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Simultaneous resistivity onset and first-order vortex-lattice phase transition in BjSr,CaCu,Og
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Simultaneous measurements of resistivity and local magnetization using microscopic Hall sensors were
carried out on BjSr,CaCu,Og crystals as a function of applied field and temperature. The resistivity onset is
found to occur concurrently with the first-order vortex-lattice phase transition, determined by the equilibrium
magnetization step. This behavior strongly suggests that the vortex lattice melts at the phase transition. The
apparently reversible magnetization below the transition is ascribed to substantial flux creep.
[S0163-1828096)50826-X

Recent theoretical predictions of a possible first-ordeisurements were attached to the top surface of crystals A and
vortex-lattice phase transition in type-Il superconductors inB using Ag epoxy annealed at 550 °C. The bottaincrys-
the presence of thermal fluctuatiohs,as opposed to tradi- talline surface was placed in direct contact with an array of
tional second-order mean-field expectations, have stimulategine two-dimensional-electron-gas GaAs/AlGaAs Hall sen-
a broad experimental effort in search of this fundamentakors each of area 3010 xm?.14?° The experimental setup
phase transition. A wide range of experimental techniquessee inset of Fig. Jlallowed simultaneous measurement of
has been exploited in this pursuit in high- the local magnetic fiel@ in the central region of the crystal
superconductor;? as well as in lowT, materials*>?3The  and the four-probe resistan& The magnetic fielH, was
first significant experimental evidence that this new type ofapplied parallel to the axis of the crystal, and the measure-
transition may exist was the observation of a sharp resistivenents were carried out as a function of temperature and ap-
transition in clean YBaCu30- (YBCO) crystals>®In spite  plied field. The resulting data for crystal B are very similar to
of extensive experimental effortsthis resistive transition the data for crystal A described further below.
has so far only been observed in YBCO crystals even though In order to exclude possible artefactal effects associated
a similar transition is anticipated to occur in all high-su-  with the nonuniform current distribution in this geometry,
perconductors. In this paper we show that a clear resistivand the resulting mixture gf,,, and p., resistivitie$®?’ mea-
transition exists in BjSr,CaCu,Og (BSCCO crystals as sured by the planar contacts on crystals A and B, we also
well. This behavior is strongly indicative of a first-order prepared a purely in-plane configuration on crystal C. In ad-
vortex-lattice melting transition. Resistivity however is not adition to the four contacts on the top surface two contacts
thermodynamic property and a true first-order phase transiwere made to the edges of the sample in order to ensure a
tion should also have clear thermodynamic fingerprints. Reuniform current distribution. The two central top contacts
cently, a first-order-phase transition in BSCCO crystals wasvere used as voltage contacts whereas the transport current
thermodynamically established by equilibrium magnetizationwas injected either through the contacts on the top or the
measurement¥~2" In order to unambiguously link the two edges. The behavior at the resistive onset, which is described
phenomena we have, in addition, carried out simultaneoui detail below, was not significantly affected by the differ-
measurements of magnetization and resistivity. Our centraént current distributions in the two configurations. However,
result is that the thermodynamic magnetization step and ththe finite thickness of the epoxy contacts at the edge of the
resistive onset occuconcurrentlyat the first-order vortex- crystal C prevented the simultaneous use of Hall sensors for
lattice phase transition in BSCCO. local magnetization measurements of this crystal. Since the

The BSCCO crystals studied in this work were preparedesistive data for all three crystals show the same basic fea-
by the traveling solvent floating zone techniéftim two dif-  tures, we concentrate in what follows on the simultaneous
ferent laboratories. Crystal AT(=83.5 K) was cut to di- measurements of both resistivity and magnetization in crystal
mensions of 2308 400X 50 um?, crystal B T,.=86 K) to  A.
680x175x15 um?3, and crystal C T,=90 K) to 2000 Figure 1 shows the result of simultaneous measurement of
X 450X 25 um3. Four electrical contacts for transport mea- the resistance and the local magnetiza@nB,,, as a func-
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FIG. 1. Simultaneous resistance and local magnetization mea- 100/T [100/K]
surements of BSCCO crystal A as a function of increasing and 500 e
decreasing applied fielth,. The first-order thermodynamic mag- b ' ' " '
netization step coincides with the resistive onset at the phase tran-
sition H,,,. The inset shows the experimental configuration. The 400 |
two outer contacts on top of the crystal are used to inject the trans-
port current while the inner pair is used to measure the resistive 300 [
voltage drop. An array of microscopic Hall sensors at the bottom G
side of the crystal is used to measure the local perpendicular mag-—
netic fieldB between the voltage contacts. Six sensors measure the 200 ¢
field at the surface of the crystal and the other three measure the
field just outside the crystal. The local magnetizat®r B, is 100 |
obtained by subtracting the field measured outside the crystal from
the field in the center of the crystal. 0
55

