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Critical current density, J., and flux-pinning force density, F,,

have been investigated at different tempera-

tures in electron-doped Nd,_,Ce CuO,_s thin films for magnetic fields, H, applied parallel to the ¢ axis. The
reduced pinning force density f=F,/F,™* shows a clear scaling behavior when H is normalized to the
irreversibility field H*, indicating the presence of the same pinning mechanism in the investigated temperature
range. Moreover the maximum of F, as function of the field at each temperature depends linearly on H*. The
experimental data, interpreted using a modified Anderson-Kim description of the flux-creep theory, imply a
magnetic field dependence of the activation energy U(H)~H “ with «=0.8. This value indicates that in
Nd,_,Ce,CuO,4_s a quasi-two-dimensional vortex system is present, intermediate between Bi-based and

Y-based hole-doped compounds.
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I. INTRODUCTION

The scaling law of the flux-pinning force density F,(F,
=J.B=puyJ.H) is a well-known argument in conventional
superconductors'=> and is typically described in the frame-
work of the flux-line shear (FLS) model.? In this model,
where the flux lines are supposed to move along weak-
pinning percolative paths, the theoretical description predicts
a quadratic dependence of F), at high magnetic fields, i.e.,
F,~(H/H,)"*(1-H/H,)* where H,, is the upper critical
magnetic field.>*

In the case of high-T. superconductors (HTS) F, evalu-
ated from J, transport measurements have shown a scaling
behavior if a reduced magnetic field h=H/H" is introduced.
H™ is the irreversibility field and in type-II superconductors it
is usually defined via magnetic measurements: it is the field
above which the magnetization becomes reversible (and
hence J,. becomes zero).> The study of the irreversibility field
in HTS has been a very active field of research because H* is
a measure of the pinning strength and its knowledge can
give information about the mechanisms determining the
critical current density J,.*" The scaling of F, versus h
has been observed in several specimens on different hole-
doped HTS cuprates such as YBa,Cu;O, (Refs. 6 and 8)
and  Bi,Sr,Ca,Cu;0, high-quality  epitaxial films,’
Bi,Sr,Ca;Cu,0, melt-processed samples,” or thin films.!”
While a large number of papers have been dedicated to the
study of the transport and magnetic properties in electron-
doped copper oxide superconductors such as, for example,
Nd,_,Ce,CuO,_s (NCCO),'!1¢ nothing has been specifically
reported about the presence of possible scaling laws of the
pinning force in these systems. This kind of investigation is
however very important in defining the possibility of appli-
cations of these materials.

Nd,_,Ce,CuO,_s crystallizes in the so-called T” structure,
which is characterized by the absence of the apical oxygen.
Superconductivity occurs in a narrow range of Ce doping:
0.10<x<0.24 with the highest 7,=~24 K at a doping level
of about 0.15."7 Unlike hole-doped materials, the electron-
doped compounds require a careful oxygen-reduction an-
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nealing to achieve superconductivity. The physical properties
of the n-type family have been measured mainly on bulk and
single crystals, and compared with the hole-doped properties,
a number of differences related to the electronic phase dia-
gram and to the symmetry of the superconducting order pa-
rameter for the two HTS family have been reported.'®!* On
the other hand investigation on thin films are limited by the
difficulties in the sample preparation arising from the critical
values of both the charge carriers and the oxygen vacancies
required to induce superconductivity. In the group of the
HTS, only the electron-doped cuprates can be doped with
two types of charge carriers at the same time, by means of
cerium and oxygen. This unusual scenario supports theoreti-
cal models in which both electrons and holes can participate
to the superconducting phenomenon, and same experimental
results point out the existence of the two contributions
together.?’ Then the study also of the overdoped regime be-
comes interesting because, within an appropriate window of
cerium doping, one can study, for example, how the Hall
coefficient changes sign as a function of temperature which
is consistent with this two carrier scenario.?!~??

In this paper we report on electrical transport properties in
overdoped Nd,_,Ce, CuO,_; thin films with x=0.17. Critical
current densities have been measured for different values of
the temperature as function of the external magnetic field.
We have observed a scaling behavior of the normalized pin-
ning force density f=F,/F}* (here F** is the maximum of
the pinning force density at each temperature) versus the
reduced field . The experimental data have been interpreted
in the entire magnetic-field range in the framework of a
model'? based on the classical Anderson-Kim (AK) theory of
the flux creep.?*

