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In this work, we conducted a detailed analysis of the types of mech-
anisms by which vortex lines interact with pinning centers generated in
YBayCuszO7_4 (Y123) single crystals by annealing in high oxygen pres-
sure and Mo-substitution. Our analysis is based on the properties of these
centers influencing the pinning force. Based on the previously obtained
results on the dependence of the critical current density, j., on the mag-
netic field, j.(H), we determined j. as a function of temperature, j.(T),
for different H, which we used to answer the question of which pinning
mechanism, 6l or 67, dominates in Y123 single crystals. Our results dif-
fer both quantitatively and qualitatively from those previously reported,
which we explain by understanding the types of pinning centers generated
in studied materials. Our results provide a better understanding of the
phenomena leading to significant increases in critical currents in Y123 and
thus allow for better prediction of pinning centers that operate effectively
under desired magnetic fields and temperatures.
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1. Introduction

Copper—oxide superconductors constitute an extremely important family
of high-temperature superconductors (HT'SCs), represented by many materi-
als, including compounds of the YBayCu3O7_4 (Y123) type, which continue
to surprise with increasingly significant applications [1—4|. The reasons that
prevent the widespread use of these compounds on a large scale are their
ceramic nature and layered structure and, therefore, considerable anisotropy
of superconducting properties. These compounds have a perovskite struc-
ture with a characteristic cell consisting of conducting layers composed of
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Y ion placed between two CuOjy planes (Y-Cu-O conducting blocks) and
quasi-insulating Ba—Cu-O regions containing CuO chains [5]. Since the co-
herence length for superconductivity, &, is comparable to or smaller than
the distance between the Y-Cu-O blocks (metallic and superconducting)
at temperatures far from the critical temperature, T,, these materials have
quasi-2-dimensional (2D) properties due to superconductivity [6, 7].

There are three structural forms of these compounds that differ in the
ratio of yttrium, barium, and copper, Y123, YBayCuyOg (Y124), and
Y2BasCuzO, (Y247), but certainly the most promising compound for ap-
plications is still the YBasCuzO7_4, whose potential for use in high-energy
electrical transport has been indicated for a long time [8]. Its critical tem-
perature is slightly above 90 K with optimal oxygen doping, and in addition,
it has an extremely high irreversibility field, Hj, and the critical current
density, jc, which at liquid nitrogen temperature are approximately 20 T and
10° A/cm?, respectively [9]. After the initial commercialization of HTSCs,
the challenge arose of how to increase their critical parameters, including the
critical current density. In the case of Y123, the only superconductor that
can be widely used in high-magnetic fields at liquid nitrogen temperature,
this is particularly important due to the high cost of producing useful super-
conducting tapes that require complex texturing and, further increasing the
cost, inclusion of the rare-earth ions, like Gd in place of Y [10]. Ultimately,
increasing the critical current density will make Y123 a more competitive
material in the market, also by reducing the cost of devices that transmit
energy and generate high-magnetic fields, including significantly reducing
the size of tokamaks for thermonuclear fusion [11| and small magnets for
various innovative applications [12].

The effectiveness of pinning centers induced by Mo substitution in raising
the j. in Y123-type materials has been demonstrated in several studies con-
ducted on powder samples [13-15]. As these studies show, Mo substitutes
partially in the CuO chains in place of CuQy4 in form of MoOg octahedra,
which could be effective pinning centers at lower temperatures, where the co-
herence length is comparable to the size of the octahedra. It turned out that
under appropriate synthesis conditions, two MoOg octahedra form a MooO1;
dimer (see Fig. 1 in [16]), which induces a crystal lattice defect with a size of
several unit cells corresponding to the coherence length at elevated temper-
atures, close to the boiling point of nitrogen, and is therefore a good pinning
center at these temperatures [14, 15].

We conducted further studies on the role of Mo introduced into Y123
on single crystals, which allowed us to better understand the vortex pinning
mechanism by eliminating the influence of grain boundaries on the observed
properties [16, 17]. This also allowed for a better definition of the type of
pinning centers present there through the broader use of scaling procedures
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and enabled the determination of critical current anisotropy. Furthermore,
we were able to characterize the temperature-magnetic field regions domi-
nated by the specific types of pinning centers, which is important because
it allows for the design of materials with the desired parameters for use at
specific temperatures and magnetic fields.