tion of the applied field aT =72.5 K with an applied trans-
port current of 20 mA. A sharp step in local magnetization is
apparent at H,,, the first-order vortex-lattice phase . _ . .
transition'* The striking result in Fig. 1 is that the resistivity FIG. 3. Resistance versus increasing and decreasing temperature
vanishes precisely at the vortex-lattice phase transition. Pregc-’Ir =20 mA at four values of applied field. The data are presented

. > ; on a linear scaldinsey, Arrhenius plot(a), and expanded linear
vious resistive measurements in clean BSCCO crystals were dinsey plot(@ P

. stale for the low resistance ran@®. The first-order vortex-lattice
unable to resolve this remarkable correspondéﬁ&%At phase transition is manifested by sharp resistive onset, clearly re-

f'e".’s lower thaan,“’ the resistivity is zero within OUr €X- solved in the 200 Oe data in the Arrhenius plot. At 50 Oe a small
perimental resolution and appears to grow rather linearlyqgistive foot aR< 105 () is observed in the vortex-solid phase at
with field for H,>Hp,. Figures 2 and 3 show several repre- high transport currents.

sentative curves of the resistive transition as a function of

field and temperature, respectively. The position of the van:- . L . ) .
P P y P ishing resistivity coincides with the position of the phase

transition obtained from the local magnetization step in a
wide range of fields and temperatures. Careful checks
showed that the transport current used for the resistivity mea-
surement did not affect the local magnetization measure-
ments.

The data in Fig. 2 show a well defined resistivity onset as
a function ofH,, in the temperature range of 60 to 80 K. At
lower temperatures, the resistivity in the vortex-liquid phase
aboveH ,(T) is too low for an accurate determination of the
onset point within our experimental resolution. At high tem-
peratures >80 K (T.=83.5 K) we observe a small resistive
foot extending into the vortex-solid phase beléiy,. This
foot is also observed iR(T) scans at low fieldgsee the 50
Oe curve in Figs. @) and 3b)]. The foot disappears at lower

FIG. 2. Resistance as a function of increasing and decreasingiansport currents. We have also checked\thecharacter-
applied fieldH, at various representative temperatures as indicatedstics. In the foot region the characteristics are strongly non-
The applied transport current is 20 mA. The position of the corredinear and we can resolve a finite voltage drop only at the
sponding magnetization step is indicated by the arrows. highest applied currents close to 20 mA. The limited current
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700 o . . . Next we discuss some additional features of the phase
R transition. The field and the temperature dependencies of the
600 | a 4 magnetization resistivity (Figs. 1-3 appear to extrapolate rather continu-
500 | . : 2:’:; ] ously towards the melting transition Bit.,(T). This type of
behavior resembles a second-order transition in the critical
g 400 | EOB . region? but as we will show below is consistent with a first-
= = order transition in BSCCO crystals. In the case of a first-
- 800 A 1 order transition, a sharp resistive transition is expected to
200 | * ] occur and was indeed observed in clean YBCO crystils.
= In YBCO crystals, the step in the resistivity occurs at about
100 | * 1 10! of the normal state resistivity and consequently is
o . . . * clearly observable, even on a linear scale. In BSCCO, on the
40 50 60 70 80 20 other hand, the different parameter values conspire to shift
T K the resistive melting transition to about 0of p,. This

