the porosity, bad contact between grains, and
the test conditions, such as applied load range [26-34]. The
reduced modulus (E,) vs. the maximum load curves were
also shown in Fig. 3. Since the E, is an intrinsic material
property and fundamentally related to atomic bonding, the
measured reduced modulus is expected to be constant with
indentation depth (or load). The results reveal a small over-
estimation only at load 50 mN. The measured values of the
elastic modulus in the present situation are compatible with
the reported data [26, 28-34]. The same tendency was ob-
served for the E, values of the samples as seen in the H
values. That is, it decreases as Zn-concentration increases.
In literature, the critical current density J. was reported to
be related with the mechanical properties [35, 36]. The stud-
ies on YBCO and BSCCO superconducting systems have
shown that the J. varies proportionally with the mechani-
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cal hardness [35]. With this reason, the J. was expected to
take lower values as the Zn-concentration increases, which
will be confirmed at further part of the text. It was also re-
ported by Sergius et al. as the mechanical parameters (the H
and E, values) are directly proportional with the intergrain
couplings in addition to some other factor, such as poros-
ity [36]. Consequently, we understand that the mechanical
measurements confirm our expectations on the weakening
of the links between grains as the Zn-addition.

3.2 Magnetic Measurements

The M-T and the M—H curves of Y-123 compounds as a
function of Zn content are shown in Figs. 4 and 5, respec-
tively. It is seen that the superconducting transition temper-
ature T, (on) decreases significantly as Zn concentration in-
creases, which is well agreement with the data published
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Fig. 5 The M—-H curves of Y-123 compounds as a function of Zn content at 77 K with maximum field of 1000 Oe. Insets: The magnification of

4th quadrant of the loops

in [19] and attributed to the substitution of Zn atoms for
Cu atoms in the CuO; planes. For x = 0.05, the 7, (on)
decreases down to 70 K. The M-T data also reveals that
the transition width increases with the increase of Zn con-
tent. Since large transition width indicates the presence of

weak couplings between grains of ceramic superconductors
(SC) [37, 38], it will be correct to state that strength of
the links between grains becomes weaker with Zn addition,
which also confirms the results of [19] and our mechani-
cal measurements. As known, the trapped field, which is
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Fig. 6 Dependence of the second harmonic signal on (a) driving field frequency and (b) driving field amplitudes

the field remaining in SC specimen after removal of applied
field, gives us information about strength of pinning force
and proportionally magnitude of critical current density J,.
The trapped field at working temperature of 77 K was also
determined from the M—T curves and found to be decreas-
ing as Zn content increases. For instance, while the trapped
field is ~4.0 % of applied field for Zn content of x = 0.03,
it is determined to be 67.4 % for the undoped sample.

The M—-H curves at 77 K reveals that magnetic mo-
ment corresponding to superconductivity is apparent un-
til Zn concentration of x = 0.03, above which ferromag-
netic like magnetization becomes visible and dominates the
superconductivity. Here, we must note that the amplitude
of the second harmonic signal is expressed to be V, ~
wHDcHicAN /Je (where A is the effective area and N is
the number of turns of the detection coil) [39, 40]. In this
formula, the parameters other than the critical current den-
sity J., such as excitation frequency  and excitation field
amplitude Hac, are not related to properties of the stud-
ied samples. However, the J. is a characteristic parame-
ter of the superconducting specimen, and as well known,
takes lower values for the granular samples having weakly
coupled grains. With this reason, the J, values were de-
rived from the M—H loops by using the well-known Bean
model [41] and determined to be 290 Alem?, 220 Alem?,
and 7 A/em? at zero field for the undoped, x = 0.01 and
x = 0.03, respectively. As seen, the J. decreases as the Zn
concentration increases. This may also be ascribed to the
weakening of the links between grains.

The reason of M—H measurements was also to extract
some crucial parameters (Hi.g, H*, Hpc/Hac) required for
determination of region where the second harmonic signal
changes linearly with the DC-field, which is necessary for
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feasibility of the sensor. The insets of Fig. 5 show the ex-
panded fourth quadrant of the loops to determine intergrain
first critical field H.1; (i.e. the flux starts to penetrate SC
specimen through grain boundaries above this field) and the
minimum field required for penetration through the entire
specimen H*. Magnetic field corresponding to first devia-
tion from the linearity in initial magnetization curve was ac-
cepted to be Hj.;. Crossing point of initial magnetization
curve with the M—H loop at the fourth quadrant belongs
to H*. With this approach, the H{.; and H* are seen as de-
creasing sharply with the increase of Zn content. The Hj.s
decreases from 8 Oe to less than 1 Oe in case the SC sample
is doped with Zn of x = 0.03. Similarly, the H* falls to 5 Oe
(from 65 Oe for the undoped one) with the same concentra-
tion of Zn.