In the present work, we extend our research to analyze previously ob-
tained experimental results to determine one of the two main types of pin-
ning occurring in superconductors, referred to as dl and d7,: the pinning
resulting from fluctuations in the electron mean free path and the pinning
induced by fluctuations in the superconducting transition temperature [18].
As can be seen from the analysis of the j.(H) dependencies for our single
crystals, the presence of a strong peak effect (the fishtail effect or second
magnetization peak on the M (H) dependencies) would suggest the validity
of 6T pinning [19]. To our surprise, the nature of the j.(t)/jc(0) depen-
dencies, where t = T'/T¢, is clearly different and corresponds to ! pinning,
although it does not allow for full scaling.

2. Experimental

Single crystals of the composition YBasCus_ Mo, O7_ 4 with a nominal
Mo content in the range 0 < = < 0.12 were synthesized by the self-flux
growth method [16]. Normal pressure annealing was performed in pure oxy-
gen for 12 h at 300-500°C, followed by slow cooling to room temperature.
Low- and high-pressure annealing was performed in a home-made appara-
tus in pure oxygen at 130-140 bar (LPA) at 250-400°C and 260-270 bar
(HPA) at 500°C, followed by slow cooling to room temperature. Detailed
descriptions of the crystal preparation and characterization procedures are
provided in Refs. [16, 17] and references therein. For our studies, four single
crystals were selected: two without Mo (Y123-LPA, Y123-HPA) and two
with Mo added (YMo2-LPA, YMo2-LPA-HPA), where the Mo content was
x = 0.03 (1 at.%), which corresponds to a 3 at.% substitution of Mo in
the CuO chains and to about 1/133 of the planar density of the MooO1q
dimmers. “Pure” single crystals (without Mo) had dimensions on average of
1 x 1 x 0.1 mm?, and those with substituted Mo were slightly larger.

Magnetization hysteresis loops M (H) were measured for a set of 3-4
single crystals from each batch, and the results appear to be batch typical.
These loops were obtained in the temperature range 2-90 K and in magnetic
fields up to 7 and 14 T, using Quantum Design MPMS and PPMS magne-
tometers, respectively. The full results and their analysis are presented in
[17]. The obtained magnetization loops were used to calculate the critical
current density based on the Bean critical state model [20]. A detailed dis-
cussion of the procedure used, and details related to the consideration of
a single crystal shape in the calculations of j. are provided in [17].
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3. Models used

Before we proceed to present and discuss the experimental results of
the temperature dependence of the critical current density j.(7") obtained
in this work, we will briefly discuss the pinning scaling procedures we used
with respect to the j.(H) dependence [16, 17]. This is important because
the results of this scaling will provide additional crucial information for the
analysis presented here.

We based the pinning scaling for the j.(H) dependence on the method
proposed by Kramer [21] and significantly developed by Dew-Hughes [22, 23],
which predicts the dependence of the pinning force F},, normalized to its
maximum value Fj, yax, on the normalized magnetic field h = H /Hj, in the
form f, = F,/Fpmax = ARP(1 — h)?, where Hj, is a certain characteristic
critical field (scaling field), A is the proportionality constant, and p and
q are scaling exponents characterizing the type of pinning centers. In the
Dew-Hughes model, Hy, = H.s, where H.o is the upper critical field, while
in the Kramer model, Hy = Hg, where the characteristic field Hk is ob-
tained by extrapolating the critical current density j. to zero on a graph
of j95HY25 plotted as a function of H [21]. It follows that Hy corre-
sponds to the so-called irreversibility field, Hy,, (for H > Hiy, jo = 0 despite
H < Hcs), which differs significantly from H¢y for high-temperature super-
conductors [24]|. Due to the method of determination, the scaling field Hyk
is a lower bound on the irreversibility field obtained by other methods (e.g.,
from M(T,H) or R(T, H) measurements), and therefore describes proper-
ties related to the global critical current flowing through the sample, not to
the maximum critical current sustained in some local regions.

In his groundbreaking work, Dew-Hughes defined and analyzed several
types of pinning centers, such as atomic vacancies, interstitial atoms, disloca-
tions, foreign phase inclusions, etc., characterizing their geometry as point,
linear, surface, or volume [22, 23]. He also considered the nature of the
interaction of pinning centers with vortices, distinguishing two basic types:
electromagnetically and core-interacting pinning centers. Then, for each of
the specified types of pinning, the model determined the effective interaction
range, deriving such characteristic quantities as: penetration depth, A, for
electromagnetic pinning with centers of volume geometry, and the distance
between adjacent vortices (flux lines), d, coherence length, £, and half-size
of the pinning center, a, for core pinning with centers of volume, surface,
and point geometries, respectively.

