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Abstract

AC magnetic susceptibilities of electron-doped; sfCey1:CuQ, (PCCO) and
Sm gCe& 15:CUQ, (SCCO) granular thin films have been measured as a function of
temperature and magnetic-field strengtBepending on the level of homogeneity of our

films, two different types of the irreversibility line (IL);»=Ty(H), defined as the intergrain-

loss peak temperature in the imaginary drsusceptibility and obeying the law 15/T¢ oc

HY have been found. Namely, more homogend®@€O0 films (with grain size of the order
of 2um) are best-fitted with q=2/3 while less hogeneous SCCO films (with grain size of
the order of 500 nm) follow the IL law with 4=The obtained results are described via the
critical-state model taking into account tlosv-field grain-boundary pinning. The extracted
pinning-force densities in more granular SCGIng turn out to be four times larger than
their counterparts in less granular PCCO films.

Keywords: electron-doped superconducting materials, AC susceptibility; irreversbility
lines; grain-boundary pinning.
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1. Introduction

The measurement of AC magnetgigsceptibility still remains one of the most powerful
methods to obtain important information on dissipation mechanisms in Bigh-T
superconductors (HTS). To get useful infotima from such experiments, however, very
careful control of sample’s microstructuserequired. While in high enough magnetic fields
the dissipation is known to be dominated luxfinotion of Abrikosov vortices [1-4], the low-
field dissipation mechanisms (especially,imhomogeneous and granular superconductors)
are less obvious due to the numerous grain-boun@dayed effects which are better treated
by the Josephson physics [5-7].

Here we present a comparative study of-feeld AC magnetic susceptibility data on
more homogeneous (with grain size of the order whPPr gsCe 15CuQ, (PCCO) and less
homogeneous (with grain size of the order of 500 nmy) &P 1:Cu0, (SCCO) thin films.
The main idea of the experiments here reported is to study the influence of inhomogeneity on

the dissipative properties of electron-dojleinh films via the behavior of thigreversibility
line (IL), Ti=Ty(H), defined as the intergrain-loss peakiperature in the imaginary part of
susceptibilityy” (T,H). This influence was found toset in a much higher pinning ability of

less homogeneous SCCO thin films obeying the IL lawpIFclc H* with g=1 as compared

to more homogeneous PCCO films with flux-creep-mediated exponent q=2/3.

2. Samples Characterization and Experimental Procedure

A few PCCO and SCCO thin films (d=200rthick) grown by pulsed laser deposition
on standard LaAl@substrates were used in our mgasments (for discussion on different
preparation techniques and chemical phdsgrams of electron-doped superconducting

materials, including polycrystalline samples, singtystals, and thin films, see, e.g., [8-12]
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and further references therein). All samptd®wed similar and reproducible results. The
structural quality of our samples was ¥ied through both x-ray diffraction (XRD) and
scanning electron microscopy (SEM) togeteth energy dispersive spectroscopy (EDS)
technique. The SEM experiments reveal tR&CO films are of higher structural quality
(more homogeneous) than SCCO films which show a pronounced granular structure (see
Figure 1).

The average grain size in typical PCCa@d&CCO films is estimated to be around
2um and 0.um respectively. Measurements of the real’ () and imaginaryy” ) parts of AC
susceptibility were performed by using a MPMS magnetometer from the Quantum Design
equipped with  AC modulus [13-16]. All datare chosen from samples with the same
dimensions and well placed parallel to theldiin order to decrease the demagnetization
correction. The symbol size used for data priedem takes into account error bars based on
the temperature stability, reproducibility, asgstem precision. To account for a possible
magnetic response from substrate, we measured several stand alone pieces of the substrate.

No tangible contribution due to magnetic impurities was found.

3. Results and Discussion
A typical temperature behavior of theeasured complex AC magnetic susceptibility

in PCCO and SCCO films in a small magnetic field (of amplituge=h.00e and frequency
fac =1.0kHz) is shown in Fig.2. The fetldependence of the imaginary pgit of the AC
susceptibility in both films for the temperatures closedasTdepicted in Fig.3.

Due to small values of the applied magndiidd, it is natural to associate the peak
temperatures ,[H) in Fig.3 withintergrain losses. The extracted values of the irreversibility
temperature J{H) for both samples are shown in Fig.4le form of the log-log plots. As is

seen, more homogeneous PCCO films are well-fittedbyflux-creep mediated lbbeying



the law 1- J/Tcoc H* with g=2/3 while less homogeneou§&O films (with grain size of the
order of 500 nm) follow the IL law with g=1.