3.3 The Second Harmonic Measurements

As mentioned before, the magnitude of the harmonic sig-
nal is expected to be linearly proportional with frequency w
and H/ic/ H* if the amplitude of the AC field Hac is larger
than Hj.; (where H* ~ J.). On the other hand, some stud-
ies in literature have shown that there are optimal values
for both of the parameters since, as known in electronics,
such optimal values show variations depending on the coil
design [42]. In order to define optimal frequency, a sinu-
soidal signal was driven to excitation coil by using an ul-
tra low distortion function generator up to a frequency of
200 kHz. The signal amplitude Hac was kept constant at
13.13 Oe. A DC-field of 0.0144 Oe, which is required for
the generation of the second harmonic signal, was applied
by a calibrated solenoid and the signal induced on detec-
tion coil at frequency of 2 f was monitored by a lock-in am-
plifier. Figure 6a shows the second harmonic signal vs. the
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frequency curve of YBa;CuzO7 superconductors with dif-
ferent amounts of Zn atoms. Here, we must note that the
measurements were carried out at liquid nitrogen tempera-
ture. It is seen that the optimal frequency changes depending
on the studied sample since all measurements were realized
at same conditions. While it is at 50 kHz for the undoped
and x = 0.01, it is at 40 kHz for x = 0.02 and 0.03. It is
also interesting that signal amplitude initially shows a slight
increment with Zn doping for x = 0.01, but then decreases
sharply above this concentration. Optimal AC-field analysis
were done at frequency of 49.9 kHz with AC field amplitude
between 2.9 Oe and 27.5 Oe (maximum applicable field) and
shown in Fig. 6b. As it is seen, the signal strength increases
proportionally with the AC field amplitude except for the
sample doped with Zn atoms of x = 0.03, on which optimal
AC field amplitude was determined to be 10.2 Oe.

Figure 7 shows the variation of the second harmonic sig-
nal amplitude as a function of DC-field at 77 K and for dif-
ferent scales. The data were gathered for AC fields with am-
plitudes of 16.2 and 27.3 Oe, and at a frequency of 49.9 kHz
(n = 1). The strength of the second harmonic signal is larger
for higher AC field amplitudes, but not changes linearly
with H/ic as stated in the second harmonic formula given
above. Besides, the experiments realized in high amplitude
of AC-field reveal better sensitivity to DC-field (see Figs. 7a
and 7b). These experiments have shown that the highest
signal strength was observed in the Zn-doped sample with
x = 0.01. Howeyver, further increase of Zn concentration ad-
versely affect the signal strength, which takes values more
than one-tenth of the sample with x = 0.01 for the sam-
ple with x = 0.03. The data of the Zn-doped sample with
x = 0.01 seems also less noisy, especially at high AC fields,
compared to the others. Experiments with DC-field steps of
0.5 nT (Figs. 7a-b) and 2 nT (Fig. 7c—d) reveal that 2 nT can
be detected by using the sample with Zn content of x = 0.01.

Similar to our experimental results seen on Hac de-
pendence of V,, the J. dependence of 2nd harmonic
signal also departs from the proposed relation of V, ~
wHpc H/iCAN /Je. If we accept that this formula is cor-
rect, then the sample with low J. (it is the Zn-doped sample
with x = 0.03 in present case) must result in higher signal
strength. As a result, it seems to be incorrect to make such a
generalization.

To determine the working range of the sensor, the experi-
ments were also realized at large DC-field intervals (Fig. 7e—
h). The deviation from the linearity was accepted to be the
upper limit of the sensor (marked with arrows in the Fig. 7).
The upper limits are 0.38 Oe, 0.57 Oe, 0.91 Oe, and 1.06 Oe
for the x = 0.01, the undoped, x = 0.02 and x = 0.03, re-
spectively. The maximum values of the Hpc/Hac ratios,
above which nonlinearity on DC-field dependence of 2nd
harmonic signal is observed, were determined to be 0.014,
0.021, 0.033, and 0.038 for the same order of the samples.
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As it is seen, the most sensitive one to DC fields has less
the upper limit. So, it provides us with the opportunity to
choose desired working range depending on our usage pur-
pose. Besides, the transfer functions (dV/dB) were deter-
mined to be 7590 V/T, 5940 V/T, 3450 V/T, and 350 V/T for
the x = 0.01, the undoped, x = 0.02 and x = 0.03, respec-
tively. It means that much lower DC fields can be detected
if the noises coming from the external factors, such as; the
coil, the core geometry, and the main line, are suppressed.
The detailed analysis of such kind of noises will be subject
of our future works.

4 Conclusion

In this work, the effect of weak links between the grains
of YBaCuO ceramics on the strength of the second har-
monic signal was examined. Contrary to the expectations
of literature, there is no direct relationship between the
signal strength and the weak links. Experiments carried
out on a series of Zn-doped YBaCuO samples, where the
J. values were observed to be decreasing with the in-
crease of Zn concentration, have shown that the highest
2 f signal corresponds to the at least Zn-doped sample
(YBayCu.99Zng.0107—y). The 2 nT DC-field could be de-
tected by using this SC specimen as the sensing core. On the
other hand, the upper limit takes lower values compared to
the less sensitive one.
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