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Temperature dependence of the upper critical field of type-Il superconductors from isothermal
magnetization data: Application to high-temperature superconductors
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Using the Ginzburg-Landau theory in very general terms, we develop a simple scaling procedure which
allows to establish the temperature dependence of the upper criticaHfigldnd the value of the supercon-
ducting critical temperatur@, of type-ll superconductors from measurements of the reversible isothermal
magnetization. An analysis of existing experimental data shows that the normalized dependehiciesrof
T/T, are practically identical for all families of highz superconductors at all temperatures for which the
magnetization data are available.
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[. INTRODUCTION approach is again not very reliable. First of all, solving the
GL equations in two dimensions for magnetic fields well
Establishing the upper critical field., and its tempera- belowH_, represents a formidable mathematical task. To our
ture dependence from experimental data is not a simple tashowledge, there is only one study in which this problem has
for high-T. superconductor6HTSC's). The main problem is  been solved numerically for the Abrikosov vortex lattice for
that the transition to the superconducting state, probed by selected set of values of the GL paramat€rHowever, as
either measuring the magnetizatidf(T) of the sample or  far as we are aware, nobody has tried to use the results of
its resistanceR(T), does not reveal any sharp features inRef. 9 for the interpretation of experimental data. More of-
M(T) or R(T) aroundHc,. The notorious widths of the ten approximate models for the space dependence of the
transitions are usually attributed to fluctuation effects. One of,,qer parameter in the vortex structures are used. The most
the ways to overcome this d_ifficulty is to use the temperatur%opmar is the Hao-Clem modH,which has widely been
dependence of the magnetic moment of the sarM{&),  seq to derive different parameters of HTSC's from magne-

m(iasurlecti I?ha I_constant te);tter:ga!r magnetltc Iri?ellij/landl 00 tization datal"2"However, as has been pointed out recently,
extrapolate the linear part of té(T) curve to ValU®  ihis model is far from being accurat®?® Both the Hao-

corresppndlng to t.he _n_ormal state (?f the Sanj'pfé[h's PrO*  Clem model and the numerical calculations in Ref. 9 assume

cedure is usually justified by invoking the Abrikosov theory Pniform and isotropic superconductors, i.e., conditions that
f the mix t rding to which the magnetization . .

of the ed state according to ch the magnetizatio peare definitely not met in the case of HTSC compounds.

unit volume may by written as Although the dependence of the sample resistance on tem-
1 He(T)—H peratureR(T) in external magnetic fields is often used for
M(H.T)=7— 21 B (1) the evaluation ofH.,(T),3*"*°we believe that this approach
A is even less reliable than the use of magnetization measure-
were k is the Ginzburg-LandaiGL) parameter andBa ments. The transition to the normal state resistance is very
=1.16 for a triangular vortex lattice’ From Eq.(1) it fol- gradual and there is no appropriate theory for an interpreta-
lows naturally that the magnetic moment varies linearly withtion of R(T) curves. It is quite likely that the misinterpreta-
temperature for a fixed value of the external fieldH{f,(T) tion of the resistance data is the main reason \why(T)
is a linear function of temperature. The problem is that Eqcurves derived from the results of resistance measurements
(1) is only valid close tdH,. Nevertheless, most experimen- often exhibit an unusual positive curvature.
tal M(T) curves are practically linear i for magnetic fields In order to evaluateH., from the experimental data in
between 0.H., and 0.64.,," i.e., well belowH,. In this  such complicated materials as HTSC's, it is very important
range of magnetic fields, the magnetic moment is certainly & introduce an appropriate definition of the upper critical
nonlinear function of H.,(T)—H]. The apparent linearity field. In an ideal type-Il superconductdt,., is the highest
of the experimentaM (T) curves is most likely the result of value of a magnetic field compatible with superconductivity,
some nonlinearity oH,(T). In this situation, a simple lin- i.e., theH(T) curve in theH-T phase diagram represents a
ear extrapolation oM (T) curves will almost certainly result line of second-order phase transitions to the normal state. As
in wrong H.,(T) curves. As an example of this type of fail- is well known for HTSC superconductors, this transition de-
ure, we mention a study of BSr,CaCyOg single crystals generates to a cross-over region because of fluctuation ef-
where the application of this extrapolation procedure resultefects and even in magnetic fieltds>H_,(T) superconduct-
in completely unphysicaH .,(T) curves® ing features appear in the data of resistivity and
Another method for establishifg.,(T) is to use theoret- magnetization measurements. We also note that small inclu-
ical calculations ofM(H) extended toH<H_, in order to  sions of another superconducting phase with a higher or
evaluateH ., from experimentaM (H) or M(T) curves. This  lower critical temperaturd; than that of the bulk cannot
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always be excluded in HTSC’s. In magnetic fields>H,,
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TABLE |. Sample identification of Y-based materials.

