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Empirical scaling of the vortex glass line aboe 1 T for high-T . superconductors
of varying anisotropy
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The resistive transition into a glassy vortex state in oxygen-deficientGBE,_ s twinned single crystals
of varying anisotropyy (8.7<vy=<35) has been studied with an applied magnetic field along the crystallo-
graphic ¢ axis. For B=1T, the glass line is well described by the empirical relatiBg=B[ (1
—TIT)/(TITL)]®, wherea~1 andB,~1.85b,/(1d)?. The successful fit to this relation both below and
above an alleged crossover in the solid vortex state has important consequences$ifdr fiiease diagram of
high-temperature superconductdrS0163-182@08)51722-5

The importance of thermal fluctuations, the extremeexperimentally obtained fielBo=By(T./2), which varies as
type-Il character, and the large anisotropy of high-B,=1.85b,/(yd)?, is in good agreement with values of
temperature superconductors give rise to a soft vortex systepbtained from torque measuremetftsrinally we success-
with a number of interesting featurésn particular, this re-  fully apply the proposed scaling relation to literature data on
sults in a Separation of the mixed state into a low-Y-, Bi-, and Tl-based thin films and discuss its implications
temperature vortex solid with a nonzero critical current denfor the H-T phase diagram of high-temperature supercon-
sity and a high-temperature vortex liquid with energy ductors(HTSQ).
dissipation for all currents. In clean, optimally doped Single crystals of YBCO were grown by a self-flux
YBa,Cu0;_5 (YBCO) single crystals, a first-order transi- methqd in yttrlg-stablllzed zirconia crl_JC|bIes as previously
tion has been observed and interpreted as a melting transitisiescribed® Twinned crystals of varying oxygen content
between a low-temperature Abrikosov lattice and a highWere obtained by annealing for two weeks at various tem-
temperature vortex liquié® For disordered samples the vor- Peratures in air. Compared to YBCO powder, x-ray diffrac-
tex liquid freezes through a continuous second-order transtion measurements showed a slightly largeaxis lattice pa-
tion into a glassy state, whose properties depend on the kin@meter, which increased continuously with decreasipg
of disorder*~® The boundary between the solid and liquid  Electrical contacts were prepared by applying strips of
phases is strongly affected by the anisotropy of the materiafilver paint, followed by heat treatment under the same con-
with the vortex solid more suppressed for materials withditions as during annealing, giving contact resistances below
higher anisotropy:® 1.5 Q. Typical dimensions of the samples were X®&2

For magnetic field8lc axis, a crossover between three- X 0.03 mnt. Measurements of the in-plane resistance for
dimensional(3D) and two-dimensional2D) vortex fluctua- Magnetic fields &B<12 T applied along the axis were
tions has been proposetiat a fieldB,p=®,/(yd)?, where ~Mmade with a current=0.3 mA and a voltage resolution
®, is the flux quantumd the interplane spacing, angg  down to 0.3 nV. The samples were cooled in a field through
=(m./myp)*? is the anisotropy. Experimentally, various f[he §uperc9nducting transitions and data were recorded dur-
signs of a field-induced crossover have been observed g Increasing temperatures.
both clean and disordered materi&id® In oxygen-deficient Figure 1 shows the in-plane resistance for one of our
thin films of YBCO, deviations from a power-law behavior
By (1—T/T.)*2 of the vortex glass line have been observed 10
at an anisotropy-dependent fieRf and taken as evidence
for reaching the 2D regim¥- 1024

In this paper we study the influence of anisotropy on the
vortex glass line using a test system consisting of oxygen- 102
deficient single crystals of YBCO. By varying the oxygen :
content in the CuO chains, the coupling between charge car- 104
riers in adjacent Cu@planes and thereby the anisotropys :
changed? By increasing the anisotrop* can be lowered 109 =
to experimentally accessible values in this system. We study Cel
the vortex glass line from the vortex liquid side, and find the 106 s