II. SAMPLE PREPARATION AND ELECTRICAL
CHARACTERIZATION

Nd, 33Ceq ;7Cu0,_;s c-axis oriented thin films have been
prepared using a deposition technique based on a planar dc
diode sputtering configuration, where the substrate was posi-
tioned on a heater in front of the sputtering source. A single
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stoichiometric target, homemade by an optimized sintered
fabrication method, has been used as a sputtering source.”
The films were deposited on (001) SrTiO; substrates heated
at T=850 °C in mixed atmosphere of argon and oxygen at a
total pressure of 1.7 mbar in the deposition chamber. After
the deposition, the films were annealed during 30 min in
vacuum at the same deposition temperature. A second an-
nealing step, for 60 min at 7=900 °C, in ambient argon
atmosphere was performed in order to further reduce the
oxygen content in the films. The deposition rate was 1.2
nm/min while the typical film thickness was around 200 nm.
More detailed information about the fabrication procedure
will be reported in a forthcoming paper. The cerium content
(x=0.17) was evaluated by wavelength dispersive spectros-
copy (WDS). Transport properties were performed using a
standard dc four-probe technique.

The superconducting transition temperature values 7., de-
fined as the midpoint of the resistive transition curve, were
around 9 K. The resistivity values measured in the normal
state at 7=30 K were p(30 K)=60 w{) cm. These values
are a bit different from what was reported in the literature
probably due to the nonoptimal oxygen content in our Ce
overdoped samples.”® The residual resistivity ratio, S
=p(300 K)/p(30 K), was typically around three. Current-
voltage (I-V) characteristics were measured on an unstruc-
tured sample 2 mm wide. The length between the voltage
contacts was 3 mm. Magnetic fields were always applied
perpendicular to the surface of the substrate, i.e., parallel to
the ¢ axis of the film. The critical current densities J. at T
=2.1 K and in zero field can be roughly estimated to be of
the order of 3 10® A/m?, and they were defined by the
electric field criterion E=E,=4X 107 V/cm. The values of
the measured critical current density are slightly lower with
respect to some others reported in the literature which refer
to epitaxial thin films.?’

III. RESULTS AND DISCUSSION

In Fig. 1 I-V curves at T=4.2 K in various applied mag-
netic fields are shown. We see that for uH=3000 Oe an
Ohmic behavior is observed over the entire range. According
to the literature we can define this as the irreversibility field
H* at this temperature.?®%°

In Fig. 2 the dependence of the critical current density J,.
on the external magnetic field for five different temperatures
is shown. Apart from the aforementioned slightly low values
of J, its general features are very similar to what was mea-
sured in hole-doped HTS with a stronger depression at
higher temperatures and lower magnetic fields.”

In Fig. 3 the flux-pinning force density, as calculated from
data of Fig. 2, versus the magnetic field is shown. When the
magnetic field is normalized as h=H/H" and the pinning
force density as f=F/F,", a clear scaling behavior is ob-
served (see Fig. 4). In Fig. 4 the dashed line is the curve
obtained using the expression f(h) ~h'?(1-h)? valid in the
FLS model. As we can see this model cannot satisfactory
explain the general features of the temperature scaling of the
f(h) curve including the curvature at intermediate reduced
fields (between 0.3 and 0.8) and the tail at high magnetic
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FIG. 1. (Color online) I-V characteristics in double-logarithmic
scale at 7=4.2 K at various magnetic fields. Numbers in the figure
indicate the values of the fields in Oe.

fields. The comment to the solid line in the figure, which is
central in the paper, will be given later.

Figure 5 shows the Arrhenius plots of the resistive transi-
tions at different applied magnetic fields for the sample
whose critical current-density data are shown in the previous
figures. The curves have been taken using for the bias den-
sity current the value J=1.2X 10’ A/m?. The plots are lin-
ear in a wide 1/7 interval indicating that the resistance is due
to a thermally activated process in this temperature range. In
the limit of low current density and linear regime, the resis-
tance can been written in the form R(T,H)=R, exp[
~Uy(T,H)/kgT], where Uy(T,H) is the activation energy for
J=0, and then the slopes of the curves plotted in Fig. 5 give
directly the values of the activation energy at different H
values.”?30 The inset of Fig. 5, where the activation energy
is plotted as a function of H in a log-log scale, indicates that
U, is proportional to H~% with a=0.8.
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FIG. 2. (Color online) Critical current density as function of the
magnetic field for five different temperatures. From left to right:
T=52 K, T=4.2 K, T=3.5 K, T=3.0 K, and 7=2.1 K.
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FIG. 3. (Color online) Pinning force density as function of the
magnetic field for five different temperatures. From bottom to up:
T=52 K, T=42 K, T=3.5 K, T=3.0 K, and T=2.1 K.