the impact of such inclusions witfi;>T. on the sample

resistance or its magnetization is similar to that arising fronfNo-  References Compound Sample T (K)
superconducting fluctuations. At the same time, in magnetic, ;4 46 YBaCu,0; , single crystal  91.1
fields well belowH »(T), the effect of fluctuations and pos- 4, 61 YBa,CusO, single crystal  88.0
sible inclusions of impurity phases on the sample magnetiw3 17 YBaCu,0 grain aligned  92.0
zation is small and thé1(H) curves in this magnetic field 16 YB@Cu4C7)7X grain aligned  79.8
range must be practically the same as for the perfectly unic 8 ! '
' . - Y#5 62 YB&Cu;07_ single crystal 93.0
form sample without fluctuations. This circumstance Pro-y e 63 VCa)PESECLO. inal ol 76.0
vides the possibility to evaluate the temperature dependence (YCQ)PBSECU0. sing'e crysta '
of H,, in its traditional sense, from such magnetization 1 YBaCUOsgs  grain aligned = 92.9
measurements. Y# 11 YB&aCu;0, gra?n al!gned 88.7
In this paper we propose a different approach to this probY ™2 1n YB3CU;Osg5  grain aligned  79.9
lem by scaling theVl(H) curves measured at different tem- Y#10 5 YB3CWOses  single crystal  62.3
peratures. This scaling procedure is based on the applicatioff1l 93 YBaCu;0p5  single crystal 44.8

of the GL theory, without assuming any specific magnetic
field dependence of the magnetization. In this way one can

only establish the temperature dependencédgf, but its For many HTSC materials the derivatidé/dH changes
absolute values remain unknown. Below we describe théts sign when approaching the critical temperature from
method in detail and apply it to experimental data availablebelow®14-2243-4547-4Because the field dependence of the
in the literature. It turns out that in many cases the extrapomagnetization in the mixed state always requicdd/dH
lation of the normalized,(T) curve toH.,=0 provides >0 °the change of sign aiM/dH cannot be explained by
reliable values of the superconducting critical temperaturgonsidering the properties of a static mixed state alone. This
Te. sign change is usually attributed to fluctuation effects. We
assume that the additional contributions to the magnetization
arising from fluctuation effects may be described by an ef-

Our scaling procedure is based on the assumption that thfgcti\_/e suscepti.biliyyxeff(T),.Which Is indepem_jent of the
GL parameterx is temperature independent. Although the applied magnetic field. In this case, we can still use @J.

microscopic theory of superconductivity predicts a temperaPUt With Co(T) =[xn(To— Xn(T) 1+ [Xe1t(To) — Xer(T)]. In
ture dependence of,*-*2 this dependence is rather weak the following we use the parameteg(T) in Eq. (4) as an

and is not expected to change the results significantly. Froridditional adjustable parameter in the scaling procedure. The
the GL theory it follows straightforwardly that, i is tem- ~ assumption thaj.(T) does not depend on the magnetic

perature independent, the magnetic susceptibjjitpf the  field is a simplification and this is why E¢4) should not be
sample is a universal function ofi/H.,, i.e., x(H,T)  used in the temperature range, wheid/dH<0 and where

= x(h) with h=H/HCz(T).6 The magnetization density is  the fluctuation-induced magnetization dominates the mag-
netic moment of the sample.

