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First-Order Vortex-Lattice Melting Transition in  YBa;Cu3O7—5
near the Critical Temperature Detected by Magnetic Torque
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High-resolution magnetic-torque studies on an untwinned,@Bg0,_s single crystal near its critical
temperatureT. reveal that the first-order vortex-lattice melting transition (VLMT) persists at least
up to 0.5 K belowT.. The associated sharp discontinuity in magnetization is detectable even at
temperatures where the torque signal deviates from mean-field behavior due to fluctuations. The
magnetic irreversibility at the VLMT can be suppressed by applying a weak transverse ac magnetic
field. This offers the possibility of separating the irreversibility line from the melting line fdear
[S0031-9007(98)07569-3]

PACS numbers: 74.25.Bt, 74.25.Ha, 74.60.Ge, 74.72.Bk

Recent experimental work on the vortex-lattice meltingit is still not clear from the existing data whether the onset
in high-temperature superconductors clearly showed thaif magnetic irreversibility (i.e., the “irreversibility line”)
the melting transition from the ordered vortex solid toin YBCO coincides with the ML or not [6].

a vortex-fluid phase is of first order [1-16]. Earlier In this Letter we demonstrate the existence of the
muon-spin rotation [1] and neutron-scattering [2] experi-VLMT in high-quality YBCO very close toT. using
ments on BiS,LCaCyOg (BSCCO) revealed an abrupt torque magnetometry. This sets a new upper limit for
change in the local magnetic flux distribution and thean intrinsic end point of the VLMT. Besides we show
diffracted intensity, respectively, at the vortex-latticethat the duality between melting and irreversibility near
melting transition (VLMT), indicative of a first-order T, is not always valid. The experimental setup used in
transition. Similarly, a discontinuitAM in the magne- this work is described in detail in Ref. [21]. The sample
tization M at the VLMT was observed for single crystals was a tiny (380 xg) untwinned YBCO single crystal
of YBa,Cw;07-5 (YBCO) [5,6,9], BSCCO [3,4,16,17], (T. = 93.3 K) of very high quality with a transition width
and(La, Sr),CuQ; [15], by using SQUID magnetometers 6T, = 40 mK, which is considerably smaller than in
[3,5,6,9,15,16], local Hall arrays [4], and torque magne-earlier works [5—14].

tometry [17]. Specific-heat data that directly measure a In an external magnetic field, a sample with an
related jump in the entropi S are, so far, available only anisotropic magnetizatioM and volumeV experiences
for YBCO [7-14]. a magnetic torquer = VM X woH. This torque can

