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Reversible magnetization of a Nd1.85Ce0.15CuO42d single crystal
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An experimental study has been conducted on the reversible magnetization of a Nd1.85Ce0.15CuO42d single
crystal at various magnetic fields applied parallel to thec axis. It was found that the data analyzed following
the Hao-Clem model exhibit an excellent fit to the theoretical curve forHc(T) derived from the BCS model
over the relatively broad temperature range from 11.25 K to 19 K~slightly below the critical temperature of 21

K!. The result of the analysis yields a constantk̄ value of 80 over the temperature range considered. Additional
parameters determined in this experiment includeHc2(0)5(9.060.8)3105 Oe, jab(0)5(19.1461.67) Å
with lab(0)5(14936131) Å in the dirty limit and Hc2(0)5(6.760.6)3105 Oe, jab(0)5(22.22
61.94) Å withlab(0)5(17336152) Å in the clean limit. It is further established from this experiment that
the Hao-Clem model is particularly suited for the study of reversible magnetization of low-Tc superconductors
with relatively subdued anisotropy such as the sample considered in this study.@S0163-1829~99!02445-5#
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The Ginzburg-Landau~G-L! parameter,k5l/j, is one of
the most important characteristics for type-II supercondu
ors both from a fundamental as well as a practical point
view. Before the advent of high-temperature copper-ox
superconductors, this parameter was commonly determ
from the magnetization dataM according to Abrikosov’s for-
mula derived from Ginzburg-Landau theory1

24pM5
Hc2~T!2H

~2k221!b
, ~1!

which is valid in the vicinity ofH5Hc2. In the case of high-
Tc copper-oxide superconductors, most of the available m
netization data are limited to the field region far belowHc2,
to which Eq.~1! is not applicable. For these high-k type-II
superconductors, the characteristic behavior of the revers
magnetization in the broad intermediate-field region,Hc1
!H!Hc2, was used to be described phenomenologically
the well-known formula derived from the London model,2

24pM5
Fo

8pl2
lnS hHc2

H D ~2!

exhibiting linear dependence ofM on ln(H). This desciption
was initially found to agree reasonably well with experime
tal results.3–6

A closer look at the formulation of Eq.~2! by Hao and
Clem7 has revealed, however, a faulty assumption in ign
ing the contribution of the core-energy term in the system
free energy density. As a result of inclusion of this addition
term, the dimensionless G-L free energy per unit volu
over a cross-sectional areaA in a plane perpendicular to th
vortices becomes8
PRB 600163-1829/99/60~22!/15384~4!/$15.00
t-
f
e
ed

g-

le

y

-

-
s
l
e

F5
1

AE d2rF1

2
~12 f 2!21

1

k
~¹ f !21 f 2S a1

1

k
¹g D 2

1b2G ,
~3!

wheref andg are the normalized magnitude and phase of
order parameterc5c0f eig, with the vector potentiala and
local magnetic flux densityb satisfying the standard rela
tions,“•a50 and b5“3a. An expression for the revers
ible magnetization is obtained by means of variational cal
lation of F using the trial function

f 5
r

~r21jn
2!1/2

f ` , ~4!

wherer is the radial coordinate measured from the vort
axis, whilejn and f ` are the variational parameters, repr
senting, respectively, the effective core radius of the vor
and the depression of the order parameter due to overla
the vortices. For the isotropic case, the dimensionless rev
ible magnetization derived by this method from Eq.~3! is
given by8

24pM5
k f `

2 jn
2

2 F12 f `
2

2
lnS 2

Bkjn
2

11D 2
12 f `

2

21Bkjn
2

1
f `

2

~21Bkjn
2!2G1

f `
2 ~213Bkjn

2!

2k~21Bkjn
2!3

1
f `

2kjK1~ f `jn! FK0@jn~ f `
2 12Bk!1/2#

2
BkjnK1@jn~ f `

2 12Bk!1/2#

~ f `
2 12Bk!1/2 G , ~5!
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whereKn(x) is a modified Bessel function ofnth order. The
magnetizationM and the magnetic flux densityB are related
to the thermodynamic magnetic fieldH by the equationB
5H14pM . Confining ourselves to high-k cases (k.10),
one has

f `
2 512FB

k G4

, ~6!