To account for the pinning force scaling behavior shown
in Fig. 4, we start from the AK model®* in which the I-V
curves are expressed as

Ueff(T,H,J)) M

E = Bagyy, exp(— T
B

where E is the electric field due to the motion of the
flux bundles, B is the magnetic-field induction, v, is an
attempt frequency of the vortices which try to escape the
potential well, and q, is the intervortex distance. Uy
is the effective activation energy. Assuming the multiplica-
tive character of the activation energy we can write
Uue=Uo(T,H)n(J/J ),"'° where Uy(T,H), as defined
above, is the height of the potential barrier at J=0. J is the
critical current density when there is no thermal activation
and is determined as Jo=cUy/(BV,X,), where ¢ is a con-

h=H/H

FIG. 4. (Color online) Temperature scaling of the normalized
pinning force density versus the reduced field. Symbols are defined
in the figure. The dashed line is the curve obtained using the FLS
model. The solid line is the fit to experimental data using the model
described in the text.
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FIG. 5. (Color online) Arrhenius plots of the resistance R(T,H)
for different values of the magnetic fields, indicated by the numbers
in the figure. Inset: Magnetic-field dependence of the activation
energy U,. The solid line is the fit to the data with Uyx H™8,

stant, V, is the correlation volume of a flux bundle, and X, is
the effective range of the potential energy, that is, the aver-
age distance among the pinning centers. The height of the
potential barrier at J=0 is usually written as Uy(T,H)
=a(T)H™®, where a(T) is a generic function of the tempera-
ture which goes to zero when T approaches 7..3! Such be-
havior for Uy(T,H) has been predicted and observed by
transport measurements on Y-based copper oxide compounds
with @=1 (Refs. 31-33) and on Bi-based compounds above
the irreversibility line with a=0.5.710:30-34-36

Following the model already applied in describing experi-
mental data on high-quality Bi,Sr,Ca;Cu,0, thin films de-
posited by molecular-beam epitaxy (MBE),'? the critical
electric field E, can be obtained from Eq. (1) by setting J

=J.. So we get
AN UES gc |
2

where B*=In(B*ayvy/E,.) and C=c/(BV,X,). The final ex-
pression for the pinning force is then

E.=Bayv, exp

Fp = JCB = Iu‘OJCH = MOCB*H*(T)

H l-a L ﬁ( H >a:|
X{H*(T)] [7(0)] 177{77(0)[3* T .(3)

The explicit expression of the function 7(J) is determined by
the actual dependence of the pinning potential on the spatial
coordinates U(x).*” Assuming a sinusoidal dependence for
U(x) and introducing a distribution for the critical current
densities'®3® one can justify the logarithmic form for 7(J)
=-751n(J/ 6] ),'%° where 6=8/9 and 7=6/(6 In {.+5). L.
=x./xq, where x, represents the central point of the potential
well and x, is a cutoff distance beyond which U(x) is zero.
Putting this expression for 7(J) in Eq. (3) it is easy to see
that the maximum of the pinning force F** depends linearly
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FIG. 6. Dependence of ™" on H". The solid line is a guide to
the eye.

on the irreversibility field and one can explain the experi-
mental data shown in Fig. 6. This result shows that the above
description for the pinning force does contain this feature
and it is not in contradiction to what was also obtained in
other models such as, for example, FLS or collective
pinning.*

Using the expression given above for 7(J), Eq. (3) can be
also normalized by F** obtaining

f(h) ~ n'=% exp{= (h*/7)(1 +In hIB")}. (4)

The thick solid line in Fig. 4 is the best fit to the experimen-
tal data from which we obtain 7=0.44+0.05 and B*
=0.55%+0.01. The parameter « has been kept fixed during
the fitting procedure to the value of 0.8 as independently
obtained from the resistive transitions. The above analysis,
based on the flux-creep theory, shows that, also in electron-
doped Nd,_,Ce,Cu0,_s HTS, F, scales with H/H" instead of
H/H,,. From the obtained value of the parameter 7 we get
that {.=8.2 which is almost one order of magnitude higher
than the range of the pinning potential found for
Bi,Sr,Ca;Cu,0, thin films'® but smaller than the one evalu-
ated in YBa,Cu30-_g thin films.? As largely discussed in the
literature”3%4142 the value of the exponent « in the activation
energy dependence reflects the different topology of the vor-
tices in a superconductor, and it is related also to the disorder
and to the magnetic field. In highly anisotropic Bi-based sys-
tems the vortex lattice deforms, plastically forming double
kinks in the superconducting planes [two-dimensional (2D)
pancake vortices] which implies U~ H™%°.4> On the con-
trary, in less anisotropic Y-based samples the densely en-
tangled vortex lattice shears without any kink in the super-
conducting planes [three-dimensional (3D) anisotropic
vortices] and this explains the observed Ui~ H~! relation in
these systems.?>*3 Here we want to say that a satisfactory fit
of the reduced pinning force data can also be obtained using
a modified FLS model when taking into account the exis-
tence of distribution of the superconducting properties in the
sample.** However, even if this possibility cannot be defi-
nitely ruled out, we believe that the proved existence of a
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FIG. 7. Temperature dependence of the parallel (closed squares)
and perpendicular (closed circles) irreversibility fields for the
Nd; g3Ceq 17CuO,_s film as derived from the resistive transition
measurements. Diamonds represent the field H* as derived from I-V
measurements. The solid lines are fits to the equation H,,
=H;(0)(1-T/T.)*, see text.