For electromagnetically interacting pinning centers, when both the size
of the pinning centers, a, and the distance between them, L, are comparable
to or larger than A, in the critical state a > d, and therefore in this case, only
volume centers should be considered. In turn, for core-interacting pinning
centers, when a and/or L are smaller than A, both volume, surface, and point
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centers can be effective. In weak-magnetic fields, when the flux line spacing
d = )\, both electromagnetic and core interactions can be important. In
high-magnetic fields, due to the decrease in d, core pinning should dominate.
Further considering the value of the Ginzburg-Landau parameter, kqr,, it
can be assumed that the electromagnetic interaction will have a greater
influence on the total pinning force in materials with a low kgr, where
A > & In turn, the core interaction should be more effective in materials
with a higher kgr, where A > £, In this case, the larger the kgr, the
stronger the pinning force.

Another distinction between the types of pinning centers relates directly
to their conducting (superconducting) properties and distinguishes “normal
pinning” and “Ak pinning” centers. Normal pinning centers occur when nor-
mal (non-superconducting) regions acting as pinning centers for flux lines
have dimensions larger than the coherence length £&. With this assumption,
a > &, regions with weaker superconducting properties than the matrix
(lower values of T, Hca, je) can also act as normal pinning centers. In
turn, the Ak pinning mechanism applies to situations where normal pin-
ning centers have diameters smaller than £. In this case, the proximity
effect will induce superconductivity in these centers, but with a change
in the Ginzburg-Landau parameter. As mentioned, the result of the dis-
cussed pinning force scaling procedure is a specific form of the function
fp = Fp/Fpmax = ARP(1 — h)?, which allows us to determine the type of
pinning centers dominant in the studied material [22].

In this paper, we present and analyze the behavior of critical current
density as a function of temperature in Y123 single crystals to shed more
light on the nature of the enhanced vortex pinning force (and therefore also
Jje) due to Mo substitution. We analyze the results with respect to the nor-
mal or superconducting properties of the pinning centers, which influence
the mechanism of interaction between these centers and the vortices. The
general approach allows us to distinguish two basic types of this mecha-
nism: the &l pinning, which results from spatial variations in the electron
mean free path, and the 67, pinning, which is induced by fluctuations in
the superconducting transition temperature [18, 25]. In other words, the
6l pinning is provided by non-superconducting regions, while the 07, pin-
ning is provided by regions with impaired superconductivity (regions with
reduced 7). The ¢l pinning is most often responsible for the j. in weak-
magnetic fields (easy penetration of normal regions), while the 7. pinning
usually involves high-magnetic fields to suppress superconductivity at super-
conducting pinning centers. In Y123, and more generally, in copper—oxide
superconductors, oxygen vacancies can play a dominant role in controlling
the pinning strength. Interestingly, they can act as both the §l and 7T,
pinning centers [18].
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4. Results and discussion

Example results of the dependence of the critical current density on the
magnetic field j.(H) are presented in Fig. 1 for two Mo-substituted single
crystals annealed under low (YMo2-LPA) and high (YMo2-LPA-HPA) oxy-
gen pressure. For the YMo2-LPA-HPA single crystal, i.e., the YMo2-LPA
single crystal annealed again under high oxygen pressure (HPA), a clear in-
crease in j. with increasing H is observed (the so-called peak effect), which
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Fig. 1. Critical current density in the ab-plane at different temperatures as a func-
tion of magnetic field for two Mo-substituted single crystals annealed (a) under
low oxygen pressure (YMo2-LPA) and (b) under high oxygen pressure (YMo2-
LPA-HPA). The magnetic field was oriented parallel to the c-axis (H||c), which
corresponds to j. in the ab-plane.
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appears at temperatures above 35 K and shifts toward lower H at higher
temperatures. The appearance of the peak effect indicates an increase in
the pinning force for the Mo-substituted crystals, as clearly demonstrated
by the analysis of the results conducted within the framework of scaling the-
ory [17]. Based on similar j.(H) plots, the j.(T) and then j.(¢) dependencies
were obtained, where t = T'/T, for several magnetic fields for all four single
crystals studied.

