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Irreversibility line of overdoped Bi 54, Sry_ (x+y)CU14,O6 5 at ultralow temperatures and high
magnetic fields
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The irreversible magnetization of the layered highsuperconductor Bi. (St _ (4 yyCly 1 Og- 5 (Bi-2201)
has been measured by means of a capacitive torquemeter Bp=t88 T and down toT=60 mK. The
deduced irreversibility field;, is in excellent agreement with the analytical form of the melting line of a
three-dimensional3D) anisotropic flux lattice as calculated from the Lindemann criterion. For a comparison,
the applicability of alternative models based on quantum melting, 2D melting, and flux-creep models is
discussed. Rescaling the magnetic-field dependence of the pinning-force with the irreversibility field reveals a
similar magnetic-field dependence for different temperatures.

[. INTRODUCTION perimental work on this compound less developed compared
to other highT, compounds.
The investigation of the magnetic properties of high- The aim of our work is to obtain experimental informa-

superconductoréHTSC’s) has attracted much interest, both tion on the irreversible magnetization of Bi-2201 down to
experimental and theoretical, thanks to the spectacular varkery low temperature§ =0.01T; compared to the critical
ety of different and surprising phenomena. The research boti¢mperatureT in order to investigate several models of the
on the flux-line statics and dynamics, which has importanPhysical origin of the irreversibility line. To our knowledge,
technological consequences connected to the magnetic irrB9 €xtensive studies of the vortex assembly in Bi-2201 have
versibility, and on the fundamental magnetic properties of°€€n reported so far. Itis only very recently that a study of
the superconducting state, like the upper critical fgldand the dc'magnetlzatlon has been publishedvery mtng_umg

the subtle nature of the superconducting transition in a ma{{—)eSUIt 1S the _a”ofna'°“$ upward_curvna?ture of the resistive up-
netic field, has been widely developed. A large choice o er crltlc_al f|e|d_|n a B|-_220_1 thin il ._Our da_ua will pro- .

: : : . vide an interesting qualitative comparison with that experi-
theoretical models is available to describe the vortex phaser% ent
in HTSC’s! allowing one to draw accurat®-T phase dia- '
grams. However, particularly in the compounds willy
~100 K, the experimental results usually do not cover the
ultra-low-temperature range, where, for example, the detec- The sample we investigated is a high-quality single crys-
tion of vortex phase transitions would require magnetic fieldgal of overdoped Bi, ,Sr,_ (x+y)Cly 1 Og- 5, grown from a
beyond the currently available values. There are severajolution-melt in KCI* and having the approximate size of
compounds that, while sharing most of the structural andi100< 700x 10 um® (mass~0.2 mg). Both the growth
physical properties with the other HTSC'’s, have low enoughmethod and the small size are advantageous for an extreme
critical temperatures to allow an experimental investigatiorhomogeneity of the sample. The intrinsic overdoping is due
of the wholeB-T phase diagram at the currently availableto the Bi excess localized on the Sr positions. The magneti-
high magnetic fields and low temperatures. Among theseation loops were obtained by means of torque magnetom-
compounds, the layered cuprate superconductgBi8CuQ;  etry, using a very sensitive capacitive torquemeter. We
(Bi-220)) is certainly one of the most interesting ones, be-reached temperatures down =60 mK in continuous
cause of its fundamental similarities with the Bi- and TI- magnetic fieldsB, up to 28 T. The field sweep rat¥B,/dt
based highF, materials. Unfortunately, the difficulties in =15 mT/s was chosen in order to have a maximum measur-
growing high-quality single crystals of Bi-2201 makes ex-ing time for each loop of abaul h with a typical thermal

II. EXPERIMENTAL
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drift smaller than 5—10 mK in the whole temperature range. F ' ' ' ' '
Preliminary measurements were performed in a 10 T super-
conducting magnet, usingB,/dt=10.8 mT/s. From our
magnetization experiments, we evaluated a critical tempera-
ture T;~4 K, in agreement with the overdoping of the
sample.