makes clear observation of this effect much more difficult
FIG. 4. The first-order phase transition line of BSCCO crystal atand is probably one of the reasons why this effect has not
elevated temperatures. The transition line is composed of data frofaeen observed previously. However, careful examination of
three different measurementsA local magnetization véi, (see  the data in Figs. 1 and 2 indicates a shouldeR{i), typi-
Fig. 1, (V) resistance v$i, (see Fig. 2 and (O) resistance vs  cally about 10 G abovel,, as indicated by the open arrow
T (see Fig. 3 The coinciding data show that the resistive transitionin Fig. 1. When the data is plotted on a logarithmic scale, the
is determined by the vortex-lattice phase transition. sharp resistive drop below the shoulder is clearly observed as
shown in Fig. 3a) (see, e.g., 200 Oe datarhe finite width
range where the signal is measurable is insufficient for us tof the resistive drop is readily understood in terms of our
reliably determine the functional dependence\6d. At  previous studies on the internal field distribution in BSCCO
lower temperatures] <80 K, in the vortex-solid phase at crystals in the transverse field geometry. These show that the
H,<H.(T), we do not detect any voltage drop up to themagnetic fieldB across the width of a platelet crystal is
highest current of 20 mA. Thus the resistive measurementgonuniform in this field range and has a characteristic dome
indicate an effective critical current in excess of 100shape profilé>33This effect causes the melting transition to
Alcm? (assuming a uniform current flgvin the vortex-solid  occur first in the center of the crystal, and shift toward the
phase, except close T, where the effective critical current edges only as the field is increased. Analysis of our local
must drop to zero. In the vortex-liquid phase atmagnetization transition in the linear array of sensors span-
H,>H,(T) we obtain linearV-l characteristics in a wide ning the crystal half-width shows that the region between
range of temperatures and fields and the resistivity is therH ,, and the shoulder corresponds to the range of applied field
mally activated see Fig. 8a)]. At temperatures below about over which the vortex-liquid phase spreads over the entire
60 K a weakly nonlinear power laW-l behavior starts to sample as the solid-liquid interface moves from the center to
develop. edge of the sample. As a result the sharp transition is
The first-order phase transition line, determined by thesmeared by the nonuniform field.
position of the magnetization step, is shown in Fig. 4 along Figure 1 shows that the measured magnetization in the
with that determined by the resistive transition. The coincid-vortex solid phase, for the conditions employed in our ex-
ing data clearly show that the resistance behavior is deteperiments, is reversible in the field regidth, <H<Hp,.
mined by the vortex-lattice phase transition. It is generallyThis indicates that the vortex solid is very weakly pinned as
expected that in the vortex-lattideolid) phase the vortices ~concluded previousl§?* These magnetic measurements do
are efficiently pinned by material defects, resulting in finitenot exclude the existence of very low but finite critical cur-
critical currents and a vanishing resistivity. In the vortex-rentJ, which results in small magnetic hysteresis below our
liquid phase, on the other hand, pinning should be less imexperimental resolution. The noise level of the magnetization
portant due to the vanishing shear modulus of the latticeglata places an upper bound Q<10 A/cm? in this revers-
thus vortices can move easily creating dissipation and finitéble region, assuming a Bean critical state model. The high-
resistancé.The theoretically predicted decoupling transition est applied transport current density of about 100 A/d
should also be considered. In this latter scenario, vortex linean order of magnitude larger than this upper bound and one
dissociate into uncorrelated vortex pancakes in the Cu@night therefore have expected to have observed a measur-
planes. At low fields such a decoupling transition is expectedhble resistivity belowH,,. However, the apparent discrep-
to occur either abovd3° or simultaneously witft the ancy is understood in respect of the large flux creep in
vortex-melting transition. If the thermodynamic transition BSCCO crystal$>° The slow sweep rate of magnetic field
evident in the magnetization data in Fig. 1 was related tan our experiment {- 4 G/min) allows relaxation of the hys-
decoupling of vortex-line-liquid into a vortex-pancake state,teretic magnetization, whereas the effective vortex viscosity
the resistivity would be expected to be finite and similar onis sufficiently high to result in unobservably low resistivity at
both sides of the magnetization transition. Our observatiorthe applied transport currents. This effect can also be formu-
that the resistivity vanishes beladw,,(T) but is finite above, lated in terms o¥/-I or E-J characteristics. In magnetization
is strong evidence that the thermodynamic transition is eithemeasurements the effective electric field that is probed is
vortex-lattice melting or simultaneous melting and decou-orders of magnitude lower than in the resistive measure-
pling. ments. If theE-J characteristics are very steep, as is the case
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when a well defined exists with no creep, then the result- transition is melting or simultaneous melting and decoupling
ing effectiveJ values obtained from both measurements areof the vortex-lattice.

comparable in spite of significant difference in effective elec-

tric field E. On the other hand, if thE-J characteristics are
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