R(Q)
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disappearance of resistivity to be well described By VT (K1)
=Bo[(1—T/T)/(T/Tc)]* for magnetic fields below as well gy 1. Arrhenius plot of the resistive transitions for sample 2 in
as aboveB* with an exponentr~1. This suggests that the magnetic fieldsSiic axis of, from left to right, 0, 0.5, 1, 1.5, 2, 3, 4,
vortex dynamics remains essentially unchanged when ing 9 and 12 T. The upper limit for the applicability of the Vogel-
creasing the field througB*, indicating that the vortex sys- Fulcher relation ¢ In RidT) *<(T—T,) is marked by the dashed
tem is 3D(or close to 3D both below and abov8*. The line.
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15 . . . . TABLE I. Properties of YBaCu;O;_ 5 single crystals. For con-
sistencyT, is taken as the temperature for the onset of resistivity
(resolution limit of our experimenin zero magnetic fieldBy and«
10l ] were obtained by fitting Eq(l) to the vortex glass linesy was
_ estimated fronBy=Cd¢g/(yd)>.
)
A S Sample T, (K) Annealing By (T) a v
1 91.3 Q, 450°C 36.9 1.21 8.7
2 86.2 air, 500 °C 16.2 1.05 13
ol 1 3 73.2 air, 525°C 7.47 098 19
0 y 20 50 100 4 62.2 air, 600 °C 3.69 1.06 28
5 51.8 air, 700°C 2.27 127 35

Temperature (K)

FIG. 2. Vortex glass transition lines determined from the disap-
pearance of resistance for five YBCO samples of varying anisot- Byg=Bol (1 =T/T)/(T/T)]" (1)
ropy. Solid lines are fits t@4=Bo[ (1 —T/T)/(T/T)]* with T, . )
By, and«a given in Table I. Dashed lines are describedByy- (1 A comparison b_etv_veen the two functional formsEQ,fshows
—T/T,)", with n~1.4. The latter description fails at high magnetic that they are similar only for temperatures downTg?2.
fields for the most anisotropic samples. This explains the observation that deviations fraye: (1

—T/T.)" seem to set in af~0.5T..*"!" Note that Eq.(1)
samples at magnetic fiel@ ¢ axis. A common feature of all Implies that the characteristic magnetic fi@g=B8,(T./2),
samples is that the upper part of the transitions.and thereforeBy~B . The solid curves in Fig. 2 were cal-
R>0.05R,, follows a thermally activated behavior culated from Eq(1) with the values oBy, T;, anda given
R= Roexp(—U/kBT) as earlier ObserveJd_At lower tempera_ in Table I. An excellent deSCI’iption of data is obtained by
tures a glassy regime is approached, characterized by a dhis form. Small uncertainties beio1 T can possibly be
Verging activation energy and a tru|y Zero resistance below g.ttl’lbuted to a nonun|f0rm Vorte)f distribution at low fields.
certain field-dependent temperat(igB). The resistivity in ~ For sample 4, there is some discrepancy above 6 T. We
this low-temperature region is still almost ohmic, and theSuggest that these discrepancies may be connected with
determination off 4(B), to be described below, is not appre- samp_lg mh_omogeneltles as reflected in a Iarger_ ze_ro—fleld
ciably affected by the current level used in our experiment{ransition width AT.~6 K) and a smalt-axis contribution
For the optimally doped samplesample 1, the crossover @S observed in the normal-state resistivity of this sample.
between the two temperature regimes is close to the tempera- From Table | and Fig. 2 we see that the fit#égl roughly
ture at which the first-order transition occurs in cleanagrees with the fiel@”, at which the (+T/T.)" power law
samples, which is significantly higher than 6[{5(8).15 Ac- breaks down for samples 3-5 with accessibfe We there-
cording to the vortex glass model, the resistance at low curfore write Bo=C®,/(yd)® as previously made foB*.** If
rents goes to zero at the glass temperafligeas Rx<(T ~ We taked as thec-axis lattice parameted=11.7 A, the
~Ty) “z-1) wherev andz are the static and dynamic criti- constantC can be determined by using our fitt&j and a
cal exponents, respective‘l;Consequentl;ﬂ'g(B) can be ex- valueizof v obtained from torque measurements by Chien
tracted by applying the Vogel-Fulcher relation €t al“ In order to have a strict one-to-one correspondence
(d In R/deloc(T—Tg) to the resistive tails. Below the betyveeny anch, we make this comparison for sample 3,
dashed line in the inset of Fig. 1, our data show good lineal¥hich has aT in between the 60 K and 90 K plateaus of
relations in agreement with this expression. In other studiey BCO. The obtained valu&;=1.85, is then used to calcu-
this method for findingTy(B) has been shown to be consis- late the anisotropy of the other four samples. Good agree-
tent with a vortex glass scaling of the current-voltagiéV(