Although we are interested in the irreversibility line for
fields applied perpendicular to tlab planes of the crystal,
the torque method has no sensitivity 8y|c. The relation-
ship 7= M X B, between torque density magnetizatiorM,
and applied magnetic fielB,, suggests that the torque sig-
nal can be increased by choosing large values of the ahgle
between the applied field and tlseaxis of the sample. Ac-
tually, in the case of a strongly two-dimensional supercon-
ductor like Bi-2201, the scaling analysis in the large anisot-
ropy limit of the Ginzburg-Landau model allows us to say
that the magnetizatioM lies very close to the axis, while
its magnitude is fully determined by the effective field
B,cos6 perpendicular to theb planes. We have choséh
=30°, so that the actual irreversibility fieB,, for B,|c is
given by B;,=B{¥cos 30°, whereB(?) is the applied field (b) ]
corresponding to the vanishing of the magnetic irreversibil- 1
ity. In other words,B;, is the irreversibility field that we 0 10 15 20 25 30
expect to obtain in an ideal experiment wBg c (i.e., with B. (T)
6=0°), which is not directly measurable with the torque 2
magnetometry technique. From the torque loops, the magne- FIG. 1. The torque loop&) and the corresponding magnetiza-
tization can be calculated &8= 7/(B,sin 30°) but, in view tion loops(b) of the Bi-2201 single crystal sweeping the field up
of the arbitrary scaling of the measured torque density, therend down atdB,/dt=15 mT/s. Notice the absence of jumps or
is no need to take into account the sin 30° factor. secondary peaks. The magnetization is plotted only By

The measured torque loops shown in Figa)lclearly >0.2 T.
show that the irreversible behavior vanishes quite quickly as
the temperature increases. The corresponding magnetizatigible. AboveT~4 K we found no more signs of hysteretic
loops shown in Fig. (b) have been plotted only foB,  magnetic behavior.
>0.2 T, because the division of the torque by the field re-
sults in uncertainties foB~0. Both torque and magnetiza-
tion loops have a typical shape that scales quite well with
temperature. None of our data shows jumps, peaks or fishtail Figure 3 shows the irreversibility linB,,(T) of our Bi-

effects. In principleB{? could be easily determined as the 2201 sample, with a good overlap between the independent

point where the branches for increasing and decreasing fielsets of measurements dB,/dt=15 mT/s (resistive mag-
first touch, but we used a more accurate method to obtain

B(® as illustrated in Fig. 2. First, for the difference” R
—7 of the torque measurements between increasing and de 14 i
creasing field, respectively, we make a linear fit of what is ___ 12}
likely to be the reversible region. Then we defB’ asthe £ 1
point wherer* — 7~ deviates from the fit, helping the eye 5
with a straight line through the irreversible data. For an ideal &
measurement, the linear fit of" — 7~ in the reversible re- §
gion should be a constant equal to zero. However, becaus
the capacitance of the torquemeter is slightly temperature"j’
dependent, the thermal drift leads to a nonzero slope for,
77— 7. With the thermal stability of our experiments, that
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slope is actually extremely smgkee the scales of the inset o =
in Fig. 2. But also the irreversible signal vanishes very T
smoothly for increasing field, and neglecting the nonzero B. (T)

slope would lead to a much higher uncertainty in the evalu- a

ation of Bi(rarl)' Furthermore, this procedure becomes quite g, 2. The difference — 7~ between the torque recorded for

useful for the measurements closeTip, where the signal-  increasing and decreasing fieldTat 60 mK with a linear fit in the
to-noise ratio gets worse. Already aboVe-3 K the irre-  reversible region. The inset shows h@®4? can be found, helping
versible torque signal, although clearly present, becomes s@e eye with a straight line through the first points in the irreversible

small that a reliable determination 82 is no longer pos-  region.
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VAALAARAREREAUMAEALNAALINMARE relative strength of quantum fluctuations with respect to the
16F O dB,/dt=10.8mT/s E thermal ones can be estimattdby a parameterQ
14 o dB/dt=15mT/s : «Q/\/Gi, where Q=e%p,,/%d (d is the interlayer spac-
12F 3 ing); it turns out that quantum fluctuations dominate above
= 10 a ' E the fieldBg~B,/Q. Contrary toGi, Q is unaffected by the
— st —— 3D melting 1 anisotropy, so in Bi-2201 we expect the thermal fluctuations
£ | ] to be much more enhanced than the quantum ones. Never-
m 6f 1 theless, evidence for quantum contribution to the flux lattice
4F 3 melting has been reported for the strongly anisotropic
oF 1  «-(BEDT-TTF),Cu(NCS), organic superconductdt, be-
F ‘ a o ] cause of tha,;,«T law found at low temperatures; our data,
OF et instead, show an increasing upward curvaturBgfdown to