thermally activated mechanism in the transport properties of
our system gives a strong support to the correctness of using
a modified AK model to explain the experimental data.

The quasi-2D character of the vortex system in
Nd, g3Ceq ;7Cu0,_s can also be tested by roughly estimating
the value of the vortex correlation length along the ¢ direc-
tion, L.** In fact, in the case of a 3D system the vortex
correlation length should be limited by the film thickness
while in the 2D case L. should be shorter than the sample
vertical dimension. The current density J* at the onset of the
nonlinear behavior can be used to extract an upper limit for
L, through the relation J*®yL R, =~ kzT,*** where @, is the
magnetic-flux quantum and R, is the correlation length per-
pendicular to the ¢ axis. From Fig. 1, at 7=4.2 K and
HoH=2750 Oe, we obtain J*~1.66X 108 A/m” and then
L.R,,=250 nm?. Assuming R,,~2ay=2\VPy/ uoH we ob-
tain R, =180 nm and consequently L.=1.4 nm which is
much smaller than the film thickness. Following the same
reasoning at the higher temperature (7=5.2 K for uoH
=1750 Oe), we get J*=2.0X10° A/m?> and then L,
=113 nm which is still half of the sample thickness.

The weaker two-dimensional character of the
Nd, 33Ceq 17Cu0,_s system is finally confirmed if the aniso-
tropy  coefficient at  zero  temperature,  ¥(0)
=H;. »(0)/H;; (0), is derived from the temperature depen-
dence of the irreversibility field perpendicular, H; .,(7), and
parallel to the ¢ axis, Hi, (7). The irreversibility fields in
both directions have been determined taking the 10% of the
superconducting transition curves at fixed temperature as
function of the applied field (or, occasionally, at fixed field as
function of the temperature). Of course, the absolute position
of the irreversibility lines in both directions in the H-T plane
depends on the adopted criterion but very similar results
have been obtained when defining, for example, H;, as the
field where R=0.01Ry, Ry being the resistance of the sample
just before the superconducting transition. In Fig. 7 the irre-
versibility fields H;, in both directions are reported together
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with the irreversibility fields H* as determined from the I-V
measurements. With the adopted criterion the H* and Hj, .
points lie very close to each other in the phase diagram. The
irreversibility lines in both directions display a positive
curvature**=*° and they can both be fitted to an equation of
the form Hy,=H;(0)(1=T/T,)**% where T,, is the
zero-field transition temperature, and H;,(0) and w are fitting
parameters. The fits, shown as solid lines in Fig. 7, gave as a
result: H;; (0)=9550%=800 Oe and u.=1.60*0.05 for
Hlle, and Hi;,,(0)=390 00015000 Oe and
=1.70%+0.05 for Hllab. The ratio between Hj,,,(0) and
H;, (0) gives as a value of the anisotropy coefficient y
=41=£5. This value, similar to what was measured in
Nd, ¢sCe15CuO,_; single crystals,'** is more than one or-
der of magnitude smaller than the anisotropy factors reported
for Bi-based compounds®? but it is six times larger than the
typical 7y values reported for Y-based compounds.?®-30-3

PHYSICAL REVIEW B 79, 144524 (2009)

IV. CONCLUSIONS

In conclusion, we have measured electric transport prop-
erties on overdoped Nd,_,Ce,CuO,_s (x=0.17) thin films for
different values of the temperature and external magnetic
fields. The observed scaling behavior of the reduced pinning
force f versus the normalized magnetic field & has been in-
terpreted in the framework of the AK model of the flux
creep. The obtained exponent @=0.8 for the magnetic-field
dependence of the activation energy, U(H) ~H™¢, is related
to the (anisotropic) three-dimensional nature of the vortex
lattice due to the relatively large anisotropy of the system.
Our transport measurements show that, concerning the vor-
tex lattice anisotropy, overdoped Nd,_,Ce CuO,_s is some-
how an intermediate system between Bi-based and Y-based
compounds.
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