characteristics! From the inverse of the slopes we find the S0 AR AR RN
scaling exponens=vr(z—1) to fall in the range of £1.5 as5p O
for all samples and magnetic fields, which is somewhat 40 £ ]
smaller than previously observed for more disordered thin 35 EA
films 16 30k
The magnetic field dependence of the measured glass Yy e
transitions is shown in Fig. 2. The expressi@yx=(1 20k o
—T/T)", which has frequently been uséd’to describe the sk o
vortex glass line belovB* is shown by dashed lines in Fig. ok A
2. We obtain an exponent=1.4=0.1 for all samples except e i
for samples 4 and 5 which hawve=1.7. It is clearly seen that 550 5I5 6b 6I5 7I() 7|5 glo %5 90 95
the fit breaks down for the most anisotropic samples, dem- T, (K)
onstrating thaB* has been decreased to experimentally ac- g, 3. Anisotropyy versusT, for oxygen-deficient single crys-
cessible values by increasing the anisotropy. tals of YBCO. The values in this study\) were obtained by as-

We find, however, that an empirical equation better desumingB,=C,/(yd)? and are in good agreement with results
scribes the temperature dependence of the vortex glass linfom torque magnetometrgsee Ref. 12 (O), except for the most
including fields both below and abog; anisotropic sample as discussed in the text.
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10! . ——rr — TABLE II. Critical temperatureT, and parameter8, and «
YBCO sinele crvstals S ] according to Eq(1) for various thin film samples: Deoxygenated
Pt &4 YBCO (magnetic field rang8=1-5T), T-2212(B=0.5-5 T in
100 o 2 aﬂy,@' Ref. 7 and 0.5-12 T in Ref. 18and Bi-2223 B=0.5-6 T).
a3 E
(=] ]
2” Z ‘5‘ Thin films ~ Ref. Sample T. (K) By (T) a Ref.
. &)ﬁ +YBeo i) YBCO 57.0 3.07 0.95 11
3 X YBCO  [11] §
& w T1-2212 7] YBCO 48.5 2.17 1.12 11
ot o TL2212  [I5] TI-2212 100 1.50 1.59 7
102Le 4 Bi-2223  [19] TI-2212 102.5 1.61 1.82 18
102 1o 100 101 Bi-2223 96 1.31 1.82 19
[(-T/TH(T/T )]
FIG. 4. Scaling of the vortex glass line according to EH. The description 0By(T), illustrated in Fig. 2, is remark-

Shown are data from single crystals of YBGfresent work thin ably simple and accurate. The fact that one functional form
films of deoxygenated YBC@Ref. 11,+: T,=57 K, X: T,.=48.5  describes the experimental data on both sideB*ofuggests
K), thin films of TI-2212(Refs. 7 and 18 and a thin film of Bi-  that the beginning of deviations frmﬁgoc(l—T/TC)n (n
2223(Ref. 19. T;, By, and« are shown in Table | for the single ~3/2) at B* should not be associated with a dimensional
crystals and in Table Il for the thin films. crossover fieldB,p. It also indicates that the same physical
mechanism is responsible for the disappearance of resistance
ment for samples 1-4, between our analysisydfom the in both magnetic field regimes in the liquid state. Further-
fitted By and the values of Ref. 12, is shown in Fig. 3, giving more, the good fits presented here are correlated to half the
strong evidence for the proposed anisotropy dependence @fansition temperature througBy=By(T./2). This signifi-
Bo. However, we do not observe the strong increasey of cance of a certain temperature is not expected for a behavior
below the 60 K plateau, as seen in Ref. 12. As noted by thes@at is field induced, as the crossover fiBlgh,. We also find
authors, their lower annealing temperatures should result iRo changes in vortex glass behavior or in critical exponents
an oxygen Qistribut.i(.)n with more Ioca}l or(jering_, and conse-groundB* as one may expect at a dimensional crossover,
quently a higher critical temperature in this region.  gjnce the scaling exponents depend on dimensionality. This
The applicability of Eq(1) was further investigated with 5 555 consistent with constant critical exponents on both
data from the literature for different superconducting th'nsides ofB* as obtained from a vortex glass scaling of the

