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Reversible magnetization of a Nd gCe, 1:CuQ,_ 5 single crystal
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An experimental study has been conducted on the reversible magnetization 9£8/d-Cu0,_ s single
crystal at various magnetic fields applied parallel to ¢hexis. It was found that the data analyzed following
the Hao-Clem model exhibit an excellent fit to the theoretical curveHigiT) derived from the BCS model
over the relatively broad temperature range from 11.25 K to 18lightly below the critical temperature of 21
K). The result of the analysis yields a constantalue of 80 over the temperature range considered. Additional
parameters determined in this experiment inclétig(0)=(9.0+0.8)x10° Oe, £,,(0)=(19.14+1.67) A
with A,p(0)=(1493+131) A in the dirty limit and H,(0)=(6.7+0.6)X10° Oe, &,,(0)=(22.22
+1.94) A withh,,(0)=(1733+-152) A inthe clean limit. It is further established from this experiment that
the Hao-Clem model is particularly suited for the study of reversible magnetization of J@uperconductors
with relatively subdued anisotropy such as the sample considered in this gB0dy3-182609)02445-5

The Ginzburg-Landa(G-L) parameterx=\/¢, is one of 1 1 1 1 2
. .. 2 2\2 2 2 2
the most important characteristics for type-Il superconduct-F =+ [ d°p| 5 (1—1) +;(Vf) +f4 at+ ;VV +b%,
ors both from a fundamental as well as a practical point of @)

view. Before the advent of high-temperature copper-oxide
superconductors, this parameter was commonly determineaheref andy are the normalized magnitude and phase of the
from the magnetization datd according to Abrikosov’s for- order parameteg= iyfe'”, with the vector potentiah and
mula derived from Ginzburg-Landau thebry local magnetic flux density satisfying the standard rela-
tions, V-a=0 and b=V Xa. An expression for the revers-
Ho,(T)—H ible magnetization is obtained by means of variational calcu-
—4gM=—2— (1) lation of F using the trial function
(2k2-1)p
p

f:(p2+§2)1/2f°°’ )

which is valid in the vicinity ofH=H,,. In the case of high-

T, copper-oxide superconductors, most of the available mag-
netization data are limited to the field region far belb\,,  wherep is the radial coordinate measured from the vortex
to which Eq.(1) is not applicable. For these hightype-ll  axis, while ¢, and f.. are the variational parameters, repre-
superconductors, the characteristic behavior of the reversiblsenting, respectively, the effective core radius of the vortex
magnetization in the broad intermediate-field regiéty;  and the depression of the order parameter due to overlap of
<H<H,,, was used to be described phenomenologically bythe vortices. For the isotropic case, the dimensionless revers-
the well-known formula derived from the London model, ible magnetization derived by this method from E@) is

given by
) H
—47M=—> In( U °2> () kf22[1-¢2 [ 2 1-f2
gma? \ H —47M = In S+l - 5
2 2 Bké2 2+Bké&?
exhibiting linear dependence &f on In(H). This desciption £2 £2 2
I X : o 2(2+3Bké&s)
was initially found to agree reasonably well with experimen- + v
tal results>~® (2+BkéH?| 2k(2+Bké2)®
A closer look at the formulation of Eq2) by Hao and
Clem’ has revealed, however, a faulty assumption in ignor- o (2 1
ing the contribution of the core-energy term in the system’s + 2kéEK(FLE,) Kol £,(f%+2Bx)™]
free energy density. As a result of inclusion of this additional
term, the dimensionless G-L free energy per unit volume Bké, K[ £,(f2+2Bk)Y?]
over a cross-sectional ardain a plane perpendicular to the - > " , 5)
vortices becomds (f2+2Bk)
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whereK,,(x) is a modified Bessel function aith order. The fr v ' & ey e g
magnetizatiorM and the magnetic flux densi& are related ol ]
to the thermodynamic magnetic field by the equatiorB [
=H+47M. Confining ourselves to high-cases k>10), [
one has o SF : b
A 0Lt o W
B4 g o o A 2500 Oe
2 _ — [ A . m 3000 Oe ]
fe=1=—1, (6) == -6 A:,’-“ & 37500
= [ +°% + 5000 Oe
[ A
&, B\?B B\* 5 9' % i 32(5)88: §
Eol = 1-2|1——| —||1+|=] |, (7) [ = - 8750 0e
0 K| K K : }' | 10000 Oe
with ¢ o:\/E/K -12_- M x 11250 Oe E
It was shown in the same reference that the main features N I SR S
of the Abrikosov result can be recovered by this formulation 5 10 15 20 25
at high field. It was further suggested that an extension of T (K)

this formula to the anisotropic case can be readily achieved

by the introduction of an effective mass tensor or through the FIG. 1. Temperature dependence of the magnetization in various
simple replacement of in Egs.(5)—(7) by its average value applied fields between 2500 and 11 250 Oe parallel tecthris.

