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Enhancement of Aux pinning by Pr doping in Yt „Pr„Ba2Cu307—5 (0 ~ x ~ 0.4)
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Magnetic relaxation measurements in a magnetic field of 5 kOe at temperatures 5 K ~ T & 90 K have
been made on the system Y& „Pr„Ba2Cu307 q for 0~x ~0.4. The measurements reveal two peaks in
the normalized logarithmic decay of the magnetization S as a function of temperature for the full range
of Pr concentrations studied. The occurrence of the second peak in S could be a reflection of the soften-
ing of the flux lattice on approaching the melting line. Both the pinning energy at 27 K and the in-
tragranular critical current density at 10. K exhibit maxima at x = =0. 1 —0.2, with values that are about
twice the corresponding values at x =0.

One of the most challenging problems for the new
high-temperature oxide superconductors is devising
effective ways to increase Aux pinning energies. A variety
of techniques have been studied, including ion, ' neutron,
and electron irradiation, shock compaction, and chemi-
cal doping. In general, chemical doping increases the
intragranular critical current density J, through the for-
mation of nonsuperconducting phases which provide re-
gions where the superconducting order parameter is
suppressed and Auxoids are pinned.

The objective of the investigation reported here is to
explore an alternative method in which the chemical im-
purities are introduced substitutionally into the crystal
lattice and the solute ions interact with the superconduct-
ing holes locally. Specifically, we have studied Aux pin-
ning in the Y, Pr„Ba2Cu307 & system in which previ-
ous work ' has yielded evidence that the substituted Pr
ions interact with mobile holes in the CuOz planes, result-
ing in the localization of the holes and the breaking of the
superconducting hole pairs. While the superconducting
critical temperature T, decreases monotonically with in-
creasing Pr concentration from 92 K at x =0 to 0 K at
x =0.56 in the Y& Pr Ba2Cu307 & system, the depres-
sion of T, is small for Pr concentrations in the range
O~x +0. 1 (T, =88 K for x =0.1). Thus, doping with
low concentrations of Pr could introduce pinning centers
separated by distances on the order of the lattice constant
without significantly decreasing T, .

In this paper, we report the results of magnetic relaxa-
tion measurements in a magnetic field of 5 kOe at tem-
peratures 5 E ~ T ~ 90 K on the Yi „Pr„Ba2Cu307
system for O~x ~0.4. The measurements reveal two
peaks in the normalized logarithmic decay of the magne-
tization as a function of temperature for the full range of
Pr concentrations studied. The existence of the second
peak suggests the presence of two pinning effects; in par-
ticular, the second peak in S could be a reAection of the
softening of the Aux lattice on approaching the melting
line. Both the pinning energy at 27 K and the in-
tragranular critical current density at 10 K exhibit maxi-
ma in the range x =0. 1 —0.2 as a function of Pr concen-
tration, with values that are about twice the correspond-
ing values at x =0. The enhancement of the pinning may

be due to the suppression of the superconducting order
parameter in the vicinity of the Pr ions via a magnetic
pair-breaking interaction.

The samples used for the present measurements were
unaligned polycrystalline pellets prepared using the solid
state reaction technique described in Ref. 10. X-ray
diffraction patterns showed the samples to be single
phase. The resistive transition widths AT,:—To 9

—To &,

where T„ is the temperature at which the resistivity
drops to a fraction n of its extrapolated normal state
value, ranged from 0.7 K for x =0 to 3.5 K for x =0.4.
Iodometric titration revealed oxygen concentrations of
6.95+0.02. ' Scanning electron microscopy (SEM) stud-
ies yielded an average grain size of —12 pm for the x =0
sample, and a range in the average grain size of 2 to 4 pm
for the Pr doped samples with no apparent correlation
between grain size and Pr concentration.

Static and time dependent magnetic measurements
were performed on a commercial Quantum Design super-
conducting quantum interference device (SQUID) magne-
tometer over a temperature range 5 K ~ T & 90 K and for
applied magnetic fields H up to 50 kOe. A scan length of
3 cm was used to minimize the variations in field strength
due to spatial inhomogeneities in the magnet
(t)H (0.048%). Magnetic relaxation measurements were
performed by cooling the sample in zero field, waiting un-
til ihe temperature was stable, applying a magnetic field
of 5 kOe, and monitoring the magnetic moment every
-50 s for about one hour. At higher temperatures, we
found that the decay of the magnetic moment was highly
sensitive to very slight thermal instabilities.