Despite the considerable resolution of all of the tech-be measured by means of a microfabricated flexible can-
nigues used to measuteM and AS, there are very con- tilever. Recent improvements in the design of torque sen-
troversial results about the lower-field part of the meltingsors and of corresponding detection electronics have led to
line (ML) H,(T) in YBCO. In some cases, a VLMT an optimized sensitivitAr = 5 X 107> Nm[22]. Inan
was observed only for large magnetic fieldsH > 4 T  external magnetic field of 1 T, one routinely reaches a reso-
[10,11,14], in other cases it was no longer detectable bdution of the order of~10~!3 Am?, which is considerably
low 0.75 T [6,13]. Earlier magnetic-torque measurementsigher than that of a commercial SQUID magnetometer.
on untwinned YBCO showed no signature of a VLMT at Figure la shows a typical set of torque vs field data
all [18]. Thus it has not yet been possible to explore thetaken at7 = 90.7 K. The external magnetic field,
magnetic phase diagram of YBCO very ndar, where applied in theac plane at an anglé = 45° with respect
thermodynamic fluctuations and a possible vortex-loogo the a direction, was swept up and down at a rate
unbinding mechanism [19] are expected to modif§  wodH/dt varying between 0.1 and 30 ni3. For each
and even the phase diagram itself. In spite of a recerdweep rate a clear steplike featureriff/) was observed,
theoretical work suggesting that,, (T) of YBCO ends at corresponding to an abrupt decrease in the magnitude
an intrinsic lower end point at aboutyH ~ 0.5 T [20], of the magnetization¥ by an amountAM (>0) that
it is conceivable that the absence of a first-order transitionve attribute to the VLMT. At magnetic fields below
in YBCO at low magnetic fields is simply due to pinning and slightly above the step, the torque signal becomes
[10,11,14] or to a broadening of the superconducting tranhysteretic (irreversibility) and shows clearly more intrinsic
sition due to sample inhomogeneities [6,9,13]. Moreovernoise below the VLMT. It is very plausible that, below
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po dH/dt (mT/s) field (e.g., down tougH = 0.5T at T = 90.7 K and
] 0.1 ¥ = 45°). Thus the critical-current density. has a
hyperbolic magnetic-field dependence over a wide range.
The same behavior was seen also at smaller angles
3.0 betweenH and the ab plane of the crystal. These
observations, together with the fact thdt> H,.;, rule
out the occurrence of magnetic hysteresis generated by
geometrical and surface barriers, as reported earlier in
BSCCO forH || ¢ [17,24]. Therefore we can state here
that the onset of bulk pinning in YBCO coincides with the
VLMT,; i.e., the irreversibility line and the ML collapse to
a single line in the absence of external perturbations.
The application of an additional external ac magnetic
iy H (T) field perpendicular to the main magnetic field has been
B,, (mT) demonstrated to enhance the vortex-lattice relaxation to-
0.60 wards the thermodynamic equilibrium, even in ghpriori
irreversible vortex-solid state [25]. Consequently such an
] ac field should influence dramatically the magnetic irre-
0.12 versibility, but leave the VLMT unaffected. Thisis clearly
demonstrated in Fig. 1b, with torque data takerTat
90.96 K, 4 = 45°, at a sweep rat@odH /dt = 5 mT/s,
and in a perpendicular ac magnetic field of varying ampli-
tudeB,. and fixed frequency = 1 kHz. With increasing
B.. the torque curves become more and more reversible,
and finally essentially collapse onto one single curve, still
showing the first-order-like step in the torque signal. How-
ever, a hysteretic “bubble” still remains visible in the vicin-
ity of the VLMT, before vanishing foB,. = 1 mT. A
FIG. 1. The phase transition associated with vortex-latticeslight increase of the hysteresis width of the torque signal
melting (dashed vertical line) as observed by field-dependemear the transition is also observed at zero ac field (Fig. 1a).
torque measurements on an untwinned single crystal of YBCOThe observation of this “peak effect” supports the scenario
(a) Magnetic torquer for increasing(7.) and decreasingr-) ot anhanced pinning of the vortices right below the VLMT
magnetic fielduoH for different sweep rategodH /dt, taken . . . ’
at 90.70 K andd = 45°. The data reveal a constant magneti- 25 observed earlier on twinned and untwinned YBCO
zation jumpAM at the VLMT, determined from the reversible Single crystals [26,27]. Itis likely that the external ripple
torque curver.,. (b) Similar measurement®0.96 K, 9 =  field inhibits the occurrence of superheating/undercooling
45°) with an additional weak transverse ac magnetic field  of the vortex solid/fluid at the first-order transition, which
show a progressive suppression of irreversibility, the VLMT it- \joht he made responsible for the apparent increase of the
self remaining unaffected. In both figures, each set of data |% L . _
vertically shifted for clarity. ysteresis Wlt_dth _of the_z torque signal aro_und the_ p.h_ase_ tran
sition. Our findings indicate that the irreversibility line
and the ML are not necessarily identical n&ar In fact,
the VLMT, magnetic flux discontinuously enters or leavesthe application of a weak ac field [25] provides the pos-
the pinned vortex solid in successive bundles as thsibility to tune the degree of irreversibility, and to clearly
field is swept up or down, generating small stochasticseparate the irreversibility line from the ML. Magnetic
vibrations of the sample and the cantilever. This effecfrreversibility effects very near the VLMT of similar un-
does not occur in the vortex-fluid phase, because magnetiwinned YBCO crystals could not be detected by moving-
flux can freely penetrate or exit the sample in the absencgample SQUID magnetometry [6,9]. However, our torque
of pinning effects. The reduction of the noise at higherdata taken on the same sample as used in Ref. [9] also show
sweep rates is simply a consequence of electrical filtering magnetic hysteresis right below the VLMT. We believe
of the signal with a time constant of the order6.1 s,  that the process of moving a sample in the slightly inho-
becoming comparable to the time it takes for the magneticnogeneous magnetic field of conventional magnetometers
field to sweep through the region of interest. may lead to a suppression of any residual weak magnetic
The hysteresis width just below the VLMT correspondsirreversibility.
to a critical-current density. =~ 5 A/cn?, assuming that The VLMT can also be identified in the angular depen-
Bean’s critical-state model is valid [23]. We observeddence of the torque signal, which is usually well described
that at fixed temperature the torque irreversibility is fieldby the mean-field expression [28}(?) o sin(249)/
independent over a wide range of external magnetie(¥)In[nH:/He(9)], where n is a constant of the
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order unity, H;, is the upper critical field along, and investigated range of angle8 [28], we make the ap-
e(¥) = (sit ¥ + y~2cod 9)"/2 wherey? is the effec- proximationAM = AM¢. General scaling properties of
tive mass anisotropy [29]. By fitting the experimental dataanisotropic superconductors allow us to convert the ap-
to this expression, the anisotropy parametewas found plied magnetic fieldH to a field component along the