F jn

jn0
G2

5F122S 12
B

k D 2 B

k GF11S B

k D 4G , ~7!

with jn05A2/k.
It was shown in the same reference that the main feat

of the Abrikosov result can be recovered by this formulat
at high field. It was further suggested that an extension
this formula to the anisotropic case can be readily achie
by the introduction of an effective mass tensor or through
simple replacement ofk in Eqs.~5!–~7! by its average value
k̄. This model has been applied successfully to the anal
of reversible magnetization data of a YBa2Cu3O7 single
crystal,8 c-axis-oriented bulk Bi2Sr2Ca2Cu3O8,9 c-axis-
oriented bulk YBa2Cu4O8,10 polycrystalline bulk sample o
HgBa2Ca2Cu3O82x,

11 and polycrystalline bulk sample o
Hg0.8Pb0.2Ba1.5Sr2Cu3O82x.

12 Instead of its application to
high-Tc superconductors, we present in this paper the re
of applying this model to the analysis of reversible magn
zation data of a low-Tc Nd1.85Ce0.15CuO42d single crystal
and the determination of its G-L parameter,k, as well as the
other thermodynamic parameters.

The high-quality single crystal of Nd1.85Ce0.15CuO42d
studied in this experiment was grown by the traveling s
vent floating zone technique using a four-mirror furnace
reported in a previous paper.15 As described there, the as
reduced crystal is superconducting atTc;21 K, with a tran-
sition width ofDTc<1 K as determined from its dc susce
tibility curve measured by a commercial Quantum Des
MPMS-5 magnetometer in a magnetic field of 10 Oe appl
parallel to thec axis. The temperature dependence of
magnetization was also measured by the same magnetom
in various magnetic fields ranging between 2500 and 11
Oe. The results of these measurements, after substractio
paramagnetic background, are presented in Fig. 1. We
emphatically that theseM (T) curves do not exhibit cross
over behavior typical for high-Tc copper-oxide supercon
ductors as well as that revealed in the low-Tc
Sm1.85Ce0.15CuO42d ~SCCO! ~Ref. 13! and
Pr1.85Ce0.15CuO42d ~PCCO!.14 The absence of therma
fluctuation induced characteristics is apparently related
both the much lowerTc and relatively moderate anisotrop
of NCCO compared to other systems mentioned above.
further noted that each of the magnetization curves in Fig
displays perceptible changes of slope over the entire rang
measurement. Consequently, the data must be carefully
sen for their analysis on the basis of the theoretical desc
tion given by Eq.~5!. In this case, we restrict ourM -T data
at each field only to those lying in a linear region~satisfying
a linear fitting criterion ofR250.99) closest toTc . These
data turn out to be in the temperature range 11.25<T
<19 K as shown in Fig. 2, and fall into the region of th
liquid state in theH-T phase diagram presented in Ref. 1
es
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The ensuing analysis of these data follows the method
procedure described in Ref. 8. According to this method,
magnetic dataM and H at eachT should be scaled by
A2Hc(T) to yield the normalized dataM 85M /A2Hc(T)
and H85H/A2Hc(T) ~ignoring demagnetization effect!
prior to their analysis. To this end, the data at eachT in the
range considered (11.25<T<19 K) were sampled in the
form of 24pMi /Hi ratios for i 51,2, . . . , sothat one ob-
tains the required scaled data given by24pMi8/Hi8
524pMi /Hi . For each of these data corresponding to
certain i, Eq. ~5! combined with the relationHi8524pMi8

1Bi8 and an assumed value ofk̄ will lead to an equation tha
can be solved for the correspondingBi8 . From the values of
Bi8 we further computed the corresponding values ofMi8 and
subsequently the value ofHci for the particular temperature
T considered. The value ofHci generally varies over the
whole set of data points (i 51,2, . . . ).However, a system-
atic search has been carried out for the determination ofk̄
value, which produces the set ofHci values with minimum

FIG. 1. Temperature dependence of the magnetization in var
applied fields between 2500 and 11 250 Oe parallel to thec axis.

FIG. 2. A close-up view of temperature-dependent magnet
tion close toTc extracted from Fig. 1 for various fields. The sol
lines are linear fits to the data, which will be used for further ana
sis.
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deviation. This procedure is then repeated for eachT in the
temperature range considered, yielding the correspon
values ofM 8, H8, and k̄. The result of this analysis is de
picted by the24pM 8 vs H8 curve in Fig. 3 and thek̄ vs T
curve in its inset. It is clear that all the calculate
(24pM 8,H8) data are nicely represented by the theoreti
curve in the entire temperature range mentioned above
agreement with the result reported in Refs. 8–12. It is in
esting to point out, however, thatk̄ in the inset remains
practically constant over the temperature range conside
in marked contrast to results reported in Refs. 9 and
where the drastic departure from mean-field behavior at t
peratures close toTc was observed and attributed to therm
fluctuation and low dimensionality effects not accounted
by the model proposed in Ref. 8. Being a low-Tc material
and having a relatively moderate anisotropy, our sample
pears to be particularly suited for the application of th
mean-field model.