In order to apply models of thermally activated flux
motion to the magnetic relaxation data, the measure-
ments must be performed with the sample in the fully
critical state (i.e., flux penetrates throughout the entire
sample). To determine the value of the external field re-
quired to reach the fully critical state, we measured the
remnant moment as a function of the previously applied
field. The inset of Fig. 1 is a log-log plot of M„vs H.
The solid lines in the figure show how we extracted the
value of 2Hf„-H, &.

"' The determination of Hf„, per-
formed at different temperatures, revealed that Hf„de-
creases with increasing temperature. Figure 1 is a plot of
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FICx. 1. Value of the fully critical field divided by the radius
of the grains of Y& „Pr Ba2Cu307 z as a function of Pr concen-
tration x measured at a temperature of 10 K. The error bars
were calculated from the uncertainties in determining Hf„and
R. Inset: log-log plot of the remnant moment vs the value of the
previously applied field for the YBa2Cu307 z sample measured
at 10 K. The solid lines in the figure show how we extracted the
value of 2Hf„-H, &.

Hf„/R as a function of Pr concentration, where Hf„was
normalized by the radius of the grains in order to elimi-
nate the dependence of Hf„on sample size. The error
bars were calculated from the uncertainty in the values of
Hf, and R. All the relaxation measurements were taken
in an applied field of 5 kOe because, for this value of H,
all the samples investigated were in the fully critical state.

The relaxation of the magnetic moment was measured
for samples with Pr concentrations x =0, 0.05, 0.1, 0.2,
0.3, and 0.4 at temperatures ranging from 5 to 90 K. Fig-
ure 2 is a plot of M(t)/M(tb ) vs 1n(t/tb) for different x
values, measured at T =27 K in a field of 5 kOe; M(t) is
the magnetic moment at time t and tb is the time of the
first measurement, which is -500 s. For all x values, the
decay of the magnetic moment is logarithmic in time
with a decay rate which is largest for the x =0 sample,
decreases with Pr concentration up to x =0.2, and then
increases again for x & 0.2. For the samples with x =0.3
and 0.4, the diamagnetic moments were corrected for the
large paramagnetic signal of the Pr ions by fitting the
normal state magnetization with a Curie-Weiss law. At

1 dM(t) 1

M(tb ) din(t) U/kT —ln(tb /r)
(2)

Note that for convenience we have defined S„as a posi-
tive value.

Figure 3 is a plot of S as a function of both tempera-
ture and Pr concentration with 5 K T~90 K and
0~ x ~ 0.4. For all Pr concentrations measured, S exhib-
its two peaks; one at low temperatures (e.g. , T, =25 K
for x =0) and another at higher temperatures (e.g.,

each temperature, the corrected diamagnetic signal was
obtained by subtracting the paramagnetic moment from
the measured magnetic moment.

In the course of performing the measurements, we
discovered that the decay of the magnetic moment at
higher temperatures (T~ 55 K) was highly sensitive to
the stability of the temperature. For example, for drifts
in the temperature as small as 0.02 K at 86 K, strong de-
viations from logarithmic behavior were observed in the
decay of the magnetic moment. To achieve greater tem-
perature stability, we inserted a pause between the time
the temperature was deemed "stable" by the magnetome-
ter and the time the field was applied. For 55 K ~ T ~ 60
K, a 30 min pause was chosen to obtain a constant decay
rate; for T)60 K, a 90 min pause was required.