k. This model has been applied successfully to the analysis ) .

of reversible magnetization data of a Y&,O, single The ensuing a_naly_S|s of these data follows the method and
crystal® c-axis-oriented bulk BiSr,CaCu;0g,° c-axis- procedqre described in Ref. 8. According to this method, the
oriented bulk YBaCu,Og,1° polycrystalline bulk sample of Magnetic dataM and H at eachT should be scaled by
HgBa,Ca,C:0s ' and polycrystaliine bulk sample of V2H(T) to yield the normalized datél’=M/2H(T)

Hgo dPhy 2Bay £SKLCU0; .12 Instead of its application to and H'=H/\2H(T) (ignoring demagnetization effect
h|gh_TC superconductorsy we present in this paper the resuﬁ)rior to their analySiS. To this end, the data at e@dh the

of applying this model to the analysis of reversible magnetifange considered (11.257<19 K) were sampled in the

zation data of a lowF, Nd; g£Ce, ,;:CuQ,_ s single crystal fqrm of —477Mi_/Hi ratios fori=1,2, e sothat one ob-
and the determination of its G-L parameter,as well as the tains the required scaled data given by4wM//H{
other thermodynamic parameters. =—4xM;/H;. For each of these data corresponding to a

The high-quality single crystal of NgCe,;«CuQ,_5;  certaini, Eq. (5) combined with the relatiom = —4=M/
studied in this experiment was grown by the traveling sol-+ B/ and an assumed value efwill lead to an equation that
vent roat!ng zone 'technlque using a fqur-mwror furnace agan pe solved for the correspondiBg . From the values of
reported in a previous pap%ﬁ’As described there, the as- g/ \ye fyrther computed the corresponding values/dfand
rgduceq crystal is superconduct|ngT@t~21 K, .W'th atran- subsequently the value &f;; for the particular temperature
sition width of AT,=<1 K as determined from its dc suscep- + ~nsidered. The value gfi .. generally varies over the
tibility curve measured by a commercial Quantum Desig hole set of data pointsi (:1%' ).However, a system-

MPMS-5 magnetometer in a magnetic field of 10 Oe applied . . L=
parallel to thec axis. The temperature dependence of theat'c search has been carried out for the determinationof a

magnetization was also measured by the same magnetomet@Ue; Which produces the set bif;; values with minimum
in various magnetic fields ranging between 2500 and 11 250

Oe. The results of these measurements, after substraction of ~ €° REDEARRRE AEREAEERERAERAISE
paramagnetic background, are presented in Fig. 1. We note L. T e
emphatically that thes#(T) curves do not exhibit cross- I v 4 ° =» A 3750 0e
over behavior typical for higfi-, copper-oxide supercon- 40'_ . 4 ‘,_:__ v 500086 ]
ductors as well as that revealed in the I|®w- —~ } \ Aax,, Seqn N 3228 Oz
Smy eCey 1 CUO, 5 (SCCO  (Ref. 13  and A 0 T §750 06
PreCe1CUO; 5 (PCCO.M The absence of thermal- = [ *, . e Tv “alegm X 1000000
fluctuation induced characteristics is apparently related to ®20} Mrreey, te vy talela 1120 e
both the much lowefl; and relatively moderate anisotropy Yot i ++++;\\\'V.A‘*I=:.

of NCCO compared to other systems mentioned above. It is R S MRS Mg f"!g
further noted that each of the magnetization curves in Fig. 1 T _—F——'“—ffffzf**;;;;;¥::gg
displays perceptible changes of slope over the entire range of 0f TORERRRRR | -
measurement. Consequently, the data must be carefully cho- [ . . . . . .

sen for their analysis on the basis of the theoretical descrip- 10 12 14 16 18 20
tion given by Eq.(5). In this case, we restrict oM -T data
at each field only to those lying in a linear regisatisfying
a linear fitting criterion ofR*=0.99) closest toT.. These FIG. 2. A close-up view of temperature-dependent magnetiza-
data turn out to be in the temperature range 1%£7P5 tion close toT, extracted from Fig. 1 for various fields. The solid
<19 K as shown in Fig. 2, and fall into the region of the lines are linear fits to the data, which will be used for further analy-
liquid state in theH-T phase diagram presented in Ref. 15. sis.
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FIG. 3. Scaling of magnetization and applied field with respect
to v2 H(T), with the solid curve representing the Hao-Clem

model fit for x =80 for the temperature range from 11.25 to 19 K.
The error bars on the curve in the inset indicate the standard dev

tions of the corresponding average valuescof

FIG. 4. Temperature dependence lf(T) obtained from the
result of fitting, and the solid curve represents the theoretical BCS
ifi_t with the model forT;=20.6 K. Error bars on the curve indicate
fhe standard deviates of the corresponding average valuég 0j.