The temperature dependence of the reduced critical current density
Je(t)/73c(0) for the single crystal without Mo substitution, annealed under
low oxygen pressure, Y123-LPA, is shown in Fig. 2. The values of j.(0) for
different H were obtained by extrapolating j.(7T") to T' = 0. Since this pro-
cedure involves some extrapolation freedom, the value of j. at temperature
T =42 K, j.(4K), was also determined and j.(t)/j.(4 K) was calculated,
as shown in the inset to Fig. 2. As can be seen from the comparison, the
results do not differ qualitatively and only show a slight increase in the
value of jc(t)/j.(4K) with respect to jc(t)/jc(0). In the following figures,
we present more practical and, importantly, free from extrapolative arbi-
trariness je(t)/jc(4 K) relationships, which we analyze.
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Fig. 2. Temperature dependencies of the reduced critical current density j.(t)/jc(0)
at different magnetic fields, for Y123-LPA, i.e. the single crystal without substi-
tuted Mo, annealed under low oxygen pressure. The inset shows j.(t)/j.(4K),
where j.(4K) denotes the value of j. at T = 4.2 K. The magnetic field was ori-
ented parallel to the c-axis (H||c).
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As mentioned, the pinning force and thus the magnitude of critical cur-
rents in superconductors are governed by two dominant mechanisms: the
0T, pinning, which is related to the spatial fluctuation of 7, and the 4§l
pinning, which denotes fluctuations in the mean free path of charge carriers.
In the case of §T. pinning, the normalized critical current density has the
form je(t)/7c(0) = (1 — t2)7/6(1 + ¢2)5/6, while in the case of ] pinning,
Ge(t)/3c(0) = (1 — t3)5/2(1 + t)~1/2 where, as before, t = T/T. [18, 25].
Figure 3 shows once again the experimental results of jc(t)/j.(4 K) for the
Y123-LPA single crystal in comparison with the theoretical relations. The
Je(t) dependencies were determined for magnetic fields ranging from 1 to
9 T oriented parallel to the c-axis (H||c). The results do not scale well with
any of the expected theoretical dependencies, which is interesting given the
observation of a clear 0/ pinning scaling in Y123 superconducting films [25].
We can only discuss the general nature of the obtained j.(t) dependencies,
which appears to be consistent with the §/ pinning. As can be easily seen,
at intermediate temperatures (¢t = 0.2-0.6), the j.(¢) values increase approx-
imately linearly with increasing pgH up to 4 T, after which they saturate.
Because a similar trend occurs for all single crystals studied here (as long as
Je(t) clearly depends on H), for clarity, we will present further results only
for a few selected magnetic fields uygH =1, 3, 5, and 7, 8, or 9 T, depending
on the availability of experimental data.
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Fig.3. Temperature dependences of the critical current density j.(¢)/j.(4K) at
different magnetic fields, for the Y123-LPA single crystal compared with theoretical
predictions for the §l and d7T, pinning. The magnetic field was oriented parallel to
the c-axis (H||c).
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The increase in j.(t) observed for the Y123-LPA single crystal with
increasing H obviously indicates the occurrence of a strong, so-called second
magnetization peak (fishtail effect) for the M(H) dependence, as shown in
Ref. [17]. For this single crystal, there is no scaling of the pinning force
fp = Fp/Fpmax, i.e., meaning that the f,(h) curves are not similar for
different temperatures [17]. Therefore, in this material, there is no dominant
type of pinning center, and the efficiency of different types of centers changes
with the change in the coherence length &(7).

The j.(t) dependence for the single crystal annealed in oxygen at high
pressure, Y123-HPA is shown in Fig. 4. The nature of the dependence is like
that for Y123-LPA, where the §l-type pinning mechanism dominates, but
the j.(t) values are clearly higher at lower temperatures. Moreover, this ma-
terial exhibits some scaling of the pinning force, as shown in the inset to this
figure. For low H, the f,(h) dependence roughly follows the h(1 — h) plot,
suggesting core-interacting volume-geometry Ax (core-volume-Ax) pinning.
In turn, at higher H, f,(h) = A-h(1—h)?, which may indicate the emergence
of dominant core-point-normal pinning centers [22]. These pinning centers
in Y123-HPA, formed by annealing under high oxygen pressure, may be
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Fig. 4. Reduced critical current density j.(t)/j.(4 K) at different magnetic fields as
a function of reduced temperature for Y123-HPA, i.e., the single crystal without
substituted Mo, annealed under high oxygen pressure. The solid blue line denotes
the theoretical dependence for the &/ pinning. The magnetic field was oriented
parallel to the c-axis (H||c). The inset shows the scaling of the pinning force as
described in the text (figure taken from Ref. [16]).
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oxygen clusters and interstitial oxygen, in weak- and high-magnetic fields,
respectively. Overall, the scaling effect is weakly visible, so the above con-
clusions are rather speculative.