The result of the fitting described above gives us both
value of k̄ and the temperature-dependent functionHc(T)
and henceHc25k̄A2Hc(T). As a further test of our result
the values computed forHc at eachT are plotted with respec
to T together with the corresponding standard deviations
Fig. 4. The theoretical curve deduced from the BCS mo
for Hc(T) is given by16

Hc~T!

Hco
51.7367S 12

T

Tc
D F120.2730S 12

T

Tc
D

20.0949S 12
T

Tc
D 2G ~8!

and is also plotted in the same figure for comparison. T
excellent fit of the calculated data with the theoretical cu
shown in the figure is obtained forHco5(4.8060.5)3103

Oe andTc520.661.8 K, which practically matches theTc
value of 21 K determined separately by dc low-field susc
tibility measurement. These near perfect fits in the relativ
wide field and temperature ranges in Fig. 3 and Fig. 4 a

FIG. 3. Scaling of magnetization and applied field with resp
to A2 Hc(T), with the solid curve representing the Hao-Cle

model fit for k̄580 for the temperature range from 11.25 to 19
The error bars on the curve in the inset indicate the standard de

tions of the corresponding average values ofk̄.
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attest to the appropriateness of our criterion in the choice
data to be analyzed in addition to the validity of the mod
adopted for the analysis.

The estimation of the coherence length in theab plane,
jab , at zero temperature can be made, assuming isotrop
the plane on the basis of relation,Hc2ic(0)5f0/2pjab

2 (0),
while Hc2(0) is determined according to the expression17

Hc2~0!50.5758Fk1~0!

k GTcFdHc2

dT G
Tc

, ~9!

where k1(0)/k51.20 in the dirty limit,18 and k1(0)/k
51.26 in the clean limit.19 The slopedHc2 /dT can be ob-
tained from Fig. 4 with the help of the relationHc2(T)
.kA2Hc(T). The value of this slope atTc is (24.50
60.5)3104 Oe/K. Substituting these values into Eq.~9!
yields estimates for the coherence length and the penetra
depth, namely,jab(0)5(19.1461.67) Å, lab(0)5(1493
6131) Å in the dirty limit and jab(0)5(22.22
61.94) Å, lab(0)5(17336152) Å in the clean limits. It
is noteworthy that the values obtained in this study are c
siderably larger than the values oflab(0).1000 Å deter-
mined by other methods.20,21 This discrepancy should be
subject of further investigation.

In summary, we have measured the temperatu
dependent reversible magnetization of a Nd1.85Ce0.15CuO42d
single crystal in various magnetic fields applied parallel
the c axis. The application of the Hao-Clem model to th
analysis of these data has shown a consistent fit within
model as well as an excellent fit with the theoretical BC
curve forHc(T). The result of this analysis yields a consta
k̄ value of 80 over the temperature range from 11.25 to 19
and a slope of (24.5060.5)3104 Oe/K for dHc2 /dT at
Tc , leading to the values ofHc2(0)5(9.060.8)3105 Oe,
jab(0)5(19.1461.67) Å, lab(0)5(14936131) Å for the
dirty limit, and Hc2(0)5(6.760.6)3105 Oe, jab(0)
5(22.2261.94) Å, lab(0)5(17336152) Å for the clean
limit. We further conclude that the near perfect theoreti
description as demonstrated in our case, in contrast to pr

t

ia-

FIG. 4. Temperature dependence ofHc(T) obtained from the
result of fitting, and the solid curve represents the theoretical B
fit with the model forTc520.6 K. Error bars on the curve indicat
the standard deviates of the corresponding average values ofHc(T).
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ous cases involving high-Tc samples, together with the ab
sence of thermal-fluctuation effects as evidenced by the
sence of a crossover in ourM -T curves, should clearly
suggest the particular applicability of the Hao-Clem mode
low-Tc and moderately anisotropic copper-oxide superc
ductors such as the one studied in this paper. It would
interesting to see if the same quality of fitting could be
tained from the data of SCCO and PCCO reported in R
an
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13 and 14, where an unexpected high degree of anisotrop
suggested for the sample.
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