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in the irreversibility line of the Y ;_,Pr,Ba,Cu;0,_; (0=x=<0.59 system

C. C. Almasati and M. B. Maple
Department of Physics and Institute for Pure and Applied Physical Sciences, University of California,
San Diego, La Jolla, California 92093
(Received 19 December 1994

It is shown that the temperature dependence of the irreversibilityBif¥e") of the Y;_,PrBa,Cu;Og.97
(0=x=0.55 system, inferred from magnetoresistance measurements, can be described by a Lindemann-type
model of a vortex-solid—vortex-fluid phase transition triggered by vortex fluctuations. In this model, the
previously observed transition B(T*) from a power-law temperature dependence fieato a more rapid
dependence beloW* /T.~0.6 can be accounted for in terms of a crossover from three-dimeng@Dato
two-dimensional2D) vortex fluctuations. For different values, a lower limit for the anisotropy ratipand an
upper limit for the crossover magnetic inducti@), above which 2D vortex fluctuations dominate were
determined.

The presence of a boundaH/(T*) in the applied mag- type melting criterion yields quantitative expressions for
netic fieldH temperaturdl’ plane of the high transition tem- B(T*) in the two regimes which reproduce the experimental
peratureT, oxide superconductors which delineates the sudata very well. We obtained reasonable values of the anisot-
perconducting region in which the critical current densityropy ratio y for different Pr concentrations by fitting the
J:(H,T)#0 and the magnetizatioM(H,T) exhibits irre- experimental data to a Lindemann-type 2D melting line; as
versible behavior was observed in polycrystalline expected,y increases with increasing
La,_,Sr,CuQ,, s* Since then, there has been an ongoing The present analysis was based on magnetoresistance
debate about whether the irreversibility lit§(T*) repre- R(B,T) data taken on polycrystalline ;Y ,Pr,Ba,Cu;Og o7
sents a crossover from flux creep to flux ffoor is caused (0<x=<0.55 samples, reported in Ref. 19. Due to the large
by glassy vortex kinetics’ or vortex lattice meltind~**An  anisotropy of the material, the onset of dissipatiofR{B, T)
interesting development in the study of the irreversibility lineis determined by the grains which have theiaxes parallel
is the observation in a large number of cuprate materialso the applied magnetic fieldl, while the grains with their
(both polycrystalline and single-crystal sample§ a transi-  ab planes parallel t¢1 are still superconducting and, hence,
tion from an approximate (& T*/TC)3’2 temperature depen- do not contribute tdR(B,T). As described in Ref. 19, the
dence nearT, to a more rapid dependence at lower curves in theB-T plane for several other systems inferred
temperature’?~'® Recently, it was shown that the from the magnetoresistance and the real component of the ac
H(T*) curves of Y,_,PrBaCuOsy; (0=x<0.55, magnetic susceptibility have the same temperature depen-
Smy L& 15CUG,_y,  YBa,CWO,, Bi,Sr,CaCuyOg, 5 dence(with slightly different magnetic field scaless the
Bi,Sr,CuQ,, and ThBa,CuQ; appear to obey a universal true irreversibility line determined from measurements of the
scaling relation characterized by am=3/2 power law near dc magnetization; it is in this sense that we derB(d™*)

T., with a change to a more rapid temperature dependencxtracted fronR(B,T) data as the “irreversibility line.” This
below T*/T,~0.61%2° Schilling et al?! observed that the approach is justifiable since the main focus in this work is on
magnetic inductionB(T*), measured withHllc on single thetemperature dependenocéB(T*) and the uncertainty in
crystals of BySr,CaCyOg, changes from a parabolic tem- the scale oH only introduces a small error in the value gf
perature dependencB=B,(1—T*/T.)?, nearT, to an ex- as discussed later. In particular, we were not able to extract
ponential dependencdB~exp(constT*), at largerB and the irreversibility line from dc magnetization measurements.
T*/T,<0.6. They argued that the two regimes reflect aFor x=0.3, the determination d8(T*) from magnetization
crossover at an inductiorB,, from essentially three- measurements can only be made in low fie{Bs<0.8 T)
dimensional(3D) vortex fluctuations neaf. to quasi-two-  since the Pr ions carry localized magnetic moments and the
dimensional(2D) vortex fluctuations at lower temperatures resultant strong paramagnetism at higher fields dominates the
and higher fields. diamagnetic superconducting response, making it difficult to

In this paper, we apply the analysis proposed by Schillingextract the small diamagnetic signal from the large paramag-
etal. to the magnetoresistance data for thenetic background.