to be constant over a wide temperature range well belowaxis H¢ = ¢(99)H [29]. Additional measurements were
T. with y,. = 8.2(1) andy,. = 9.2(1) for H rotating in  done by varying the anglé at constantl’ (Fig. 2), not
the ac and bc planes, respectively (see Fig. 2a). Fromonly to check the validity of this scaling procedure but
these values, one obtaing, = yp./vec = 1.12(3). In  also to obtain furtheAM data.

the presence of irreversibility we considered the reversible Figure 3a shows the step in the magnetizatibm
torque given by 1., = %(n + 7_) (see Fig. 1a). as a function ofT' as obtained from field- and angular-
Above 92.0 K, however, the fitted curves (Fig. 2b) showdependent torque. We found the#/ and the width of the
systematic deviations from the experimental data withtransitiond H are virtually independent of the sweep rate.
unrealistic values of the fitting parameters. These deviaSteplike features can still be resolved at 92.8 K. Above
tions of 7.,(7¥) from mean-field behavior are a direct this temperature, any melting-related anomaly, if present,
consequence of thermal fluctuations n&ar However, remains below our detection limit. We compare, in the
it is important to note that the first-order character ofinset of Fig. 3a, our present data witi/(T') as reported
the VLMT is very robust against the occurrence of suchearlier for a larger YBCO crystal [9]. WheredsV (T') of
fluctuations (see the steplike transition at 92.0 K in thethe larger crystal drops abruptly at temperatures well below
inset of Fig. 2a). TheAM can be well resolved up to 7., we were able to resolv&M up to T/T. = 0.995
92.8 K, where our torque data and the specific heat [30]

already strongly deviate from mean-field behavior.

All torque data showing VLMT were analyzed assum- 0 ' o[, 1
ing a Gaussian distribution of the magnetization seys o .l e ]
with half-widths 6 H. and 649 for field- and angular- 8r g ‘e
dependent measurements, respectively, and a polynomial __ % g 7 ° ]

. 4 B 3 sl ¢ Torque ° ]
background around the transition. In the presence of hys- "= 6 g + SQUID .%&n
teresis we used the reversible torgyg in order to evalu- < g §0 oo oss 2 :
ate AM (see Fig. 1la). The magnetizationr follows S 4t % 5 TIT, .
from the expression for mentioned above. Since the < éé 5 ]
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tained at three different temperatures, measured in a constant

magnetic field of 1 T (for clarity the data at 93.3 K are ampli- FIG. 3. (a) Magnetization jump M, extracted from field- and
fied by a factor of 5). At 90.9 K the data are well described byangular-dependent torque measurements, as a functibn &

the mean-field expression explained in the text, taking a Gausgomparison betweeAM data from this work and from SQUID
ian distribution of VLMTSs into account (solid lines). The melt- measurements taken from Ref.[9] on a similar but larger
ing transition is indicated by the arrows for 90.9 and 92.0 Ksample is shown in the inset. (b) Vortex-lattice ML (T)
(inset). (b) Above 90.9 K pronounced deviations from mean-derived from field- and angular-dependent torque curves. The
field behavior(7.,/7r;, = 1) due to fluctuations are observed. corresponding discontinuity in entropyS (in units of kz per

For T = 93.3 K = T, the deviations exceed the frame of the vortex per Cu-O double layer) as a function of temperature is
figure. displayed in the inset.
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