00 05 10 15 20 25 3.0 35 40 T=60 mK.
T (K) Another possibility, suggested by the high anisotropy of
Bi-2201, is the crossover from three- to two-dimensional
FIG. 3. The irreversibility lineB,(T) of the Bi-2201 single vortex system. At sufficiently low temperatures, the flux
crystal, recalculated foB|c using B;,=B{®cos30°. The data lines are supposed to decouple in a stack of vortex
points have been obtained for different sweep rates as indicateqj)ancakeé,2 and this obviously influences the features of the
The solid line is a fit through the data for the 3D vortex melting melting transition:> Above a characteristic crossover field

transition using Eq(1) with deducedc, =0.13. B, the melting transition is expected to assume a 2D na-
ture:

nef and atdB,/dt=10.8 mT/s(superconducting magnet

The solid line is the best fit to our data, obtained assuming boIN(yd/ £,4(0))

that the vanishing of the magnetic irreversibility corresponds Be~2m——— o, (2

to the melting of the vortex lattic®In particular, we suppose yd

to be dealing with a three-dimensiond@D) vortex lattice
(essentially equivalent to a lattice of “elastic strings’but
where the anisotropic properties of the material are take
into account by the mass ratip=\m./m,,. The melting
condition can be obtained making use of the Lindemann cri- )

terion, i.e., assuming that the lattice melts when the mean- 20_ dég

squared amplitude of the vortex fluctuatiofi®) exceeds a " 2V3Buokg(dmh4p(0))?
certain fractionc, of the vortex spacin@. If we take into

account only the effects of thermal fluctuationgu?) With y=350 andé,,(0)=45 A as befored=24 A (Ref.

where ¢, is the flux quantum; in this regime, there is a
field-independent melting temperatufé° below which the
existence of a 2D vortex solid is expected:

()

=(u?)y), the melting line takes the form 4) and \4,(0)~1500-2000 A, we findB,~0.1 T and
T2P~30 K. The deduced combination of these values for
492 B andenD for this model of the 2D cross makes clearly no

Bm(T)=BcA0)

, (1 for Bi-
M A9T /T2 sense for Bi-2201.
(1+V1+40T/T) For the detection of the dimensional crossover of the vor-

where  9=c2\Bn/GI(T/T—1), T=TLC*Bn/Gi, tex ensemble in BBr,CaCyOg, a sligrlttlly different ap-
c is the Lindemann number, Gi Proach has been used by Schillieg al™ Considering a

=%[kaTc/(4Tr/,uo)B§(0)§2b(0)]2 is the Ginzburg num- sta_ck of Josgphson—coupl_ed _Iayerzed supz)egconductors_ and ap-
ber, k=X .,(0)/£,,(0) is the Ginzburg-Landau parameter, plymg the Lindemann criterioqu<)y,=c{a“, the melting
and 8,,~5.6 is a numerical factor. This expression is sup-ineé becomes
posed to be valid over a wide temperature range bélgw
since it is calculated taking into account the suppression of bo ¢SCEd
the order parameter close By,. The fit shown in Fig. 3 is Br(T)~ d242 ex 20N ap(0)kgT
made fixingT,=4 K and leavingB.,(0) andcf Bm!Gi as
free parameters. From our analysis we obtdig,(0) Our data indeed follow aB,xexp(1T) law below T
=16.4 T [yielding &,,(0)=45 A] and cf\/[g’m/Gi ~0.5 K, which corresponds to the linear region irBlpvs
=0.221. Estimating«~40 and takingy=350 (Refs. 7 and  1/T for 1/T>2 K~ shown in Fig. 4a). The solid line is a
8) we find Gi=3.3x10 2, and we finally obtairc,=0.13. fit to Eq. (4) with the values fod and\ ,,(0) as before, and
It is worth noting that Hikamet al® have studied the melting leads to unphysical values ~10 2 and y=6.
of a 3D flux lattice in strong magnetic fields, obtaining a So far, we have made the implicit assumption that the
criterion which is equivalent to the Lindemann’s one with irreversibility line (i.e., what we actually measuredoin-
c_.=0.14. This could explain why Eql) gives a good de- cides with the melting line. This assumption is not
scription of the data down to the lowest temperatures, i.e., uptraightforward>!® but is particularly acceptable in clean
to the highest fields. and anisotropic HTSC's. In the opposite céaetypical ex-