We note that the terrogH in Eq. (4) may also account for
any contribution to the magnetization arising from small in-
clusions of another superconducting phase with a different
T.. If the value of T, of this minority phase is higher than
that for the bulk of the sample, some small regions of the
sample will remain in the superconducting state eveHl if
>H,(T). These superconducting islands also give a non-
zero magnetic moment witdM/dH<0. In magnetic fields
with he,=H(T)/He(To). The collapse of individual H<Hca, the contribution from these regions, where super-
M(H) curves measured at different temperatures may be
achieved by a suitable choice lof,(T). Of course, the scal-
ing procedure implied by EqQ3) is valid for ideal type-lIl

Il. SCALING PROCEDURE

M(H,T)=Hc(T)hx(h). )

According to Eq.(2) the sample magnetization, for the same
value ofh=H/H,,, is proportional toH.,(T). This leads to
the following relation between the valuesidfat two differ-
ent temperatures;; and T,

M(H,To)=M(hH,T)/he, ©)

TABLE Il. Sample identification of Bi-based materials.

superconductors only and in the following we consider theNo.  References Compound Sample T (K)
necessary corrections to E@) that are dictated by some , :

specific features of HTSC's. Bi#1 64 BbSL,CaCuw,Og,, single crystal  84.0

Most of the families of HTSC's reveal a weak paramag-B/#2 65 (BiPbySRpCaCL0,  whisker 1087

netic susceptibilityy,, in the normal statg!3-1943-49ts jn- ~ Bi#3 26 (BiPbySRLCaCW,0g  single crystal  91.4

fluence may be accounted for by replacing E).by Bi#4 48 BpSRpCaCLL0s  single crystal  88.2

Bi#5 66 Bi, ;S Ca .Cu,O, single crystal  86.7

M(H,Tg)=M(hH, T)/he+co(T)H, (4) Bi#6 8 Bi,Sr,CaCu,0g single crystal  80.5

Bi#6 8 Bi,Sr,CaCu,0g single crystal  79.1

whereco(T) = xn(To) — xn(T)-
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TABLE Ill. Sample identification of Hg-based materials.

No. References Compound Sample T. (K)

Ho#1 67 HgBaCaCuyOg grain aligned 117.1
Hg#2 68 HgBaCaCu,04g, grain aligned 123.1
Ho#3 24 Hg Phy :SrCaCu;O, grain aligned 125.5
Ho#5 13 HgBaCaCusOg., grain aligned 131.5
Hg#5 13 HgBaCaCu;08+x grain aligned 131.5
Hg#6 21 Hg_,PhBa,_,Sr,CaCu;0, grain aligned 124.6
Hg#7 71 (HgCu)BgCuO,, single crystal 97.4

conductivity is stronger than in the bulk of the sample, is n
superimposed onto the contribution to the magnetic moment M(H)=hc, 2 A[In(H/hgy) ]+ coH 5)
arising from the mixed state. =0

At this point, we wish to comment on the physical rel- o )
evance ofH,(T) and T, obtained in this way. Because our With hez=1 andc,=0. The coefficients\; were used as fit
analysis is based on measurements of the magnetization RRrameters and the numbewas chosen such that a further
the mixed statet ,(T) corresponds to the disappearance ofénhancement of its value .had_no mfluenceszoon the deviation
the mixed state rather than to a complete suppression of sRarametero of the approximation oM(H).>" In the next
perconductivity in the sample. In magnetic fields>H.,  St€PS, the coefficien®; were fixed and the parameters,
superconducting regions may, as mentioned above, still exi&"d o Were evaluated via the fitting procedure for approxi-
in the form of separated islands formed due to either thermdPating the ava|5IzlabIe\/I(H) curves measured at other tem-
fluctuations or inclusions of minority phases with enhancedPeraturest =T;.>" The result of this scaling procedure, rep-
values ofT, andH,,. Similar superconducting islands may resenting the field dependence of the magnetization of
also exist in zero magnetic field &t>T,. It is only impor- ~ Sample Y#1 al =T, is shown in Fig. 1. It may be seen that
tant that the lateral extension of these islands is smalf rather perfect overlap of the individulsll(H) curves mea-
enough, such that no mixed state can be established insigsred at different temperatures, which are displayed in the
the island. The cause of such superconducting islands is n#tSet of Fig. 1, is obtained in this way. Because the renor-
important for our consideration. It may be due to thermalMalized field variabld., enters the denominator of EG),
fluctuations or sample inhomogeneities, as well as a combihe® magnetization data sets for the highest temperatures are
nation of both. Note that for an ideal type-Il superconductorconsiderably expanded along the vertical axis in comparison
without fluctuations these definitions &f.,(T) and T, co- with low-temperature data. This is the reason for the some-

incide with the values of magnetic fields and temperaturévhat enhanced scatter in the high-temperature data.
fixed be the onset of superconductivity. In order to demonstrate the consistency of our procedure,

we show typical data sets fot.,(T) andcy(T) in Figs. 4a)
and 2b), respectively. In this particular case, the scaling pro-
[1l. ANALYSIS OF EXPERIMENTAL DATA cedure was done twice, with, either at the upper or at the