Y, _4PrBa,Cu0g o7 (0=<x=<0.55 system® and show that, Feigel'man, Geshkenbein, and Larkirand Glazman and
even for this system which has a lower anisotropy ratio tharKoshele¥* predicted the existence of a crossover from 3D to
Bi,Sr,CaCyOg, B(T*) is consistent with a vortex-solid— 2D vortex fluctuations at a magnetic fieBi,~4¢y/s>v?,
vortex-fluid phase transition triggered by vortex fluctuations,where ¢, is the magnetic-flux quantuns is the distance
and that the departure &(T*) from the power-law tem- between two superconducting layers, ape\ /), is the
perature dependence fa/T.<0.6 can be explained by a anisotropy ratio, with\,, and A, the magnetic penetration
crossover from 3D to 2D vortex fluctuations. A Lindemann- depths. FoB> B, and moderate anisotrop¥ (,<y<<\ap),
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e AR AR ibility line from the magnetoresistance data corresponding to
; i ] different voltage criteria. This indicates that the crossover in
[ 20 vortex fiquid

101 & 20ose 4 the irreversibility line is not due to changes in dynamics.
F T e Also, the magnetoresistance measurements were performed
Z100 L — 3D o at very low dissipation leveld ~2 uA) where the system is
3 f SO presumably in equilibrium and, hence, any changes in the
107 F ol |-V curves would be due the a phase transition and not due

to dynamical effects.
In Fig. 1, the dashed line represents a fit of &t}.to the
S S data at low temperatures and high fields, while the solid line
0 0.2 0.4 06 08 1 is a power-law fit of the data to E¢5) with m=1.45 in the
/T, vicinity of T,. Recently, Blatter and IvIév have shown that
by including the quantum fluctuations along with thermal
FIG. 1. B/B'(x) vs T/T, for Y;_,PrBaCus0;_5 on a loga-  fluctuations in(u?) [Eq. (3)], the shape of the melting line
rithmic field scale. The solid line corresponds to a fit according tocan be approximated by a power law with an exponent
Eqg. (4). The dashed line is a power-law fit to H§) with m=1.45. m=1.45 instead ofn=2. Hence, the fact that the best fit of
) ) the data to Eq(5) is obtained form=1.45, rather tham=2
2D vortex fluctuations are expected "‘Z"th ‘& mean-squareghy thermal fluctuations alone, could indicate that the quan-
thermal vortex fluctuation displacemefut®)y, in Josephson-  m fluctuations are important in the, Y, Pr.Ba,CtOg o7

coupled layers given 5§ system. On the other hand, in the Bi- and Tl-based com-

10 E Yi.PrBa,Cuz0g4;

2 2 pounds, the thermal fluctuations are enhanced due to the
87\ keT (BS%y _ _ : :
(ud = B , (1)  weak interlayer coupling, while the quantum fluctuations re-
boS bo main essentially unchangédhence, the quantum correction

wherekg is the Boltzmann constant, while, f@<B, 3D is less important and the data for these materials are better
vortex fluctuations are expected with described by a power law with exponant=2.

The scaling behavior of B(T*) in the
Y1 _,Pr,BaCuOg g7 System for various values of allowed
us to determine the anisotropy ratieeven for those values
for which the lowT (T*/T.<0.2) and highB regime is not
eexperimentally accessible; we assumed that, if high enough
fields would be experimentally attainable, all of the data

) ) A 1/2
(UDn=47 YN KeT| 53] - (2
Boo

The phenomenological Lindemann melting critefibpre-
dicts a melting transition when the displacement amplitud
grows to a substantial fraction of the lattice constfifor a

vortex Iatticea~(¢0/B)1’2] e (even the data at low-values would follow the same be-
havior in the lowT and highB regime. Hence, we deter-
(u?)=cfa’~cf ¢, /B, (3)  mined y from the prefactor to the exponential functipg.

(4)] by fitting it with all of the experimental data available in

where ¢, is the Lindemann number. This criterion is as- this region, for differentx values. Assuming that the two

sumed to provide a quantitative description of the eXperi,yiacent Cuo planes are stronalvy counled so thev can be
mentally observed(T*) boundary in the magnetic phase l op gy D y

. S . X > treated as a single superconducting l&yeand that the oc-
diagram which is considered as a vortex lattice meltinge;rence of induced superconductivity on the chains results
line. ™ . 2 . . in an enhanced coupling between the Guitanes, the dis-

By assuming thafu’),, dominates possible quantum fluc- yonce—4 5 A between the weakly coupled Cy@nd chain
tuations, i.e.{u?)~(u®);,, we determined the melting line layers was chosen to be the relevant distéidven though
via the Lindemann criterion and compared this result with