The situation is quite different for Mo-substituted single crystals. Fig-
ure 5 shows the j.(t) dependence for the single crystal annealed in oxygen at
low pressure, YMo2-LPA. Although the general pinning mechanism is the
same as for the single crystal without Mo substitution, the lack of a clear
dependence of the critical current density on the magnetic field is striking,
indicating the absence of a j.(H) peak in this material in the range of H
we studied. In turn, as shown in the inset to Fig. 5, YMo2-LPA exhibits
quite good scaling, f, = A - hP(1 — h)9, for p = 0.5 and ¢ = 2, indicat-
ing that core-interacting normal (non-superconducting) pinning centers with
a surface shape (core-surface-normal) dominate in this material, at least for
higher H values, above the f,(h) maximum.
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Fig. 5. Reduced critical current density j.(t)/j.(4K) at different magnetic fields as
a function of reduced temperature for YMo2-LPA, i.e., the single crystal with Mo
substituted for Cu in the CuO chain, annealed under low oxygen pressure. The
solid blue line denotes the theoretical dependence for the §! pinning. The magnetic
field was oriented parallel to the c-axis (H||c). The inset shows the scaling of the
pinning force as described in the text (figure taken from Ref. [16]).

The dependence of j.(t) waveforms on the magnetic field returns for
the single crystal with substituted Mo annealed in high oxygen, YMo2—-
LPA-HPA, with maintaining the dl-type pinning mechanism, as shown in
Fig. 6. For this material, we observe almost a perfect scaling of the pinning
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force, the nature of which, interestingly, changes with the magnitude of the
magnetic field (see inset to Fig. 6). For low H, the agreement between
the experimental results and the model occurs for p = 1 and ¢ = 1, which
indicates core-volume-Ak pinning, while for high H, this agreement occurs
for p = 1 and ¢ = 2, which indicates core-point-normal pinning. As can be
seen from the figure, the scaling occurs over a wide temperature range, from
the lowest to 80 K (a slight deviation appears above 70 K). However, scaling
below 45 K is not possible due to the inability to determine the critical field
Hyk, whose values are not available at these temperatures in fields up to 14 T

[17].
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Fig.6. Reduced critical current density j.(t)/j.(4K) at different magnetic fields
as a function of reduced temperature for YMo2-LPA-HPA, i.e., the single crystal
with Mo substituted for Cu in the CuO chain, annealed under low and then high
oxygen pressure. The solid blue line denotes the theoretical dependence for the dl
pinning. The magnetic field was oriented parallel to the c-axis (H||c). The inset
shows the scaling of the pinning force as described in the text (figure taken from
Ref. [16]).

As shown in our previous work on powder materials, Mo introduced into
Y123 substitutes pairwise for Cu in CuO chains, forming MosO11 octahedra
dimers along and/or across these chains [14, 15|. These dimers constitute
effective pinning centers to an extent dependent on the amount of oxygen
supplied. In the case of the YMo2-LPA single crystal, we identify these
centers as incompletely oxidized Mo—O clusters, because YMo2-LPA was
annealed in oxygen at most likely insufficiently high pressure. In this case,
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these clusters are rather small, diffuse defects that can only act as moderately
effective pinning centers. In turn, the high-pressure annealing of YMo2-
LPA forces the full oxygenation and formation of the Mo2O1; octahedra
dimers, making them well-defined (well-formed) defects in the YMo2-LPA-
HPA single crystal. Additionally, fully oxidized dimers can aggregate to
form larger-volume defects, e.g., four connected MoOg octahedra replacing
a square of four Cu ions, and thus can act as true volume pinning centers
[14, 15]. Annealing in oxygen under high pressure (HPA) likely also results
in the appearance of interstitial oxygen, which can additionally cluster. In
summary, the defects produced, both well-formed dimers and interstitial
oxygen, act as effective volume and point pinning centers, respectively.