Wi | i dure t . al lower end of the covered temperature range. In order to com-

it € noylv slpp.y ?hur Is_falr:g pr(X:e _tutre 0 ex;t)etr;]men Iat_re'pare the results obtained in these two cas¢s(T) and
Sults available in e ireraiure. As 1t Wrns out, e relalives 1y are normalized by their values at=T;=87 K. As
temperature variations ¢, are identical for practically all

HTSC torials. B this i letel : ay be seen, the result is practically independent of the
- Materias. because this 1S a completely Unexpectegy, ;.o of Ty. The parametecy(T) in Eqg. (4) accounts for
and, in our view, rather important result, we describe the

only a small correction toM(H). This causes a much en-

analysis in some detail. We ha}ve analy;ed _magnetizatipnanced uncertainty in the values of(T) than that for the
data fqr 29 samplgs presented in 25. pL.Jbllcayons. Some NHormalized upper critical field, as may easily be seen by
formation concerning these samples is listed in Tables I_IVComparing Figs. @) and Zb)

Letters in the sample identification denote the chemical ele-~,,, " oo o o uncertainty ,,(T) increases consid-

ment characterizing the cons_lde_re(_sl family of HTSC's. B.e'erably for temperatures close 1@, as well as for the lowest
cause the sample homogeneity is important for the applica-

bility of our method, only single-crystal and grain-aligned
samples have been chosen. We have also limited our analysis
to studies in which the magnetization measurements werg

TABLE IV. Sample identification of TI-based materials.

extended up to temperaturés-0.94—-0.95 ., because only References Compound sample Te (K)
in these cases we may expect a reliable evaluatioh.dfy  Ti#1 15 TLBa,CaCu;0;p  grain aligned 114.6
extrapolatingH»(T) to H.,=0. T2 69 TLBa,CaCus0y0;x grain aligned 122.8
In order to make use of Edq4), the following procedure TI#3 70 Th Phy S,CaCyO; single crystal  76.9
was employed. First, th®1(H) curve for some temperature Tig4 25 TIBa,CaCu 0,1«  single crystal  121.2

T=T, was approximated by
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temperatures. The loss of accuracy for the highest tempera-
tures is due to the obvious enhancement of the experimental
uncertainty of theM (H) data. Although the accuracy is im-
proving with decreasing temperature, the increase of the ir-
reversibility field limits the available magnetic field range as

0.8 ———————— —
o sample Y#1
40 T0=90K
&y ] T,=(91.15+0.1) K
S 4ol . 3 p=44£12
S o 90K 5‘& | ]
= o 89K m"
= + 88K =
! o 87K §
= 85K
01 o 84K o
x 83K (a) lT
[
3 10 9;0 | O Te=8K _  . N
s T=90K
o (kOe) ®)
H(T) L E

FIG. 1. The magnetization data for sample Y#1 after scaling
using Eq.(4) with T,=90 K. The inset displays the original d&fa.

[eo(T) — ¢o(T1=87K)] (mG/kOe)

PHYSICAL REVIEW B 66, 144506 (2002

83 ;

may clearly be seen in the inset to Fig. 1. If the experimental , ! ! o]
data are collected in a narrow magnetic field range only, our 85 20
scaling procedure is not reliable. T (K)

critical field, as shown in Fig. (3), may also be used to
evaluate the critical temperatuie,. For this purpose the

The temperature dependence of the normalized upper

FIG. 2. (&) Hca(T)/H(87K) and(b) [co(T) — co(87K) ] result-
ing for two different choices of . The solid line is the best fit with

ratio H.,(T)/H¢,(T,) was approximated by Eq. (6).