Over the time span measured, the observed decay of
the magnetic moment is logarithmic to lowest order, con-
sistent with the Anderson-Kim model of thermally ac-
tivated Aux motion. ' Hence, the time dependence of the
magnetic moment of a sample in the fully critical state
can be expressed as'

M (t, T) =Mo( T)[1—
I kT/U( T) I ln(t/r) ],

where Mo( T) is the moment at time t =0 and tempera-
ture T, r is the hopping time (10 ' s & r ( 10 s), and U
represents the effective pinning energy. The unknown
Mo(T) can be eliminated from Eq. (1) by dividing the
value of the magnetic moment at a particular time tb.
Hence, the normalized relaxation rate S is given by
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FIG. 2. Normalized magnetic moment of
Y& „Pr Ba2Cu307 z vs 1n(t/tb) for different Pr concentrations
measured at T =27 K in an applied field of 5 kOe; tb =500 s is
the time of the first measurement.
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FIG. 3. Normalized decay rate of Y& „Pr Ba2Cu307 z as a
function of temperature and x, measured in an applied field of 5

kOe. Arrows indicate the value of the superconducting transi-
tion temperature T, for different values of x. The solid lines are
guides to the eye.
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T~ =85 K for x =0). Both peaks in S(T) shift to lower
temperatures with increasing Pr concentration (e.g. ,
T, =6 K and Tz =22 K for x =0.4). The temperature at
which the decay rate drops to zero was found to corre-
spond to the irreversibility temperature.

The low-temperature peak in the YBazCu307 & sample
is consistent with previous measurements on this sys-
tem. ' ' However, to our knowledge, this is the first
time that the second peak in S( T) has been observed in
YBazCu307 &. The observation of this second peak de-
pends critically on the elimination of thermal instabilities
which can cause large deviations from logarithmic decay
at higher temperatures. Almasan et al. '" found two
peaks in S( T) in the electron-doped Sm, s5Ceo»Cu04
compound, indicating that this is possibly a general be-
havior for the cuprates. The existence of two peaks sug-
gests the presence of two different pinning effects in
particular, the second peak in S could be a reAection of
the softening of the Aux lattice on approaching the melt-
ing line which has been discussed, for example, by Vi-
nokur, Feigel'man, and Geshkenbein. '

The pinning energy U was calculated from the decay
rate S using Eq. (2). For the x =0 sample, U ( 10
K) =0.056 eV, which is within the range of values (-0.02
to -0.2 eV) reported in the literature for
YBazCu307 &.

' ' For all of the Pr concentrations stud-
ied, the pinning energy was found to increase with tem-
perature, which is consistent with a distribution of pin-
ning energies or with a nonlinear dependence of U on
J. ' In order to compare the effects of Pr doping on the
pinning energy for the full range of Pr concentrations, we
calculated U from magnetic relaxation measurements
taken at different temperatures for all the x values. For
temperatures between —15 and -70 K, the pinning en-
ergy vs Pr doping shows a maximum. These results are
consistent with the increase in U(x) for x 0. 1, previ-
ously reported in Ref. 22. The concentration at which
this maximum occurs decreases with increasing tempera-
ture. The calculated value of U at 27 K is plotted vs x in
Fig. 4 and exhibits a maximum at x =0.20, which is a
factor of -2 larger than the value of the undoped sam-
ple. This temperature was chosen because it is the
highest temperature for which all samples exhibit mag-
netic relaxation.

To compare these results with the behavior of the in-
tragranular critical current density J„we calculated J,
from the measurements of Hf„at 10 K. In the case of a
cylindrical sample of radius R, with the field applied
parallel to the axis of the cylinder, the critical current de-
rived from the Bean model is given by"10(Hf„H„)—

J, = (3)

where J, is in A/cm, R is the average grain size (in cm),
and H, &

is the lower critical field (in Oe). The values of
H„(x) were calculated, following Ref. 23, from values of
the penetration depth A, (x) deduced from iMSR experi-
ments Treating the samples as dirty superconductors
[g'(x) ~ T '~

] would change the values of J,(x) by only a
few percent. The values of J, (x) calculated from Eq. (3)
are shown in the inset of Fig. 4 where J,(x)/J, (0) is plot-
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FIG. 4. Pinning energy U vs Pr concentration x for
Y, Pr„Ba~Cu307 z calculated from the magnetic relaxation
data taken at 27 K in an applied field of 5 kOe. We calculated
U by setting the hopping time ~=10 s and the error bar
rejects the uncertainty in ~. Inset: Intragranular critical
current density as a function of Pr concentration. Current den-
sities are normalized to the value for the x =0 sample. The er-
ror bars were calculated from the uncertainties in determining
R and Hf„. The solid lines in both graphs are guides to the eye.