To interpret the above findings, we folldvWiiller’s approach [17] (based on the Kim-
Anderson critical-state model [18]) accordingvihich the low-field dependence of the IL

temperature JH) is governed by the following implicit equation (hereafter h,.)
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Here, A(T) is the London penetration depth, Rtl® average grain size, d is the film
thickness,uer(T) is the effective permeability of granular filmcH) is the characteristic
field (see below)uyT) is the so-called pinning-force density, andahd | are modified

Bessel functions of the first kind. Notice that B{.is valid for applied fields larger than the
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lower Josephson fieldH SR o\ —
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when vortices nucleate along grain boundaries.

These intergranular Josephson vortices arbedded into a diamagnetic medium with
effective permeabilityien(T) whose temperature dependenoeyiew of Eq.(2), is governed

4(0)

AT

IL is attributed to difference in averaggain sizes in PCCO and SCCO films which,

by the London penetration dep#(T) = . The observed difference in behavior of

according to SEM scans (see Figure 1) are arounguR=thd R=500 nm, respectively.
Taking into account the explicit temperauwilependence of the pinning-force density

within the grain-boundary pinning model [19]



#,(T) = 1, OR-T/T ) (3)
we propose the following scenario for the observed IL behavior.

Since near Jin more homogeneous PCCO films (see Fig.Ra) A(T), and hence

U (T) = 2A4(T)/ R, from Eq.(1) we find the usual flux-creep dominated law (see Fig.4a)

T
1_T_p: AH 2/3 (4)
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On the other hand, in more graaulSCCO films (see Fig.1b) neap We have the

opposite situation since in this caBe< A(T , apd hencex, (T) ~ 1As a result, Egs.(1)-(3)

bring about the observed linear behavior of the IL (see Fig.4b)

TP
1-—2 = BH (5)

C

with B = #H O _
1, (0)d

By calculating the coefficients A and B frotine IL curve slopes on a log-log plot, we
can estimate the pinning-force densitig®) for both materials. Using for the film thickness
d=200nm, London penetration depths [2@{0)=250nm,As(0)=500nm, and average grain
sizes R=pm and R=0.6m, from Egs.(4) and (5) we obtaing0)=3x10TA/m? andu,40)=
1.2x1GTA/m? for the pinning-force densities of PCGMd SCCO films, respectively. As
expected, the above pinning values are larger thase seen in bulk granular materials [5-7].
Thus, for small applied magnetic fields, the flux pinning is dominated by the so-called
electromagnetic pinning scenario characteribgdhe London pentration depth rather than
coherence length (the latter is responsiblethe so-called core pinning scenario in high

enough magnetic fields). Within this scenatioe observed higher pinning ability of SCCO



films near T, can be attributed to a perfect matmtween the average grain size R and the
correspondent London penetration dept{il,). While in the case of a more homogeneous
PCCO film (with the average grain size of R=2000nm) the #a{id,)/R is much less optimal
leading to a lower pinning ability of these films. And finally, it is instructive to point out that
the obtained here results on low-field irreveitgiplines in our granular films (governed by
grain-boundary pinning of coreless Josephson vortices) principally differ from the high-field
irreversibility lines observed in electron-dopedgde crystals (dominated by core pinning of

Abrikosov vortices, including particular scenarior melting of the vortex lattice) [4].

4. Conclusion

In summary, by analyzing the measured AC magnetic susceptibilities of electron-
doped PrgCe& 15CuQ, (PCCO) and SapCe 18CuQ, (SCCO)thin films as a function of
temperature and magnetic-field strength, we associated the irreversibility lin€eT {(H),
obeying the law 1- JTc «« HY with the intergranular peaks the imaginary part of AC
susceptibilities. We found that more homogene®G£O films (with grar size larger than
2um) are best-fitted with q=2/3 while leé®mogeneous SCCO films (with grain size less
than 500 nm) follow the IL law with g=1. The alied results are described in the framework
of the Kim-Anderson critical-state modekiag into account the grain-boundary pinning of
Josephson vortices. The extracted pinning-foreesities in granular SCCO films found to be

four times larger than their counterparts in more homogeneous PCCO films.
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FIGURES

Figure 1. SEM scan photography of PCCO (leit)d SCCO (right) samples (magnification

30000 times).
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Figure 2. Temperature behavior of the AC susceptibility measured on PCCO (left) and

SCCO (right) thin films for magnetic field of amplitudgck1.0 Oe and frequencyd =1.0

kHz.
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Figure 3. Magnetic field behavior of the imaginary part of AC susceptibility measured on
superconducting thin films at different tematerres: PCCO (left) and SCCO (right).
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Figure 4. Log-log plot of the irreversibility lines 1t H? (extracted from AC susceptibility
data shown in Figure 3) for PCCO (left) an@C0 (right) films. Solid lines are the best fits

according to Egs.(1)-(5).