T=0.8T.. The corresponding fit is shown as the solid line in
Fig. 2a). The values ofx and T, are indicated in Fig. 2?If

the experimental data were obtained up to temperatures
rather close to the critical temperature, the extrapolated value
of T. is quite accurate. A reliable value @f, is essential for

HeoT) 1 (T/To)*
Heo(To)  1— (T /To"

in which u and T, are used as fit parameters. Equat{épn
provides a rather good approximation lig,(T) curves for

(6)

2

M 00| T T T
4 o
Y#5 5 & (b)
< bo0go°® | T| € ;
=, o # \ 80 90 | & [ ° Bl
€ | o I Sol ook ] FIG. 3. Hey(T)/H(0.9T,)
= : Y#4 = A Bi#d versusT/T, for different samples.
A ¥i§§ d < giiz . The solid lines are guides to the
=4 1#0, c A
@ o + Bit6 H|lab eye.(e}) Y-based sample@able I)
o Y#8 The inset shows the low-field
0 9 04 06 08 1.0 M(T) curve for sample Y#5. The
e ) ; : vertical line in the inset indicates
(c) @ | the value ofT; as obtained by ex-
1 - trapolation of the corresponding
5 & heo(T) curve. (b) Bi-based
(=2} -
S o Hg#l 32 samples(Table 1l). (c) Hg-based
T 2t e gg’;g 1z samples(Table Ill). (d) Tl-based
S} O Hg#a e P samplegTable V).
= = Hg#s, H|lc 1 . J
1k o Hg#s Hllab i o T3
X Hgh6 o Ti#4
o Hg#7
0 1 1 L 1 X Il 1 1 L 1 I 0 Il 1 b Il
0.4 0.5 0.6 0.7 0.8 0.9 1.0 0.6 0.7 0.8 0.9 1.0

T/T,

TIT,
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5 : : , 4 | |
© Y-based 1o sample Y#9 .
4+ B Bi-based | o Ty=76 K @ , B .

—~ A Hg-based 3l 2 S2 : 200 3
1 = fory | % q u‘:o
c&:_ sl O Tl-based | <} oom L. ‘:‘::’ o o508
& E o o2 ° °°op codsa

= = @ ® gy 1 10
g o} ] = 2 o 60K @ H (kOe)

2 - H(TY/H,(0.9T,) for Sn o 64K .
= o 68K @,
— H/T)/H(0.9T,) for Pb -t L
1t A .,
o 76K -
1l 1 1 L d iiwl 1 1 I S T O | ‘99? @
O 1 1 1 1 L 1
0.2 0.4 0.6 0.8 1.0 0.1 lg HoTy 4 )10.0
TVE, Feaclt) koo

FIG. 4. The normalized temperature dependendd gffor dif- FIG. 6. The magnetization data for sample Y#9 after scaling

ferent HTSC compounds. The solid and broken lines represent th@sing Eq.(4) with To=76 K. The inset displays the original dafa
ratios H¢(T)/H.(0.9T,) for pure metallic Lead and Tin, respec- ' 0 ' '

fvely. HTSC’s are practically identical at all temperatures for
the Comparison of the results that were obtained for théVthh the eXperimental data are available. We note that the
samples with different critical temperatures. Using the valuednsignificant differences between the,(T/T) curves for

of T, evaluated in such a way, we have plotteddifferent samples, visible at the lowest temperatures in Figs.
Hc,(T)/H»(0.9T,) versusT/T, as shown in Fig. @). Quite  3(a), 3(b), and 4, are due to small errors in the determination
surprisingly, the temperature variations lef, for different ~ Of the critical temperature. For the data presented in Figs.
Y-based compounds and different types of samples turn oi@(@—3(d) the relative errors in the determination of the criti-
to be identical. In the inset of Fig.(& we display the low- cal temperatureAT. /T, are between 0.001 and 0.003, de-
field magnetization curvé (T) of sample Y#5 and indicate Pending on the quality of the original experimental data. Al-
the position ofT,, resulting from our extrapolation procedure though this uncertainty is quite small, it is sufficient to

with a vertical line. explain the observed differences between liQe values at
The temperature variations of., for other families of 10w temperatures. _ _
HTSC’s are plotted in Figs.(B)—3(d). Similar to what has Among the numerous samples listed in Tables I-IV, only