At ultra-low temperatures, also the effect of quantumample is Ba_,K,BiO3 (Ref. 17] the irreversibility line has
fluctuations of the vortices might be taken into account. Theoften been interpreted in a flux-creep pictéftsupposing the

: 4
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FIG. 4. Other models to interpr&;,(T): (a) the 2D flux lattice PR

melting [Eq. (4)] yields the unrealistic values af ~10"2 and y 00 02
=6; (b) the flux creep moddEqg. (5)] requires the unphysical value
n=5.2 (dashed ling while n=1.5(solid line) does not fit the data.

FIG. 5. Pinning force density =77, normalized to the
flux motion to take place for thermal activation over bulk maximum value={"*, at various temperatures as a function of the

pinning barriers, and obtaining rescaled fieldB,/B{?). The good overlap and the very similar
shapes of all the curves suggest the absence of crossovers between
B, (T)=B;(0)(1—T/T,)" (5) different pinning mechanisms.

low-temperature behavior 0B.(T) of the Werthamer-
Helfand-Hohenberg theoﬁ}.Amon% the numerous attempts
to explain that kind of anomaf?~2°it was suggestéed that
magnetoresistive transitions tend to yidh}, rather than
Be,. The temperature dependence of the resistively deter-
mined critical field in Ref. 3 is actually very similar to the
irreversibility field reported here, which confirms that flux-
lattice melting plays a crucial role in the magnetoresistive

with n=3/2 or 4/3(the value ofn depends on the approxi-
mations used to evaluate the pinning enerdyigure 4b)
shows that a fit to Eq)5) with n=1.5 andT.=4 K as fixed
parameters is totally wrong, while a good approximation re
quires the unphysical value=5.2. We take this as a further
indication that the irreversibility line in Bi-2201 can be in-
terpreted in terms of flux-lattice melting.

With respect to the observed irreversible behavior, on

; S ransitions.
should notice that the torque and magnetization data shown
in Fig. 1 tend to rule out the existence of transitions between IV. CONCLUSIONS
different phases of the vortex solid, since at leastTér . _ o
<0.7 no jumps or fishtail effects are presésee, e.g., Ref. In conclusion, we have measured the irreversibility line of

19). From another point of view, it follows that no cross- & Bi-2201 single crystal down =60 mK and up toB,
overs between different pinning mechanisms are present. F6¢28 T, obtaining a curve that can be fitted with the form
the torque magnetometry technique it can be sHwimat  predicted by the Lindemann criterion for the melting of a 3D
the pinning force densitf ,(B) is proportional to the hys- anisotropic vortex lattice. Other models that account for
teresis of the torque loofi.e., what we calledr* —77). In  quantum fluctuations, 2D vortex system or flux creep, are
Fig. 5 we have plotted the field dependence of the pinninginsuitable to describe our data. The magnetization loops do
force density at different temperatures, having rescijgdy ~ not show any jump or peak effect, and the pinning force
its maximum valueE (™ and the applied field by the mea- Maintains the same shape as a function of the field through-

suredB@ Al the curves tend to collapse into an unique out the investigated temperature range. Finally, the behavior

Shape, IUVthh is also an indication that the magnetic fleIde Birl‘(T) obtained here is very similar to the resistive criti-

corresponding to the pinning force maximum has approxi-cal field of a Bi-2201 thin film, suggesting that magnetore-

mately the same temperature dependencd, &g). sistive prerimgnts are likely to be strongly influenced by
From a qualitative point of view, the irreversibility line U lattice melting.

we measured can be interestingly compared to the resistive

critical field measured by Osofslgt al2 on a Bi-2201 thin

film. The upward curvature of the critical field obtained in  S.1.V. was partially supported by the Russian Foundation

this transport experiment is very different from the saturatingfor Basic ResearckProject No. 99-02-1787%7
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