ted vs x, with J,(0)=(2.4+0.5)X10 A/cm . Although
the maxima occur at slightly different concentrations, the
behavior of J, is qualitatively similar to the behavior of
the pinning energy. The critical current density increases
with Pr concentration up to x =0. 1 and then decreases
for x ~ 0. 1. The difference in the value of x which corre-
sponds to the peak in U(x) and J,(x) may be due to er-
rors in estimating J, (caused by uncertainties in deter-
mining R and H&„).

The effectiveness of Pr as a pinning site in
Y, Pr BazCu307 & for concentrations up to -0.2 is
presumably due to a local suppression of the supercon-
ducting order parameter in the vicinity of the Pr ions.
One mechanism for this effect could be magnetic pair
breaking via a spin-dependent exchange interaction be-
tween the superconducting holes and the paramagnetic
Pr ions. Hybridization of the Pr 4f localized states and
the CuOz valence-band states has been suggested as a
possible mechanism for filling (or localizing) holes in the
CuOz planes and generating the antiferromagnetic ex-
change interaction via the Schrieffer-Wolf transforma-
tion. '

The peaks in the pinning energy and the critical
current density could be the result of the competition be-
tween the mechanism that increases the pinning energy
and the effects that decrease it. Two possible causes of
the latter are the suppression of the superconductivity
and the decreasing distance between pinning centers.
The decrease in U follows from the fact that U is propor-
tional to gH, , which decreases with decreasing T„where
H, is the thermodynamic critical field. A decrease in U
due to the decrease in the distance between pinning
centers may occur when the distance between adjacent
pinning centers becomes smaller than the core of the Aux-
oid (-2g), so that a fiuxoid can move more easily from
one site to another. As a rough approximation, the rela-
tionship between the size of the core of the Auxoids and
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the distance between ions can be estimated by assuming
that the ions are uniformly distributed throughout the
material and by averaging the coherence lengths and lat-
tice parameters of the three different directions. This
simple calculation yields a distance between Pr ions of
-2g and, hence, the position of the peak in U(x), at a
concentration of x =0.1.

To compare the effectiveness of Pr with that of another
paramagnetic lanthanide solute an increasing pinning in
YBa2Cu307 &, we measured the magnetic relaxation of
YQ 9HoQ &Ba2Cu307 &. The Ho ion does not suppress su-
perconductivity in YBa2Cu307 & and has a magnetic mo-
ment that is three times larger than that of the Pr ion.
We found an increase in the pinning energy in the sample
doped with Ho, but only by half as much as for the corre-
sponding YQ 9PIQ &Ba2Cu307 & sample. This indicates
that the effect of the Pr ions involves more than just in-
troducing disorder into the system. It also implies that
any spin-dependent interaction between the lanthanide
solute ions and the superconducting charge carriers, and,
in turn, the Auxoids, depends on the strength of the in-
teraction rather than the magnitude of the lanthanide
magnetic moment.

In summary, we present the results of magnetic relaxa-

tion measurements on Y& Pr Ba2Cu307 & in a field of 5
kOe for 0(x (0.4 and 5 K(T(90 K. The normalized
magnetic decay rate shows two peaks as a function of
temperature for all Pr concentrations measured. The
peaks shift to lower temperatures with increasing Pr con-
centration. The existence of two peaks suggests the pres-
ence of two different pinning effects; in particular, the
second peak in S could be a reAection of the softening of
the Aux lattice on approaching the melting line. Both the
pinning energy U(x) at 27 K, calculated from the relaxa-
tion measurements, and the critical current density J,(x)
at 10 K, calculated from the Bean model, show maxima
which occur at x =0. 1 —0.2. The increase in the pinning
energy may be due to the local suppression of the super-
conducting order parameter by the Pr ions via magnetic
pair breaking. The measurements reported here show
that the addition of Pr increases the pinning energy in
YBa2Cu307 & and suggests that Pr substitution could be
used in conjunction with other methods to improve the
critical current density of this important high-T, materi-
al.
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