been found for Y-based compounds, the scaling procedur®r the oxygen deficient sample Y#9, tie,(T) curve is
again leads to an almost perfect merging of all the data ontistinctly different. As may be seen in Fig. i,,(T) for this
one single curve for different samples. Furthermore, as ma§ample is perfectly linear in the entire covered temperature
clearly be seen in Fig. 4, the temperature dependencies of tfi@nge, in striking difference to two other, over-doped and

normalized upper critical field for different families of optimally doped Y-based samplg¥#7 and Y#8 investi-
gated in the same study. The magnetization data for sample

o . y . - Y#9 were collected in a very wide range of magnetic fields
h and, as may be seen in Fig. 6, our scaling leads again to a
O Y#7 nearly perfect merging of the curves. The difference in
2+ ol o Y#8 _
) = Y#9
; A Y#10 ' ' ' ' ' '
= ° Y#11 4r T
=
e | | =
= g 3 I
S S
R
T ol -
&
ol e : 5 : % = O Bi#6, H ||ab, Te = 79.2+0.2 K ]
: ) : e Bi#6,H llc, To=802+0.2K
TIT,
FIG. 5. H(T)/H(0.9T,) data for several YBZu;0; %,2 ' 0'14 ' 0.I6 ' 018 ' 1.0
samples with different oxygen contents. The solid line represents T/T,

H,(T)/H¢,(0.9T.) for the Y-based samples shown in FigaB
The dashed line is the best fit to the data for sample Y#9, assuming FIG. 7. H.»(T)/H,(0.9T;) data for sample Bi#8 for two dif-
a linear temperature variation f,. ferent orientations of the external magnetic field.
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heo(T) between Y#9 and other samples is thus not due t@ponds taT{") . If the magnetic field is parallel to theaxis,
insufficient sample quality but rather reflects the intrinsiciha mixed state can be created alreadsrﬁé{’). This simple
difference in properties of under-doped Y8a50;_, mate-  nhicryre gives a natural explanation for the differenceTin
rials. Only very few magnetization studies of oxygen defi-fo the different orientations of the magnetic field that was
cient YBaCuO;_ single-crystal or grain-aligned samples gptained for the sample Bi#@see Fig. J. The observed
are available in the literature and we could find only two difference inT, is quite small AT, /T,~0.01) and may eas-
additional publications which are suitable for our analysisily be masked, for instance, by grain misalignments in grain-
(samples Y#10 and Y#12°% Unfortunately, as may be seen aligned samples. This could be the reason why we do not see
in Fig. 5, the measurements reported in Refs. 5 and 53 wengis effect in the sample Hg#4. It is also possible that this
made at temperatures very closeTtpand in this tempera- difference inT, is of significant magnitude only in Bi-based
ture range, the temperature dependencel gf is linear for  cuprates due to their very special crystalline structure.
all HTSC materials.

HTSC's are strongly anisotropic and it is well known that,
depending on the orientation of the applied magnetic field, IV. DISCUSSION

the absolute values ¢, differ significantly. This is yvhy it _ The scaling procedure based on E4) turns out to be
Is interesting to compare the results of our analysis for difyather successful for the analysis of the reversible magneti-
ferent orientations of the magnetic field. Unfortunately, wezation of HTSCs. Figures 1 and 6 demonstrate very well the
have found only two data sets from magnetization measureésca|ing of isothermal magnetization data resulting in plots of
ments that were made on the same samples but with tWge magnetization at a chosen temperature versus a renormal-
different orientations of the external magnetic field (Hg#5zed magnetic field. The quality of scaling is remarkable for
and Bi#6). As may beseen in Fig. &), the results for the 5| cases that are listed in Tables I-IV and the mismatch
grain-aligned sample Hg#5 are practically independent ohetween theM (H) curves measured at different tempera-
the orientation of the magnetic field. The situation for theyres does not exceed the scatter of the original experimental
single-crystal samplBi#6 is different. The resulting>(T)  gata.
curves for this sample are shown in Fig. 7. The data perfectly The most surprising result of our analysis is that for prac-
match each other if we assume that the valug@ otlepends tically all families of HTSC's theh,(T/T,) curves are vir-
on the orientation of the magnetic field. This at first glancetua"y identical (Fig. 4). It is difficult to imagine that this
rather strange result may easily be understood if we recallmiversality of theh,(T/T.) dependence is just a coinci-
our definition ofH, at the end of Sec. Il and we discuss this gence. We are of the opinion that the spectacular agreement
point in the following paragraph. . between theh,(T/T,) data for a great variety of different