) d h f . . the fitting of the data to Eq4) was done over a rather small
our B(T*) data. For the 2D vortex fluctuation region range of fields and temperatures, we obtained reasonable val-
B(T*) & p( pacts

ues for y which, as expected, increase with increasing Pr
= ex > *), (4)  concentration. The values offor different Pr concentrations
B'(x) s%yB(X) 8mAan(0)ksT are given in Table I. The very good agreement between the
whereh ,p(T)~\,,(0) at low temperatures, while for the 3D rréversibility line and the melting line, obtained by applying
vortex fluctuation region a Lmdgmann criterion, as well as the rea;sonable v_alues of
the anisotropy for different Pr concentrations obtained by
B(T*) ac! (1 T*)m © applying this analysis indicate that a Lindemann criterion is

applicable in this caséeven though it does not take the dy-

i - N 2t 2 T
BIO) 16w 2 ap(0) "B (x) (ks Te) Te namic nature of the measurements into accoantl that the
with m=2. presence of the melting transition reveals its signature in dy-
Plotted in Fig. 1 on a logarithmic field scaleB$B'(x) vs ~ namics.
T*/T, for the Y, _Pr,Ba,Cu;O o, System, wherd'(x) is a We overestimated the value ot (B) by defining it as the

scaling induction defined to be the value BfT*) at temperature corresponding to a 90% drofRiiB,T) instead
T*/T.=0.6, andT*(B) was taken to be the temperature atof defining it as the irreversibility temperature which lies at
which R(B,T) drops to 90% of its extrapolated normal-state lower T, in the flux-creep regime. As a result, this analysis
value. We obtained similar results by extracting the irreversgives an upper limit foB'(x) andB,, (given in Table ) and
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TABLE |. Superconducting transition temperatufe, magnetic penetration depth (from Ref. 28,
scaling inductionB(x), anisotropy ratioy, crossover inductiom,,, and Lindemann numbers® and c:P
determined from the Eq$4) and(5), respectively, for Y_,Pr,Ba,Cu;Og o7 With various values ok between
0 and 0.53. The uncertainty iBT(x) is the standard deviation of the data from fits to
B(T*)=Bo(1—T*/T)**®

X T, (K) X (nm) BY(x) (T) y Ber (T) cP ctP

0 91.9 143 66.2815 7.4 745 0.091 0.18
0.1 88.5 172 51.7813 8.4 579 0.11 0.22
0.2 73.3 193 17.687.0 14.3 200 0.11 0.22
0.3 62.5 219 13.484.0 16.4 152 0.11 0.23
0.4 45.3 293 8.40.5 20.8 94.4 0.13 0.26
0.5 31.1 2.7 36.6 30.5

0.55 22.1 0.1 190.3 1.13

0.53 12.7 0.5 85.1 5.64

a lower limit for y. However, as reported earlitthe tem-  Y;_,PrBa,Cu;Ogq; (0=<x<0.55 system, inferred from
perature dependence B{ T*) does not depend on choice of magnetoresistance measurements, can be described by a
T*. Lindemann-type model of a vortex-solid—vortex-fluid phase
Also given in Table | are the values of the Lindemanntransition triggered by vortex fluctuations. In this model, the
numbersc® and ci® determined by fitting the data to Egs. previously observed transition iB(T*) from a power-law
(4) and (5), respectively. For lowk, the values forc?® are  temperature dependence ndarto a more rapid dependence
somewhat smaller than the expected lower limit,below T*/T.~0.6 can be accounted for in terms of a cross-
0.1=<c,_<0.3?° However, Brandt has offered several reasonsover from 3D to 2D vortex fluctuations. For different Pr
for why the Lindemann number might be lower than concentrations, we determined a lower limit for the values of
¢, =0.1? Also the values ofc?® determined by fitting the the anisotropy ratioy and an upper limit for the crossover
dgga in the high-field regime, are smaller than the values oOfnduction B,,, above which 2D vortex fluctuations are ex-
¢, extracted from the data in the low-field regime; the pected to occur, by fitting the experimental data to &.
same tendency was obtained by Schillirgtal. for  The field dependence of the Lindemann numbef’s and
Bi,Sr,CaCyOg.'® Both results disagree with the prediction ¢3° getermined by fitting the data to Edg) and(5), respec-
by Ryu et al** who, by applying Monte Carlo calculations, tively, disagree with the prediction by Ryet al? that c,
obtained a Lindemann number which decreases with dejecreases with decreasing field.
creasing field.
In summary, we have shown that the temperature depen- This research was supported by the U.S. Department of
dence of the irreversibility line B(T*) of the Energy under Grant No. DE-FG03-86ER-45230.
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