attest to the appropriateness of our criterion in the choice of
data to be analyzed in addition to the validity of the model
— ] T gdopted for the analysis.

values ofM’, H', and«. The result of this analysis is de-  The estimation of the coherence length in tie plane,
picted by the—47M’ vs H' curve in Fig. 3 and the vs T ¢, at zero temperature can be made, assuming isotropy in
curve in its inset. It is clear that all the calculated the plane on the basis of relatiod ¢y c(0)= ¢O/2ﬁ§§b(o),

(—4mM',H") data are nicely represented by the theoreticalyhile H,,(0) is determined according to the expression
curve in the entire temperature range mentioned above, in

deviation. This procedure is then repeated for each the
temperature range considered, yielding the correspondin

agreement with the result reported in Refs. 8-12. It is inter- (0)]_ [dH

ul _ K1 c2
esting to point out, however, that in the inset remains H2(0)=0.575 Tk Te a7 | (€)
practically constant over the temperature range considered, T

in marked contrast to results reported in Refs. 9 and 1 _ . . T
where the drastic departure from mean-field behavior at ter721\7-\’here «1(0)/x=1.20 in the dirty limit," and x,(0)/«

. =1.26 in the clean limit? The slopedH,,/dT can be ob-
flactuation andt lows cimensionality effects not accounted o{@Ned oM Fig. 4 with the help of the relatioHe(T)
y ~k\2H(T). The value of this slope af, is (—4.50

by the model proposed in Ref. 8. Being a Idw-material o .
and having a relatively moderate anisotropy, our sample ap}L 0.5)x10° Oe/K. Substituting these values into E)

ears to be particularly suited for the application of thisyields estimates for the coherence length and the penetration
e fiold modal oY PP depth, namely,£.,(0)=(19.14-1.67) A, \,,(0)=(1493

The result of the fitting described above gives us both the- 131) A in the dirty limit and £,(0)=(22.22

i +1.94) A \,p(0)=(1733-152) A in the clean limits. It
value of x and the temperature-dependent functif(T) s noteworthy that the values obtained in this study are con-

and henceH ;= k\2H (T). As a further test of our result, siderably larger than the values Bf,(0)=1000 A deter-

the values computed fait . at eachT are plotted with respect mined by other method®:?* This discrepancy should be a
to T together with the corresponding standard deviations isubject of further investigation.

Fig. 4. The theoretical curve deduced from the BCS model |n summary, we have measured the temperature-

for He(T) is given by® dependent reversible magnetization of a he, ;:CuUO,_ 5
H(T) T T single crystal in various magnetic fields applied parallel to
c =1.736< 1— _){1_0_2734 1— _) the ¢ axis. The application of the Hao-Clem model to the
co c c analysis of these data has shown a consistent fit within the
T\2 model as well as an excellent fit with the theoretical BCS
—0.094< 1— T_) } (8) curve forH.(T). The result of this analysis yields a constant
Cc

« value of 80 over the temperature range from 11.25 to 19 K,
and is also plotted in the same figure for comparison. Theind a slope of £ 4.50+0.5)x10* Oe/K for dH.,/dT at
excellent fit of the calculated data with the theoretical curveT., leading to the values dfi.,(0)=(9.0=0.8)xX10° Oe,
shown in the figure is obtained fdf.,=(4.80+0.5)x10°  &.,(0)=(19.14-1.67) A \,,(0)=(1493+131) A for the

Oe andT,.=20.6+1.8 K, which practically matches the,  dirty limit, and H,(0)=(6.7+0.6)x10° Oe, &,,(0)
value of 21 K determined separately by dc low-field suscep=(22.22+1.94) A, \,,(0)=(1733£152) A for the clean
tibility measurement. These near perfect fits in the relativelfimit. We further conclude that the near perfect theoretical
wide field and temperature ranges in Fig. 3 and Fig. 4 alsaescription as demonstrated in our case, in contrast to previ-
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ous cases involving higii, samples, together with the ab- 13 and 14, where an unexpected high degree of anisotropy is
sence of thermal-fluctuation effects as evidenced by the alsuggested for the sample.

sence of a crossover in ow-T curves, should clearly

suggest the particular applicability of the Hao-Clem model to We thank P. H. Kes for reading the manuscript as well as
low-T. and moderately anisotropic copper-oxide superconfor comments and suggestions. This work was supported by
ductors such as the one studied in this paper. It would béhe Van der Waals—Zeeman Institute through KNAW under
interesting to see if the same quality of fitting could be at-Project No. 95-BTM-33 and Jurusan Fisika ITB through
tained from the data of SCCO and PCCO reported in RefsRUT project under Contract No. 207/SP/RUT/BPPT/97.
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