As has been described above, our procedure provides samples is an unambiguous evidence that our approach cap-
as it enters the equation for the magnetization in the mixegyres the essential features of the magnetization process of
state, i.e., the resulting;»(T) curve in theH-T phase dia- HTSC's. It does not necessarily mean, of course, that the
gram represents the upper boundary for the existence of thginzpurg-Landau parameter is indeed temperature inde-
mixed state. In a perfect type-Il superconductor without ﬂUC'pendent. The universality di.,(T/T.) is preserved if the
tuations this definition oH, coincides with the upper limit temperature dependence fis the same for the different
for the existence of superconductivity. In real HTSC materi-yTsc compounds studied here.
als the situation is different and superconducting regions may oy analysis is applicable only to reversible magnetiza-
still exist in the sample even above thg,(T) curve due to,  tjon data and therefore, all the results and conclusions are
for instance, thermal fluctuations or impurities with a higher|imited to temperatures close .. The lower limit of va-
T.. We consider it as an advantage that such effects ha\llﬁjity, Toin, is quite different for different families of
practically no influence on our evaluation ;. The situ-  {TSC's, as may be seen in Fig. 4. The rafig,,/T,, which
ation is further complicated by the layered structure ofgepends on the strength of the pinning of vortices, is highest
HTSC's. As has previously been established by resistancgy the Y-based compounds that exhibit the strongest pinning
measurements in zero magnetic field for Bi-based comfg ces.
pounds, the superconducting coherence in the Cu-O planes The ynjversality of the normalized temperature depen-
sets in at a somewhat higher temperature than along the dience ofH, implies that the normalized temperature varia-
rection perpendicular to the plan€s™ The same conclu- +ions of the thermodynamic critical fieléi, for different
sion can be gained from results of magneﬂz;ttloglo MEASUrgITSC's are also identical. Sindg2/8x is the difference in
ments in magnetic fields of several Oerstets: ThLS the free-energy densities between the normal and supercon-
justifies the introduction of two critical temperatur&&® ducting statesH(T) also reflects the temperature depen-
andT(Y . BelowT{*”, the superconducting phase coherencegence of the superconducting energy dapIn other words,
is established along theb planes, but only below(” su-  our result that the normalized temperature dependence of
percurrents can propagate in the direction ofdlaexis. Inthe  H_, follows the same universal curve for different families
temperature rangel” < T<T&" | although superconductiv- of HTSC's implies that the normalized temperature varia-
ity already exists in theb planes, no mixed state can be tions of the energy gap(T/T.)/A(0) for different HTSC's
created in magnetic fields parallel to the planes. This occurare also identical, at least in the temperature ranges covered
only athTff’ , I.e., in this case our evaluation ®f corre- in this study.
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We note that the temperature dependenciedHgf for  to temperatures close to the superconducting critical tem-
HTSC's obtained as a result of our analysis are qualitativelyperature, our procedure also allows for a fairly reliable evalu-
very similar to those of conventional superconductors. Theyation of the zero-field critical temperature. We have applied
are linear at temperatures close TQ with a pronounced this scaling procedure for the analysis of experimental data
negative curvature at lower temperatures. Apparently, théor high-T superconductors available in the literature and
positive curvature ofH.,(T) for HTSC's, which is often have shown that the normalized temperature dependencies of
reported in the literature, is due to the uncertainty of defining™c2 are qualitatively the same as those of conventional su-
H., in those studies. perconductors and we obtain the same universal curve for
different families of HTSC'’s. This universality is a very
strong indication that also the temperature dependence of the
superconducting energy gap is the same for all cuprate su-

We have developed a scaling procedure that allows t@erconductors. All these statements have been verified to be
obtain the temperature dependence of the upper critical fieldalid at all temperatures for which data of measurements of
from the measurements of the reversible isothermal magnehe reversible magnetization of different types of cuprate su-
tization. If the magnetization measurements are extended ygerconductors are available in the literature.
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