For the YMo2-LPA-HPA single crystal, which for the H||c configura-
tion showed full scaling of the pinning force over a wide temperature range
(see the inset to Fig. 6), we further analyzed j.(t) for H parallel to the
ab-plane (Hl||ab), as shown in Fig. 7. The presented results show a much
weaker dependence of j.(¢) on the magnetic field than for H||c, which indi-
cates a change in the type of dominant pinning centers for this configuration.
Also, the analysis of the dependence of the pinning force on H (see the inset
to Fig. 7) indicates a new type of such centers, for which the f,(h) scaling
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Fig. 7. Reduced critical current density j.(t)/j.(4K) at different magnetic fields as
a function of reduced temperature for the YMo2-LPA-HPA single crystal, the same
as in Fig. 6. For these measurements, the magnetic field was oriented parallel to
the ab-plane (H||ab). The inset shows the scaling of the pinning force as described
in the text (figure taken from Ref. [17]).
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was obtained only in a narrow temperature range, 65-75 K, and only for
weak magnetic fields (h < 0.2). As can be seen from the figure, this new
type of pinning centers is core-surface-normal, which fits perfectly with the
common knowledge on this subject. It is believed that for the H||ab config-
uration, the most effective pinning centers are the weakly conducting (non-
superconducting) quasi-two-dimensional regions between the CuOsz planes,
where quasi-normal vortex cores are located.

5. Conclusions

We have analyzed the types of pinning centers present in Y123 and Mo-
substituted Y123 single crystals annealed at low and high oxygen pressure.
As can be seen from figures 47, the dl-type pinning mechanism dominates
in all studied single crystals. This is also confirmed by the results showing
the scaling of the pinning force (insets to figures 4-7), where the maximum
in fp(h) = Fp(h)/Fpmax occurs at h < 0.5, while in the case of the dT,-type
pinning mechanism, it is expected to occur at A > 0.5. Our experimental
results differ quantitatively from those previously reported for Y123 thin
films [25] and for Dy123 single crystals [26], where the dl-type pinning was
also observed. In turn, our results differ qualitatively for single crystals of
Y123 doped with Pr [27] and for textured bulk materials of Y123 doped with
Zn (28|, where the 6T¢-type pinning occurred. This is most likely because
in those materials, the dominant types of pinning centers were most likely
oxygen vacancy clusters [26], Pr123 phase inclusions [27], and the induced
magnetic moments caused by the substitution of Zn for Cu in the CuOq
planes [28]. In our single crystals, the introduced centers are Mo2O1; octa-
hedra dimers and interstitial oxygen atoms and/or oxygen clusters, which
act with different efficiency or by a completely different mechanism.

For all our single crystals, the identified type of vortex-pinning center
interaction is of a “core” nature, which is justified by the fact that the sizes
of the introduced pinning centers (MoyO1;1 octahedra dimers and intersti-
tial oxygen atoms and clusters) are smaller in all directions than the Y123
penetration depth. Further, depending on the amount of introduced oxy-
gen, we define the type of pinning centers as: core-volume-Ax in weak H
and core-point-normal in high H, both for Y123-HPA (suboptimal scal-
ing) and YMo2-LPA-HPA (perfect scaling), the single crystals annealed
in oxygen at high pressure. The observed types of pinning centers: core-
surface-normal for YMo2-LPA and core-volume-Ax for YMo2-LPA-HPA
are explained by the occurrence of insufficiently oxygenated Mo—O clusters,
and fully oxygenated Mo2O1; octahedra dimers, respectively. Moreover, as
a result of annealing under high oxygen pressure (HPA), Mo2O1; dimers can
form larger volume defects, e.g., four connected MoOg octahedra replacing
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a square of four Cu ions, and thus can act as true bulk pinning centers
[14, 15]. In turn, the core-point-normal pinning centers observed for HPA
single crystals in high-magnetic fields appear to be caused by the appearance
of interstitial oxygen, i.e., point-like defects, in the structure.

It should also be noted that although the relative values of j.(t)/jc(4K)
do not vary regularly with the expected number of pinning centers intro-
duced in different single crystals, the absolute values of j.(t) generally in-
crease as we move from Y123-LPA, through Y123-HPA, to YMo2-LPA,
and then to YMo2-LPA-HPA, as shown in our previous works [16, 17].
Our studies provide insight into what general type and more specific type
of pinning centers should be effective in Y123-type materials under various
magnetic fields and temperatures.
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