films. By was evaluated aBg(TC/Z) anng/Bo was calcu- [-V characteristic! We therefore conclude that the vortex

lated as a function of(1—T/T.)/(T/T.)]%, with « as the : *
only adjustable parameter. Data for oxygen-deficient YBCOSyStem is 3D(or close to 3D both below and abova™ in

S . the vortex liquid.
thin films'? with T,=57 K and 48.5 K, as well as for the ,
more anisotropic TI-2212% and Bi-22239 superconduct- The present results have important consequences for the

i ; ) vortex solid phase. Signs of a crossover in the vortex solid
ors, are shown in Fig. 4 together with our data from Fig. 2'have been observed both in cl&a% and disordereh
The parameter8, and « for the thin-film superconductors

) . : samples. The absence of any signs of a crossover in the
are given in Table Il. The results |IIustrat¢ that Eﬁ) can be vortex liquid and the smooth shape of the glass line in our
used over at least three orders of magnitud84iiB,. The

. . disordered samples therefore suggest that a possible cross-
exponente depends on the material with values around 1 for P 99 P

) . .~'over can neither continue above, nor end on the glass line in
fY|IIr3n(;O and in the range of 1.6-1.8 for the Bi and Tl thin a tricritical point. The phase diagram therefore differs from

W id ible th tical 0 f the one obtained for clean samples. One possibility is that the
e now consider possible theoretical support for €. . crossover becomes suppressed when approaching the glass

{_n th_e absenﬁ_e oftd|sor?er, thek;]_vr(])rtex sghd;jto-_hqlgdftransrline, as was observed in Ref. 10
ion 1S a melting rangl 'of' 2vv2|c r::an € eL'VG froma -y, summary, we have studied the temperature dependence
Lindemann criterion(u®)u=ciay, wherec, is the Linde- ¢ yne yortex glass line for oxygen-deficient Y0, 5

mann nuomber (0£¢,<0.3) anda, is the vortex lattice  gjngle crystals of varying anisotropy. The semiempirical re-
constant? Close toT, this gives a temperature dependence|gtion By=Bo[ (1-T/TQ)/(TIT)]% with Bo=1.85D,/

B[ (1= T/T)/(T/Tc)]?, which is sometimes simplified t0 ()2 \yas found to well describe the temperature depen-

2 1 H
a (1-T/To)? power law? Blatter aznd Ivlev included the  gence of the glass transition both below and above the pur-
effect of qéjzantum fluctuations(u)q on the melting  yored crossover fielB* . The above relation was also suc-
phenomenon” The temperature dependence then becomegessfylly applied to the vortex glass lines for thin films

more complicated and no closed form for the field depenjnciyding the more anisotropic TI-2212 and Bi-2223 super-
dence of the melting line can be obtained. Qualitatively,.qnquctors.

however, the effect of quantum fluctuations is a shift of the

melting line towards lower fields, corresponding to a value Financial support from the Swedish Natural Science Re-
of a smaller than 2. In both these theories the prefactor apsearch Council, the Swedish Research Council for Engineer-
proximately varies as 4?. Thus, the proposed temperature ing Sciences, the Gan Gustafsson Foundation, and the
and anisotropy dependence of the vortex glass behavior iBwedish Superconductivity Consortium is gratefully ac-
our samples does not seem unreasonable. knowledged.
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